

Jl “■ 
















Ninth Edition 


Elaine N. Marieb, R.N., Ph.D. 

Holyoke Community College 


Katja Hoehn, M.D., Ph.D. 

Mount Royal llniversity 


PEARSON 


Boston Columbus Indianapolis New York San Franeiseo Upper Saddle River 

Amsterdam Cape Town Dubai London Madrid Milan Munich Paris Montreal Toronto 

Delhi Mexico City Sào Paulo Sydney Hong Kong Seoul Singapore Taipei Tokyo 







Editor-in-Chief: Serina Beauparlant 
Acquisitions Editor: Gretehen Puttkamer 
Assoeiate Projeet Editor: Shannon Cutt 
Direetor of Development: Barbara Yien 
Development Editor: Aliee Fugate 
Art Development Manager: Laura Southworth 
Senior Managing Editor: Debbie Cogan 
Production and Design Manager: Miehele Mangelli 
Production Supervisor: David Novak 
Media Producer: Aimee Pavy 
Editorial Assistant: Lisa Damerel 
Text Designer: tani hasegawa 


Cover Designer: Riezebos Holzbaur Design Group 

Art Houses: Imagineering STA Media Serviees ine. and Eleetronie 
Publishing Serviees ine., NYC 

Art Coordinator: Jean Lake 

Photo Image Lead: Donna Kalal 

Photo Researeher: Kristin Piljay 

Copyeditor: Anita Wagner 

Proofreader: Martha Ghent 

Compositor: S4Carlisle Publishing Serviees 

Senior Manufacturing Buyer: Staeey Weinberger 

Marketing Manager: Derek Perrigo 


Cover photo of Olympie Gold Medalist Hope Solo © Annie Leibovitz/Contact Press Images. 

Credits and acknowledgments borrowed from other sources and reproduced, with permission, in this 
textbook appear on the appropriate page within the text or on p. C-l. 

Photo and illustration eredits follow the Glossary. 

Copyright © 2013, 2010,2007 Pearson Education, ine. All rights reserved. Manufactured in the United 
States of Ameriea. This publication is proteeted by Copyright, and permission should be obtained 
from the publisher prior to any prohibited reproduction, storage in a retrieval system, or transmission 
in any form or by any means, eleetronie, meehanieal, photoeopying, reeording, or likewise. To obtain 
permission(s) to use material from this work, please submit a written request to Pearson Education, 
ine., Permissions Department, 1900 E. Lake Ave., Glenview, IL 60025. For information regarding 
permissions, eall (847) 486-2635. 

Many of the designations used by manufacturers and sellers to distinguish their products are elaimed 
as trademarks. Where those designations appear in this book, and the publisher was aware of a 
trademark elaim, the designations have been printed in initial eaps or all eaps. 


Library of Congress Cataloging-in-Publication Data 
Marieb, Elaine Niepon 

Human anatomy & physiology / Elaine N. Marieb, Katja Hoehn.—9th ed. 
p.; em. 

ISBN-13: 978-0-321-74326-8 (student ed.) 

ISBN-10: 0-321-74326-1 (student ed.) 

I. Hoehn, Katja. II. Title. 

[DNLM: 1. Anatomy. 2. Physiologieal Phenomena. QS 4] 

LC elassifieation not assigned 

612—dc23 2011038702 


PEARSON 


www.pearsonhighered.com 


ISBN 10: 0-321-74326-1; ISBN 13: 978-0-321-74326-8 (Student edition) 
ISBN 10: 0-321-80217-9; ISBN 13: 978-0-321-80217-0 (Instmetor’s Review Copy) 

123456789 10—RRD—15 14 13 12 11 













We dedieate this work to our students both present and past, 
who always inspire us to U push the envelope. ” 


Elaine N. Marieb 


For Elaine N. Marieb, taking the student’s perspeetive into ae- 
count has always been an integral part of her teaehing style. Dr. 
Marieb began her teaehing eareer at Springfield College, where 
she taught anatomy and physiology to physieal education ma- 
jors. She then joined the faculty of the Biologieal Seienee Divi- 
sion of Holyoke Community College in 1969 after reeeiving 
her Ph.D. in zoology from the University of Massachusetts 
at Amherst. While teaehing at Holyoke Community College, 
where many of her students were pursuing nursing degrees, 
she developed a desire to better understand the relationship 
between the seientifie study of the human body and the elinieal 
aspeets of the nursing praetiee. To that end, while continuing 
to teaeh full time, Dr. Marieb pursued her nursing education, 
which culminated in a Master of Seienee degree with a elinieal 
speeialization in gerontology from the University of Massachu- 
setts. It is this experience that has informed the development of 
the unique perspeetive and aeeessibility for which her publica- 
tions are known. 

Dr. Marieb has partnered with Benjamin Cummings for 
over 30 years. Her first work was Human Anatomy & Physiol- 
ogy Laboratory Manual (Cat Version ), which eame out in 1981. 
In the years sinee, several other lab manual versions and study 
guides, as well as the softeover Essentials of Human Anatomy 
& Physiology textbook, have hit the campus bookstores. This 
textbook, now in its 9th edition, made its appearanee in 1989 
and is the latest expression of her eommitment to the needs of 
students studying human anatomy and physiology. 

Dr. Marieb has given generously to provide opportunities 
for students to fiirther their education. She contributes to the 
New Direetions, New Careers Program at Holyoke Commu- 
nity College by fimding a staffed drop-in eenter and by provid- 
ing several full-tuition seholarships eaeh year for women who 


are returning to eollege after a hiatus or attending eollege for 
the first time and who would be unable to continue their studies 
without finaneial support. She fimds the E. N. Marieb Seienee 
Researeh Awards at Mount Holyoke College, which promotes 
researeh by undergraduate seienee majors, and has underwrit- 
ten renovation and updating of one of the biology labs in Clapp 
Laboratory at that eollege. Dr. Marieb also contributes to the 
University of Massachusetts at Amherst where she generously 
provided fimding for reeonstmetion and instmmentation of 
a cutting-edge eytology researeh laboratory. Reeognizing the 
severe national shortage of nursing faculty, she underwrites the 
Nursing Seholars of the Future Grant Program at the university. 

In 1994, Dr. Marieb reeeived the Benefaetor Award from 
the National Council for Resource Development, Ameriean 
Assoeiation of Community Colleges, which reeognizes her 
ongoing sponsorship of student seholarships, faculty teaehing 
awards, and other aeademie contributions to Holyoke Com- 
munity College. In May 2000, the seienee building at Holyoke 
Community College was named in her honor. 

Dr. Marieb is an aetive member of the Human Anatomy 
and Physiology Soeiety (HAPS) and the Ameriean Assoeiation 
for the Advaneement of Seienee (AAAS). Additionally, while 
aetively engaged as an author, Dr. Marieb serves as a consultant 
for the Benjamin Cummings Interaetive Physiology® CD-ROM 
series. 

When not involved in aeademie pursuits, Dr. Marieb is 
a world traveler and has vowed to visit every country on this 
planet. Shorter term, she serves on the seholarship eommittee 
of the Womens Resources Center and on the board of direetors 
of several eharitable institutions in Sarasota County. She is an 
enthusiastic supporter of the loeal arts and enjoys a eompetitive 
mateh of doubles tennis. 
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About the Authors 



Katja Hoehn 

Dr. Katja Hoehn is an assoeiate professor in the Department 
of Chemical and Biologieal Seienees at Mount Royal Univer- 
sity in Calgary, Canada. Dr. Hoehns first love is teaehing. Her 
teaehing excellence has been reeognized by several awards dur- 
ing her 17 years at Mount Royal University. These include a 
PanCanadian Educational Teehnology Faculty Award (1999), 
a Teaehing Excellence Award from the Students’ Assoeiation 
of Mount Royal (2001), and the Mount Royal Distinguished 
Faculty Teaehing Award (2004). 

Dr. Hoehn reeeived her M.D. (with Distinetion) from 
the University of Saskatchewan, and her Ph.D. in Pharma- 
eology from Dalhousie University. In 1991, the Dalhousie 
Medieal Researeh Foundation presented her with the Max 
Forman (Jr.) Prize for excellence in medieal researeh. Dur- 
ing her Ph.D. and postdoetoral studies, she also pursued her 
passion for teaehing by presenting guest lectures to first- and 


seeond-year medieal students at Dalhousie University and at 
the University of Calgary. 

Dr. Hoehn has been a contributor to several books and has 
written numerous researeh papers in Neuroscience and Phar- 
maeology. She oversaw a reeent revision of the Benjamin Cum- 
mings interaetive Physiology® CD-ROM series modules, and 
coauthored the newest module, The Immime System. 

Following Dr. Marieb’s example, Dr. Hoehn provides fi- 
naneial support for students in the form of a seholarship that 
she established in 2006 for nursing students at Mount Royal 
University. 

Dr. Hoehn is also aetively involved in the Human Anat- 
omy and Physiology Soeiety (HAPS) and is a member of the 
Ameriean Assoeiation of Anatomists. When not teaehing, she 
likes to spend time outdoors with her husband and two sons, 
eompete in triathlons, and play Irish flute. 




lntroduce yourself to the ehapter 

mproved readability and navigability makes the 
text more aeeessible and easier to study. 


Chapter Outlines 

Chapter outlines provide 
a preview of the ehapter 
and help you loeate 
information easily. 


Learning Objeetives 

Learning objeetives 
are integrated into the 
ehapter and give you a preview 
of what eontent is to eome 
and what you are expected 
to learn. 


Bulleted Narrative 

The narrative has been 
bulleted wherever possible 
to make the text easier to 
read and navigate. 


Checl< Your 


Llnderstanding 

Concept eheek 
questions are tied to 
the seetions' Learning 
Objeetives and ask you 
to stop, think, and eheek 
your understanding 
before moving on. 



Overview (pp. 524-527) 

Comparison of the Somatie and Autonomic 
Nervous Systems (pp. 525-526) 

ANS Divisions (pp. 526-527) 

ANS Anatomy (pp. 527-533) 


ANS Anatomy 


/ Forthe parasympathetie and sympathetie divisions, deseribe 
the site of CNS origin, loeations of ganglia, and general 
fiber pathvvays. 

Anatomieally, the sympathetie and parasympathetie divisions 
differ in 

■ Sites of origin. Parasympathetie hbers are eraniosaeral— 
, they originate in the brain (cranium) and saeral spinal eord. 

Sympathetie hbers are thoracolumbar—they originate in the 
thoraeie and lumbar regions of the spinal eord. 

■ Relative lengths of their fibers. The parasympathetie divi- 
sion has long preganglionie and short postganglionie hbers. 
'lhe sympathetie division has the opposite eondition—the 
preganglionie hbers are short and the postganglionie hbers 
are long. 


T he human body is exquisitely sensitive to ehanges in its internal 

environment, and engages in a lifelong stmggle to balanee eompeting demands 
for resources under ever-ehanging eonditions. Although all body systems eontrib- 
ute, the stability of our internal environment depends largely on the aiitonomie nervous 
system (ANS), the system of motor neurons that innervates smooth and eardiae muscle 
andglands (Figure 14.1). 

At every moment, signals stream from viseeral organs into the CNS, and autonomic nerves 
make adjustments as neeessary to ensure optimal support for body aetivities. In response to 
ehanging eonditions, the ANS shunts blood to “needy” areas, speeds or slows heart rate, 
adjusts blood pressure and body temperature, and inereases or deereases stomaeh seeretions. 

Most of this hne-tuning occurs without our awareness or attention. Can you tell when 
your arteries are eonstrieting or your pupils are dilating? Probably not—but if you’ve 
ever been stuck in a checkout line, and your full bladder was eontraeting as if it had a 
mind of its own, you’ve been very aware of viseeral aetivity. The ANS eontrols all these 
functions, both those we’re aware of and those we’re not. Indeed, as the term autonomic 
(i auto = self; nom = govern) implies, this motor subdivision of the peripheral nervous 
system has a eertain amount of functional independenee. The ANS is also ealled the 
involuntary nervous system, which refleets its subconscious eontrol, or the general 
viseeral motor system, which indieates the loeation of most of its effeetors. 




Check Your Llnderstanding 

1. Name the three types of effeetors of the airtonomie nervous 
system. 

2. VVhieh relays instructions from the CNS to muscles more 
quickly, the somatie nervous system or the ANS? Explain vvhy. 

3. VVhieh braneh of the ANS would predominate if you were 
lying on the beaeh enjoying the sun and the sound of the 
waves? VVhieh braneh would predominate if you were on a 
surfboard and a shark appeared within a few feet of you? 

_ For ansvvers, see Appendix Fi. 


Overvievv 

/ Define autonomic nervous system and explain its relationship to the peripheral 
nervous system. 

| / Compare the somatie and autonomic nervous systems relative to effeetors, efferent 
pathways, and neurotransmitters released. 

Compare and eontrast the functions of the parasympathetie and sympathetie divisions. 







Mastering 


Reading Questions 

keep you on traek. 
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Follovv complex proeesses step by step 

Focus Figures help you grasp tough topies in A&P by walking you through carefully 
developed step-by-step illustrations that use a big-picture layout and dramatie art 
to provide a context for understanding the proeess. 


F O C U S Bulk Flow Aeross Cap llary Walls 


Overview . 

Eaeh Overview quicky 
summarizes the key 
idea of the fìgure. 

Big Picture . 

Orientation 

The big picture provides 
you with a eonerete 
starting point for the 
proeess. 


Blue Text . 

This text aets as the 
instmetor’s voiee 
and explains difficult 
eoneepts. In some 
figures the text is 
broken into numbered 
steps to help you 
more easily understand 
diffìcult proeesses. 


Figure 19.1 Bulk fluid flow aeross eapillary walls causes 
continuous mixing of fluid between the plasma and the 
interstitial fluid eompartments, and maintains the 
interstitial environment. 


The big picture 

Fluid filters from eapillaries at their arteriolar 
end and flows through the interstitial spaee. 
Most is reabsorbed at the venous end. 




Arteriole 




Fluid moves through 
the interstitial spaee. 


For all eapillary beds, 
20 L of fluid is filtered 
out per day—almost 7 
times the total plasma 
volume! 


f/ 






Net filtration pressiire (NFP) determines the direetion of 
fluid movement. Two kinds of pressure drive fluid flow: 




Hydrostatie pressure (HP) 


Due to fluid pressing against a 
boundary 

HP “pushes” fluid aeross the 
boundary 

In blood vessels, is due to blood 
pressure 


Piston 



Boundary 


Pushes” 





Osmotie pressure (OP) 


Due to nondiffusible solutes that 
eannot eross the boundary 
OP “pulls” fluid aeross the 
boundary 

In blood vessels, is due to 
plasma proteins 


Solute - 
molecules 
(proteins) 


I 


Boundary 


Pulls” 





17 L of fluid per 
day is reabsorbed 
into the eapillaries 
at the venous end. 






Venule 




About 3 L per day 
of fluid (and any 
leaked proteins) are 
removed by the 
lymphatie system 
(see ehapter 20). 


Lymphatie 

eapillary 











































How do the pressures drive fluid flow aeross a eapillary? 


Net filtration occurs at the arteriolar end of a eapillary. 



Hydrostatie pressure in eapillary 
pushes" fluid out of eapillary. 




Boundary 


Interstitial fluid 


(eapillary wall) 




1 


HP =35 mm Hg 





OP_ = 26 mm Hg 




HP jf = 0 mm Hg 


0P : , = 1 mm 


NFP= 10 mm Hg 



Hydrostatie pressure in 
interstitial fluid 
"pushes" fluid into 
eapillary. 



Osmotie pressure in 
interstitial fluid "pulls 
fluid out of eapillary. 


n 


To determine the pressure driving the 
fluid out of the eapillary at any given 
point, we calculate the net filtration 
pressure (NFP) —the outward pressures 
(HP C and OP if ) minus the inward 

pressures (HP jf and OP c ). So, 


NFP = (HP c + OP if )-(HP if + OP c ) 

= (35 + 1)-(0 + 26) 

= 10 mm Hg (net outward pressure) 

As a result, fluid moves from the eapillary 
into the interstitial spaee. 


Net reabsorption occurs at the venous end of a eapillary. 



Oapillary 


Hydrostatie pressure in eapillary 
pushes" fluid out of eapillary. The 
pressure has dropped because of 
resistanee encountered along the 
eapillaries. 


Osmotie pressure in eapillary 
pulls" fluid into eapillary. 



Boundary 
(eapillary wal!) 


Interstitial fiuid 


HP = 17 mm Hg 



OP_ = 26 mm Hg 




Hydrostatie pressure in 
interstitial fluid "pushes 
fluid into eapillary. 


n 


OP jf = 1 mm Hg 


Osmotie pressure in 
interstitial fluid "pulls" fluid 
out of eapillary. 


NFP= 


Again, we calculate the NFP: 


NFP = (HP c + OP jf )-(HP jf + OP c ) 

= (17 + 1)-(0 + 26) 

= -8 mm Hg (net inward pressure) 

Notiee that the NFP at the venous end is 
a negative number. This means that 
reabsorption, not filtration, is occurring 
and so fluid moves from the interstitial 
spaee into the eapillary. 


Focus Figure 
Tutorials 

All Focus Figures have related 
tutorials in MasteringA&P 
that your instmetor ean 
assign and that will guide 
you through the figures 
step by step. 











































Study fìgures as you read the text 

Seleet pieees of art provide more visual eontent and often have 
step-by-step text that helps you better understand structure, 
functions, and proeesses. 


t 3-D anatomy art 

Stunning 3-D anatomy art is rendered in a dramatieally 
more dynamie, realistie style that uses vibrant, saturated 
eolors to help you visualize key anatomieal structures. 


Part of a skeletal 
muscle fiber (eell) 







m r » 



Sareolemma 


Myofibril 


Figure 9.5 Relationship of the 
sareoplasmie reticulum and T tubules to 
myofibrils of skeletal muscle. The tubules 
of the SR (blue) eneirele eaeh myofibril like a 
"holey" sleeve. These tubules fuse to form a 


band 


A band 


band 


Z dise 



H zone 


Z dise 
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Sareolemma 


Triad: 


T tubule 

Terminal 
eisterns 
of the SR (2) 


Tubules of 
the SR 


Myofibrils 


Mitoehondria 


net of communicating ehannels at the level between the terminal eisterns. (See detailed 
of the H zone and saelike elements ealled view in Figure 9.11, pp.290-291) Sites of elose 

terminal eisterns abutting the A-l junctions. eontaet of these three elements (terminal 

The T tubules (gray) are inward invaginations eistern, T tubule, and terminal eistern) are 
of the sareolemma that run deep into the eell ealled triads. 



NEW! Art Labeling and Ranking/ 
Sorting Questions are drag and 
drop aetivities that allow you to 
assess your knowledge of terms 
and structures as well as the order 
of steps and elements involved in 
physiologieal proeesses. 
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Prepare for your future eareer 

Ginieal eoverage and ease studies have been expanded throughout. 


_ 

Homeostatie imbalanee 6.1 

Minute ehanges from the homeostatie range for blood calcium 
ean lead to severe neuromuscular problems ranging from hyper- 
excitability (when blood Ca 2+ levels are too low) to nonrespon- 
siveness and inability to function (with high blood Ca 2+ levels). 
In addition, sustained high blood levels of Ca 2+ , a eondition 
known as hyperealeemia (hi"per-kal-se'me-ah), ean lead to un- 
desirable deposits of calcium salts in the blood vessels, kidneys, 
and other soft organs, which may hamper their ftmetion. + 


Homeostatie 

imbalanee 

Homeostatie imbalanee seetions 
are integrated within the text and 
alert you to the consequences of 
body systems not ftmetioning 
optimally. These pathologieal 
eonditions are integrated with 
the text to elarify and illuminate 
normal ftmetioning. 



NEW! Homeostatie imbalanee 
Clinical Questions ean be 
assigned to you by your 
instmetoron MasteringA&P. 
They help strengthen your 
understanding of how the 
body works to stay in balanee 
and what happens when it falls 
out of balanee. 
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Case Study 


Muscular System 


Let's continue our tale of Mrs. 
DeStephano's medieal problems, 
this time looking at the notes made 
detailing observations of her skeletal 
musculature. 

■ Severe laeerations of the muscles of the right leg and knee 

■ Damage to the blood vessels serving the right leg and knee 

■ Transeetion of the seiatie nerve (the large nerve serving most of 
the lower limb), just above the right knee 

Her physieian orders daily passive range-of-motion (ROM) exercise 
and eleetrieal stimulation for her right leg and a diet high in 
protein, earbohydrates, and vitamin C. 


1. Deseribe the step-by-step proeess of wound healing that 
will occur in her fleshy (muscle) wounds, and note the 
consequences of the speeifie restorative proeess that occurs. 

2. What eomplieations in healing ean be antieipated owing to 
vascular (blood vessel) damage in the right leg? 

3. What eomplieations in muscle structure and ftnetion result 
from transeetion of the seiatie nerve? Why are passive ROM 
and eleetrieal stimulation of her right leg muscles ordered? 

4. Explain the reasoning behind the dietary reeommendations. 

(Ansvvers in Appendix H) 


a NEW! At the Ginie 

End-of-chapter seetions now eontain 
an At the Ginie feature, which help you 
apply what you’ve learned. By learning related 
elinieal terms and reading short Case Studies 
and answering questions, you will begin to 
prepare for your future eareer. 



NEW! Case Study Coaching Aetivities 
inerease your problem-solving skills and 
prepare you for your future eareer. 




































































Praetiee what you don t 
understand with MasteringA&P® 

MasteringA&P includes a Study Area that has many tools to help 
you succeed, including: 


Only a few kinds of eeHs have elass II 
MHC proleins. These are the 
antigen-presenting eells : dendritie 
edls, maerophages, and B edls. These 

edls communicate with CD4 eells, 
which are destined to beeome, or have 

already beeome, helper T eells. The 
antigens that are presented on dass II 

MHC proteins are exngenous 
antigens—they originate írom outside 

the edl 

Let's follow an exogenous antigen 
on its way to being displayed on a 
elass II MHC protein 

Click the dendritie edl to begin this proeess 





Dendntie eell 


◄ interaetive Physiology 
O-System Suite 

IP helps you understand the hardest part of 
A&P: physiology. Fun, interaetive tutorials, 
games, and quizzes give you additional expla- 
nations to help you grasp diffìcult eoneepts. 

Modules: 

• Muscular System 

• Nervous System 

• Nervous System II 

• Cardiovascular System 

• Respiratory System 

• LJrinary System 

• Fluids & Eleetrolytes 

• Endoerine System 

• Digestive System 

• lmmune System 


Troponin 



< A&PFIix 

A&P Flix™ are 3-D movie-quality animations 
with self-paeed tutorials and gradable quizzes 
that help you master the toughest topies in A&P: 

Cell Physiology 

• Membrane Transport 

• DNA Replieation 

• Mitosis 

• Protein Synthesis 

Muscle Physiology 

• Events atthe Neuromuscular Junction 

• Excitation-Contraction Coupling 

• Cross-Bridge Cycle 

Neurophysiology 

• Resting Membrane Potential 

• Generation of an Aetion Potential 

• Propagation of an Aetion Potential 

Origins, Insertions, Aetions, Innervations 

• 63 animations on this topie 

Group Muscle Aetions & Joints 

• 54 animations on this topie 




















































praetiee 
anatomy 
lab” 

Praetiee Anatomy Lab™ (PAL™) 3.0 is a 
virtual anatomy study and praetiee tool 
that gives you 24/7 aeeess to the most 
widely used lab speeimens, including 
the human eadaver, anatomieal models, 
histology, eat, and fetal pig. PAL 3.0 
retains all of the key advantages of 
version 2.0, including ease of use, built- 
in audio pronunciations, rotatable bones, 
and simulated fìll-in-the-blank 
lab praetieal exams. 



Annotation Function 


Google-based Highlight Function 


Allows you to take notes. seareh function. Lets you highlight what 


Zoom 

Lets you zoom in and 


Pearson eText ► 

Pearson eText gives 
you aeeess to the text 
whenever and wherever 
you ean aeeess the 
Internet. The eText pages 
look exactly like the 
printed text, plus you get 
powerful interaetive and 
customization features. 
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PAL 3.0 is an indispensable virtual anatomy study and praetiee tool that 
gives you 24/7 aeeess to the most vvidely used lab speeimens, including 
the human eadaver, anatomieal models, histology, eat, and fetal pig. PAL 
3.0 retains all of the key advantages of version 2.0, including ease of 
use, built-in audio pronunciations, rotatable bones, and simulated fìll-in- 
the-blank lab praetieal exams. 



NEW! Carefully prepared disseetions 

show nerves, blood vessels, and 
arteries aeross body systems. 



NEW! Layering slider allows you to peel baek 
layers of the human eadaver and view and 
explore hundreds of brand-new disseetions 
espeeially eommissioned for 3.0. 


• NEW! Photo gallery allows you to 
quickly see thumbnails of images for 
a particular region or sub region. 


PAL 3.0 is available in the Study Area of 
MasteringA&P (www.masteringaandp.com). 
The PAL 3.0 DVD ean be paekaged with 
the book for no extra eharge. 


































< NEW! Interaetive 
Histology 

interaetive Histology 
module allows you to view 
the same tissue slide at 
varying magnifìeations, 
thereby helping you 
identify structures and 
their eharaeteristies. 
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< 3-D Anatomy 
Animations 

3-D Anatomy Animations of 
origins, insertions, aetions, and 
innervations of over 65 muscles 
are now viewable in both 
Cadaver and Anatomieal 
Models and modules. A new 
elosed-eaptioning option 
provides textual presentation 
of narration to help you 
retain information and 
supports ADA eomplianee. 


physioEX 


TM 


VERSION 9 



PAL 3.0 also includes: 

• NEW! Question randomization feature gives you 
more opportunities for praetiee and self-assessment. 
Eaeh time you retake a quiz or lab praetieal, a new 
set of questions is generated. 

• NEW! Hundreds of new images and views are 
included, espeeially of the human eadaver, anatomieal 
models, and histology. 

• NEW! Turn-off highlight feature in quizzes and lab 
praetieals gives you the option to see a structure 
without the highlight overlay. 


NEW! PhysioEx 9.0 : 

PhysioEx 9.0: Laboratory Simulations in Physiology is easy-to- 
use laboratory simulation software with an aeeompanying lab 
manual that eonsists of 12 exercises eontaining 63 physiology 
lab aetivities. It ean be used to supplement or substitute for 
wet labs. PhysioEx allows you to repeat labs as often as you 
like, perform experiments without harming live animals, and 
conduct experiments that are diffìcult to perform in a wet lab 
environment because of time, eost, or safety eoneerns. 






































































To the Instriietor: Everything 

from the Book is now Integrated 
with MasteringA&P® 


All text features of Human Anatomy & Physiology are now 
assignable in MasteringA&P, providing students with 
unlimited opportunities to study. 


NEW! Focus ► 
Figure Tutorials 

Focus Figure Tutorials guide 
students through key parts of 
eaeh Focus Figure, assessing 
their understanding of the 
major eoneepts through a 
variety of assessment tools— 
multiple ehoiee questions with 
hints and speeifie wrong- 
answer feedbaek, interaetive 
ranking and sorting exercises, 

and labeling aetivities. 
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interaetive Physiology® 
Coaching Aetivities 

20 new interaetive Physiology 
Coaching Aetivities have been 
added to the Item Library. 


NEW! Homeostatie 

imbalanee Oinieal 

Questions 

Homeostatie imbalanee Clinical 
Questions are higher-order 
thinking questions that assess 
students on their eomprehension 
of the Homeostatie imbalanee 
eontent in eaeh ehapter, making 
one of the text’s hallmark 
features now assignable. 
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NEW! Case Study 
Coaching Aetivities 

Case Study Coaching Aetivities 
inerease problem-solving skills and 
prepare students for future eareers 
in allied health. Corresponding 
Teaehing Notes give instructors 
valuable tips on when and how to 
use ease studies in the elassroom. 
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Video Tutor 
Coaching Aetivities 

Video Tutors instmet and eoaeh 
students on key A&P eoneepts 
using art from the book and are 
aeeompanied by questions with 
video hints and feedbaek speeifìe 
to their miseoneeptions. 


Other Text Features Novv 
Assignable in MasteringA&P: 

• A&P Flix™ Coaching Aetivities offer 
stunning 3-D visuals of eore eoneepts 
and tough physiologieal eoneepts with in-depth 
assessments to test student understanding. 
Seven new topies have been added to the 
Ninth Edition. 

• Art-Based Questions are conceptual 
questions related to art and instmet 
students with wrong-answer feedbaek. 

• Art Labeling and Ranking/Sorting Questions 
are drag and drop aetivities that allow students 
to assess their knowledge of terms and 
structures as well as the order of steps and 
elements involved in physiologieal proeesses. 


PAL™ 3.0 and assessments 

PhysioEx™ 9.0 and assessments 

Clinical Applieation questions (underTest 
Bank) give students the opportunity to apply 
their knowledge to elinieal seenarios. 

Reading Questions keep students on traek and 
are pre-built for easy set-up and delivery. 

Test Bank questions have been heavily revised 
with up to 600 new questions to help better 
assess your students. 

















































































Instmetor Resource DVD for Human Anatomy & 

Physiology 

by Elaine N. Marieb and Katja Hoehn 

978-0-321-80289-7 • 0-321-80289-6 

by Pearson Benjamin Cummings 

978-0-8053-61 17-9 • 0-8053-61 17-0 


® 





interaetive Physiology® 10-System Suite 


lnstructor Guide to Text and Media 
for Human Anatomy & Physiology 

by Elaine N. Marieb, Katja Hoehn, and Laura Steele 
978-0-321-79440-6 • 0-321-79440-0 


Printed Test Bank for Human Anatomy & Physiology 

by Elaine N. Marieb, Katja Hoehn, and Jerri Lindsey 

978-0-321-80290-3 • 0-321-80290-X 
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Praetiee Anatomy Lab™ (PAL “) 
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A s educators, elinieally trained individuals, and peren- 

nial students, we are continually ehallenged by the 
learning mind. What works best to help students ap- 
ply new information to the world they personally understand? 
Our elinieal backgrounds have served our teaehing and writing 
purposes well. Perhaps even more important, our elinieal expe- 
rienee has allowed us to see our presentations through our stu- 
dents’ eyes and from the vantage points of their eareer interests. 


For this edition, as for those preeeding it, feedbaek from 
student and instmetor reviews indieated areas of the text that 
needed to be revised for elarity, timeliness, and just plain reduc- 
tion of verbal meatiness. Overall, feedbaek was positive, veri- 
fying that our approaeh is eífeetive: Explaining fundamental 
prineiples and unifying themes first ereates a strong base for 
what eomes later. Baeking these explanations up with eomfort- 
able analogies and familiar examples enhanees students’ under- 
standing of the workings of the human body. 


llnifying Themes 

Three integrating themes that organized, unified, and set the 
tone of the first edition of this text continue to be valid and are 
retained in this edition. These themes are: 

Interrelationships of body organ systems. The faet that nearly 
all regulatory meehanisms require interaetion of several organ 
systems is continually emphasized. For example, Chapter 25, 
which deals with the structure and fimetion of the urinary sys- 
tem, discusses the vital importanee of the kidneys not only in 
maintaining adequate blood volume to ensure normal blood 
circulation, but also in continually adjusting the ehemieal 
eomposition of blood so that all body eells remain healthy. 
The unique System Connections feature is the culmination of 
this approaeh and should help students think of the body as a 
dynamie community of interdependent parts rather than as a 
number of isolated structural units. 

Homeostasis. The normal and most desirable eondition of body 
fimetioning is homeostasis. Its loss or destmetion always leads 
to some type of pathology—temporary or permanent. Patho- 
logieal eonditions are integrated with the text to elarify and illu- 
minate normal fimetioning, not as an end in and of themselves. 
For example, Chapter 19, which deals with the structure and 
fimetion of blood vessels, explains how the ability of healthy ar- 
teries to expand and reeoil ensures continuous blood flow and 
proper circulation. The ehapter goes on to discuss the eífeets on 
homeostasis when arteries lose their elastieity: high blood pres- 
sure and all of its attendant problems. These homeostatie im- 
balanees are indieated visually by a pink symbol with a fiilemm: 



Whenever students see the imbalanee symbol in text, the eon- 
eept of disease as a loss of homeostasis is reinforeed. Every Ho- 
meostatie imbalanee seetion has a new, related elinieal question 
that is assignable in MasteringA&P. These new elinieal ques- 
tions help strengthen students’ understanding of how the body 
works to stay in balanee. 

Complementarity of structure and function. Students are en- 
couraged to understand the structure of an organ, a tissue, or a 
eell as a prerequisite to eomprehending its fimetion. Concepts 
of physiology are explained and related to structural eharaeter- 
isties that promote or allow the various fimetions to occur. For 
example, the lungs ean aet as a gas exchange site because the 
walls of their air saes present an ineredibly thin barrier between 
blood and air. 

NEW TO THE NINTH EDITION 

With every edition, our goal is powerful but simple—to make 
anatomy and physiology as engaging, accurate, and relevant 
as possible for both instmetors and students. The Ninth Edi- 
tion represents a monumental revision, with ehanges to the text 
and art presentation that build upon the hallmark strengths of 
the previous eight editions. The ehanges to the Ninth Edition 
are all driven by the needs of today’s students, as we seek to 
make the learning of key eoneepts in A&P as easy as possible for 
them. Key eoneepts are important because of the overwhelming 
amount of material in this course. Mastering this material gives 
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students structure for organizing this wealth of information. 
Below are the ways in which weve revised the Ninth Edition 
to make this book the one where learning happens most effee- 
tively, followed by a detailed list of speeifie ehapter-by-ehapter 
eontent ehanges. 

An expanded art program. The drive for this revision began as 
a simple list. We sat down together and ereated a ehapter-by- 
ehapter list of the key eoneepts in A&P where students stmggle 
the most. This list beeame the basis for our art revision plans for 
both the Eighth and Ninth editions. We first boiled it down to 
some of the toughest topies to get our list of Focus figures. These 
Focus figures are illustrations that use a “big picture” layout and 
dramatie art to walk the student through diíficult physiologieal 
proeesses in a step-by-step way. These have been wildly popular 
with both instraetors and students. In response to repeated re- 
quests for more, we are pleased to present 12 new Focus figures. 
We hope youTl be as pleased with the results of the added Focus 
figures in the Ninth Edition as you were in the Eighth. 

All of the art in the Eighth Edition was carefully examined 
and reviewed by both instraetors and students. Many of their 
suggested ehanges have been ineorporated into this edition. As 
always, we have updated many figures to refleet the latest sei- 
entifie findings and to improve their ability to teaeh important 
eoneepts. Finally, many new photos—histology, eadaver, and 
others—were painstakingly ehosen for this edition to enhanee 
the learning proeess. 

Flipping through the Ninth Edition, you ean see that we 
have built upon the dynamie, three-dimensional, and realistie 
art style, utilizing dramatie views and perspeetives and vibrant, 
saturated eolors. 

Improved text presentation. New text features initiated in the 
Eighth Edition that focus students on key eoneepts have been 
retained and expanded in the Ninth Edition. In the current 
edition, student objeetives still appear by topie throughout the 
ehapter and some new Check Your JJnderstanding questions 
have been added at the end of seetions. These ehanges along 
with a brand-new design make the book easier than ever to 
study from and navigate. Our hallmark analogies and aeees- 
sible, friendly style while using simpler, more eoneise language 
and shorter paragraphs make the information easier for stu- 
dents to manage. 

Faetiial updates and accuracy. As authors we pride ourselves on 
keeping our book as up-to-date and as accurate as possible in all 
areas—a monumental task that requires painstaking seleetivity. 
Although information ehanges even as a textbook goes to press, 
be assured that our intent and responsibility to update has been 
earried out to the best of our ability. We have ineorporated cur- 
rent researeh in the field as much as possible; many of these up- 
dates are included in the ehapter-by-ehapter ehanges. A more 
eomplete list is available from your Pearson sales representative 
and in the Instmetor Guide to Text and Media. 

Terminology ehanges. For this edition weve substantially up- 
dated the terminology to be in aeeordanee with Terminologia 
Anatomiea and Terminologia Histologiea. Professors ean find a 


eomplete list of terminology ehanges detailed in the Instmetor 

Guide to Text and Media. 

Chapter-by-Chapter Changes 

ehapter 1 The Human Body: An Orientation 

• Updated information on diagnostie uses of MRI seans 
(A Closer Look). 

• New MRI photo of frontal seetion through the torso (Fig- 
ure 1.8a). 

• Enhaneed art showing layers of the pericardium (Fig- 
ure 1.10). 

ehapter 2 ehemistry Comes Alive 

• IJpdated information on stress and aging. 

• Improved art showing structure of an atom (Figure 2.1). 

• New photos of blood (Figure 2.4). 

• New photo of a water strider (Figure 2.10). 

• Updated art for levels of protein structure (Figure 2.19). 

ehapter 3 Cells: The Living llnits 

• New information on RNA in translation, rRNA, and tRNA. 

• Revised Focus Figure 3.10: Primary Aetive Transport: The 
Na + -K + Pump. 

• Revised art for three types of endoeytosis (Figure 3.13). 

• Improved Focus Figure 3.16: G Proteins. 

• New photo of smooth and rough endoplasmie reticulum 
(Figure 3.18). 

• New TEM of lysosomes (Figure 3.21). 

• Revised art and new TEM for eentrioles (Figure 3.25). 

• Revised Focus Figure 3.33: Mitosis. 

• New Focus Figure 3.37: Translation. 

ehapter 4 Tissue: The Living Fabrie 

• New photomierographs of epithelium (Figure 4.3). 

• New photomierographs of eonneetive tissues (Figure 4.8). 

• New photomierographs of muscle (Figure 4.10). 

• Simplified explanation of polarity. 

• Improved rendering of goblet eell (Figure 4.4), with more 
realistie details. 

• Improved teaehing efiFeetiveness of Figure 4.11 (elasses of 
membranes). 

• Improved layout of Figure 4.12 (tissue repair). 

• Added explanation to art for embryonie germ layers (Figure 
4.13). 

ehapter 5 The lntegumentary System 

• Updated information on the skin’s epithelial eells and stra- 
tum corneum. 

• New information on tinea versieolor (“sunspots”) and frie- 
tion ridges. 

• Updated information on importanee of the stratum eor- 
neum as a physieal barrier. 

• Added new term seleroderma, an autoimmune disorder 
eharaeterized by hardened skin, in At the Glinie: Related 
dinieal Terms. 

• New researeh on the role of frietion ridges in the sense of 
touch. 
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ehapter 6 Bones and Skeletal Tissues 

• Updated information on bone resorption and remodeling. 

• New bone-related information on serotonin, glucose intol- 
eranee, and diabetes mellitus. 

• Updated information on osteogenie eells and mieroseopie 
anatomy of bone eells. 

• New information on osteoporosis in prostate eaneer patients 
who reeeive androgen-suppressing therapy. 

• New information on osteoealein, a hormone which helps 
regulate bone formation and also proteets against obesity, 
glucose intoleranee, and diabetes mellitus. 

• New information on the monoelonal antibody dmg deno- 
sumab as a treatment for osteoporosis. 

ehapter 7 The Skeleton 

• New Clinical Case Study. 

• New photos of the skull, temporal bone, sphenoid and eth- 
moid bones, mandible, and orbits (Figures 7.5-7.12). 

• New photos of defeets in spinal curvature (Figure 7.17). 

• New photos of proximal tibia (Figure 7.33). 

ehapter 8 Joints 

• New Clinical Case Study. 

• New Focus Figure 8.7: Types of Synovial Joints. 

• Added information on meniseal transplant surgery. 

• Updated information on treatment of sprains. 

• Updated statisties on arthritis; updated treatment of rheu- 
matoid arthritis. 

• Updated deseription of sinovitis. 

• Updated statisties on joint replaeements in the U.S. 

• Updated researeh aimed at future treatments of joint problems. 

ehapter 9 Muscles and Muscle Tissue 

• New discussion of EPOC (excess postexercise oxygen eon- 
sumption). 

• New photomierograph of skeletal muscle (Figure 9.1). 

• New Figure 9.9 (skeletal muscle aetion potentials). 

• Added information of myosin head orientation in smooth 
muscle. 

• Updated information on treatments for Duchenne muscular 
dystrophy. 

• Streamlined discussion of muscle fatigue. 

• Added skeletal muscle fibers to Figure 9.17 for better teaeh- 
ing effeetiveness. 

ehapter 10 The Muscular System 

• New Focus Figure 10.1: Muscle Aetion. 

• New dinieal Case Study. 

• New photo of hip and thigh muscles (Figure 10.21). 

ehapter 11 Fundamentals of the Nervous System and Nervous 

Tissue 

• Update on multiple selerosis risk faetors and treatment. 

• New information on addietion treatment and preseription 
dmg abuse (A Closer Look). 

• New Clinical Case Study. 

• Updated discussion on neuronal transport. 

• New information on gasotransmitters. 

• Update on shingles and vaeeination available for its 
prevention. 


• Discuss direet and indireet neurotransmitter reeeptor meeh- 
anisms in two figures (Figures 11.20 and 11.21). Added re- 
lay-mnner motif to G-protein linked reeeptor figure (Figure 
11.21) to tie it to previous G-protein figure in Chapter 3. 

ehapter 12 The Central Nervous System 

• New Clinical Case Study. 

• Updated information on premotor cortex and the role of the 
basal nuclei. 

• New information on Alzheimer’s disease and Parkinson’s 
disease. 

• Update on amyotrophie lateral selerosis. 

• Updated information on genetie causes of autism. 

• New photos of brain seetions (Figures 12.9, 12.10, and 

12 . 12 ). 

• New photo of spinal eord (Figure 12.26). 

ehapter 13 The Peripheral Nervous System and Reflex Aetivity 

• New information on vanilloid reeeptors, pain toleranee, and 
BelFs palsy. 

• New SEM of nerve eross-seetion (Figure 13.4). 

• New photos of braehial and saeral plexuses (Figures 13.10 
and 13.12). 

• New Clinical Case Study. 

ehapter 14 The Autonomic Nervous System 

• Updated information on aging and blood pressure reeep- 
tors. 

• Streamlined discussion of sympathetie tmnks and pathways. 

• More explicit statement about the cc background” firing rate 
of neurons along sympathetie and parasympathetie axons in 

ANS. 

ehapter 15 The Speeial Senses 

• New Clinical Case Study. 

• New information on link between vitamin C and eataraet 
formation. 

• New photos of retina (Figure 15.7), eataraet (Figure 15.9), 
and refraetion (Figure 15.11). 

• New summary Table 15.1—differenees between rods and 
eones. 

• Updated discussion of olfaetory proeessing. 

• New summary Table 15.2—structures of internal ear and 
their fiinetions. 

ehapter 16 The Endoerine System 

• New researeh on ghrelin and growth hormone release. 

• New photo showing effeets of growth hormone excess and 
defieieney (Figure 16.7). 

• Updated information on type 1 diabetes. 

• New Focus Figure 16.5: Hypothalamus and Pituitary Inter- 
aetions. 

• New photomierographs of thyroid (Figure 16.8), parathy- 
roid (Figure 16.12), adrenal gland (Figure 16.14), and pan- 
ereas (Figure 16.18). 

• New flowchart of parathyroid hormone effeets (Figure 16.13). 

ehapter 17 Blood 

• New Clinical Case Study. 

• New SEMs of normal and siekled RBCs (Figure 17.8). 
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• New photomierographs of leukocytes (Figure 17.10). 

• Updated Figure 17.11 (leukocyte formation). 

• Updated statisties on siekle eell anemia and malaria. 

• Improved teaehing eífeetiveness of Figure 17.14 (pathways 
of coagulation). 

ehapter 18 The Cardiovascular System: The Heart 

• New Clinical Case Study. 

• New Focus Figure 18.9: Blood Flow Through the Heart. 

• Updated information on isehemie eell death in myoeardial 
infaretion. 

• New photos of the heart (Figures 18.4 and 18.6). 

• Expanded overview of systemie and pulmonary circuits (in 
response to focus group feedbaek). 

• Reorganized presentation of heart anatomy. 

• Updated the eífeets of hyperkalemia and hyperealeemia on 
the heart. 

ehapter 19 The Cardiovascular System: Blood Vessels 

• Update on obesity-linked hypertension. 

• New Focus Figure 19.17: Bulk Flow Aeross Capillary Walls. 

• New photomierograph of artery and vein (Figure 19.1). 

• Added information on C-reactive protein as a marker of sys- 
temie inflammation and a predietor of future heart attaeks 
and strokes. 

• Reorganized Figure 19.15 for better teaehing effeetiveness. 

• Reorganized seetion on venous return. 

• Reorganized discussion of baroreeeptor reflex. 

• Consolidated discussion of renal regulation of blood pres- 
sure by adding material previously in Chapter 25. Moved 
details of renin-angiotensin-aldosterone meehanism from 
Figure 25.10 to Figure 19.10. 

• Reorganized presentation on homeostatie imbalanees of 
blood pressure. 

ehapter 20 The Lymphatie System and Lymphoid Organs and 

Tissues 

• New information on the spleen as a monoeyte reservoir. 

• New photomierographs of thymus (Figure 20.7) and tonsil 
(Figure 20.8). 

• Improved discussion of lymphoid eells and lymphoid tis- 
sues. 

• Reorganized seetion on mucosa-associated lymphoid tissue 

(MALT). 

• Updated statisties for non-Hodgkin’s lymphoma. 

ehapter 21 The lmmune System: Innate and Adaptive Body 

Defenses 

• Major revision of ehapter to streamline presentation. 

• New dinieal Case Study. 

• Added eoverage of leetin pathway (Figure 21.6). 

• New SEM of maerophage engaged in phagoeytosis (Fig- 
ure 21.2). 

• Two new summary tables (Tables 21.3 and 21.5). 

ehapter 22 The Respiratory System 

• Update on early deteetion of lung eaneer. 

• Updated discussion of eystie fìbrosis. 

• New Focus Figure 22.20: Oxygen-Hemoglobin Dissoeiation 
Curve. 


• New photomierograph of lung tissue (Figure 22.8). 

• New SEM of pulmonary eapillary easts (Figure 22.9). 

ehapter 23 The Digestive System 

• New photomierograph of esophagus-stomach junction (Fig- 
ure 23.12). 

• New photograph of gastrie ulcer (Figure 23.16). 

• New photomierograph of panereas (Figure 23.26). 

• New art on the absorption of monosaeeharides (Fig- 
ure 23.35). 

ehapter 24 Nutrition, Metabolism, and Body Temperature 
Regulation 

• Coverage of the USDA’s new MyPlate logo (Figure 24.1) and 
dietary reeommendations. 

• New Focus Figure 24.8: Oxidative Phosphorylation. 

• New Clinical Case Study. 

• Updated information on obesity (A Closer Look). 

ehapter 25 The Llrinary System 

• Major revision of ehapter to streamline presentation. 

• New Focus Figure 25.16: Medullary Osmotie Gradient. 

• New information on symptoms and manifestations of renal 
failure. 

• New Clinical Case Study. 

• New SEM of nephron blood vessel easts (Figure 25.7). 

• New ilhistration of net filtration forees (Figure 25.11). 

• New ilhistration on tubular reabsorption and seeretion (Fig- 
ure 25.15). 

• New photo of kidney (Figure 25.3). 

ehapter 26 Fluid, Eleetrolyte, and Aeid-Base Balanee 

• Updated discussion of regulation of sodium and water bal- 
anee, and dehydration. 

• New text and summary table (Table 26.2) eontrasting extra- 
cellular fluid sodium eoneentration and body sodium eon- 
tent. 

ehapter 27 The Reproductive System 

• New photo of testis (Figure 27.3). 

• New illustration of male perineum (Figure 27.4). 

• New SEM of seminiferous tubules (Figure 27.8). 

• New graph of plasma testosterone versus age (Figure 27.11). 

• New photomierograph of ovary (Figure 27.13). 

• Update on circumcision and statisties on reduction in risk of 
HIV and other infeetions. 

ehapter 28 Pregnaney and Human Development 

• New Focus Figure 28.2: Sperm Penetration and the Cortical 
Reaetion. 

• Updated eontraeeption methods (A Closer Look). 

• New Clinical Case Study. 

• Updated information on role of hCG. 

• Updated information on assisted reproductive teehnologies. 

• Simplified Figure 28.10 to improve teaehing effeetiveness. 

• New photo of nursing mother (Figure 28.19). 

ehapter 29 Heredity 

• New Clinical Case Study. 

• New photos of karyotyping (Figure 29.1). 
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aeh new edition of this textbook holds out a promise to its 
authors. cc Youre done—the book is perfeet!” Not! Although 
it would appear that this would be so after all the work be- 
stowed upon it over eight editions, it still takes the better part of two 
years, demands our partieipation in many focus groups, mobilizes 
our library researeh skills, and tests our ereativity onee again before 
we finally put the last page of the new edition to rest. It never really 
gets easier as we grind away—the grist finer with eaeh edition. 

In all fairness, we don’t work alone. Many people shared the 
work of this edition and deserve their proper due. Onee the first 
draft of eaeh ehapter was eomplete in our estimations, it was sent 
ofiF to Aliee Fugate, the text developmental editor, who wielded 
her pen to ensure readability and eonsisteney—faetors very im- 
portant to student success. Baeking up Aliee’s work was the di- 
reetor of development Barbara Yien, well known for her ability 
to see the whole picture. After we pemsed and proeessed Aliee’s 
suggestions, the manuscript went to Shannon Cutt. Shannon, 
our eheery assoeiate projeet editor, eheeked every aspeet of the 
newly modified text before sending it on to production. Nobody 
eseapes Shannons ministrations—espeeially her amazing ability 
to ehase down things that threaten to fall through the eraeks. If 
we failed to meet her deadlines, a barrage of emails rained down, 
all asking us in the sweetest way to get the missing item in. After 
Shannon had assured herself that all was well, the manuscript 
went to Anita W agner, our skilled eopyeditor for the last several 
editions. Anita knows our text as well or better than we do. She 
eheeks grammar, spelling of new dmgs or procedures, and veri- 
fies statisties; much of the superb accuracy of this text is to her 
eredit as a eopyeditor par excellence. 

Whew! But that’s not all, folks. Onee the writing and edit- 
ing part of the revision is eomplete, the manuscript goes to the 
production department, where the text and art eome together. 
This business-like domain is headed by Miehele Mangelli, our 
production manager onee again. Always knowledgeable, Mi- 
ehele guides the production proeess with great skill and works 
seamlessly with the members of her excellent staff. She makes 
sure the artists are on schedule producing art with the appropri- 
ate look and accuracy, direets the industrious photo researeher 
Kristin Piljay, and oversees the work of David Novak (the eon- 
scientious production supervisor) and that hard-working art 
eoordinator Jean Lake. 


The last edition of this text touched every figure—making 
eaeh pieee of art more timely, more colorful, more accurate, or 
better pedagogieally. The really big success in the art arena was 
the fabulous one- to two-page Focus figures introduced in the 
Eighth Edition. These new figures seleeted physiologieal eon- 
eepts that students have the most difficulty with and cc unpacked 
them.” They say you never really have too much of a good thing, 
so this edition has 12 new Focus Figures. We hope you will 
like these as much as you did the last offerings. Helping to en- 
sure that you will is Laura Southworth, the art developmental 
manager who worked tirelessly on these figures. She is not only 
the art manager but also a skilled professional artist who ean 
illustrate just about any eoneept we ask for. This eapability en- 
sures that the art manuscript delivered to the talented artists of 
Imagineering and Eleetronie Publishing Serviees, who drew the 
final art, had all the information they needed to produce a qual- 
ity product. Laura is traly amazing. Important in a different art 
arena was Lisa Lee, who supplied several of our histology photos 
and served as a consultant on images from other sources. Tom 
Fink (East Carolina IJniversity), William Karkow (Dubuque 
IJniversity), and Olga Malakhova and Charles Poulton (both 
from IJniversity of Florida College of Medieine, Gainesville) 
provided histology and eadaver images on an ineredibly tight 
schedule. Thanks so much! 

We also thank two people who contributed signifieantly to 
this edition: James Hewlett and William Karkow. Working on a 
tight schedule, James Hewlett contributed 13 new ease studies, 
which were expertly reviewed for elinieal accuracy by thoraeie 
surgeon William Karkow. 

Thanks also to Yvo Riezebos, eover designer, and tani 
hasegawa, text designer. Their ereativity helped to produce a 
truly beautiful book. We are very happy that our eover photo, 
taken by renowned photographer Annie Leibovitz, is of the 
best known female goalkeeper in the world — Hope Solo. Hope 
won an Olympie gold medal in 2008, was named Womens 
Professional Soeeer’s Goalkeeper of the Year in 2009, and was 
awarded the Golden Glove at the 2011 World Cup. Sustaining 
the effort to produce a beautiful book all the way to press were 
our excellent proofreader, Martha Ghent, and S4Carlisle Pub- 
lishing Serviees, the profieient eompositor who assembled the 
final pages with their customary expertise. 
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The sponsoring editor for the last edition, Serina Beaupar- 
lant, has a jazzy new title, “Editor-in-Chief.” Even with a slew 
of new duties, she is resolute about producing the best edu- 
eational product possible—both in textbook and media. Her 
replaeement for this edition, who took over a large number 
of Serina’s duties, is Gretehen Puttkamer, a real go-getter. We 
haven’t seen too much of Gretehen because she spends most of 
her time in the field talking to professors, students, and anyone 
else that will listen to her. Also contributing were several oth- 
ers that we rarely get to talk to, including: editorial assistants 
Lisa Damerel and John Maas, managing editor Debbie Cogan, 
Staeey Weinberger, who has been our expert manufacturing 
buyer for years, and our eraekerjaek marketing manager, Derek 
Perrigo, who goes the extra mile to make sure professors are 
enlightened about speeial features of the text. Kudos also to our 
media stafiF—Lauren Fogel, direetor of media development, Ai- 
mee Pavy, media producer, and the entire media team for PAL 
3.0 and PhysioEx 9.0. 

Benjamin Cummings spares no efiFort in its drive to pub- 
lish an accurate and instmetive book. Over 400 reviews were 
eommissioned, enlisting eomments and suggestions from both 
generalist aeademieians and speeialists in various niehes of 
anatomy and physiology. These reviewers’ contributions have 
been of inestimable value in the continuing development of this 
text. We also want to thank the many students and colleagues 
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eleome to the study of one of the most faseinating subjects 

possible—your own body. Such a study is not only highly personal, but 
timely as well. We get news of some medieal advanee almost daily. To ap- 
preeiate emerging diseoveries in genetie engineering, to understand new techniques 
for deteeting and treating disease, and to make use of published faets on how to stay 
healthy, you 11 find it helpful to learn about the workings of your body. If you are 
preparing for a eareer in the health seienees, the study of anatomy and physiology 
has added rewards because it provides the foundation needed to support your elini- 
eal experiences. 

In this ehapter we define and eontrast anatomy and physiology and discuss how the 
human body is organized. Then we review needs and fimetional proeesses eommon to all 
living organisms. Three essential eoneepts —the eomplementarity ofstructure andfunction, 
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UNIT 1 Organization of the Body 


the hierarehy of structural organization, and homeostasis —will 
unify and form the bedroek for your study of the human body. 
The final seetion of the ehapter deals with the language of 
anatomy—terminology that anatomists use to deseribe the 
body or its parts. 

I An Overview of Anatomy 

and Physiology 

✓ Define anatomy and physiology and deseribe their 
subdivisions. 

Explain the prineiple of eomplementarity. 

Two eomplementary branehes of seienee—anatomy and 
physiology—provide the eoneepts that help us to understand the 
human body. Anatomy studies the structure of body parts and 
their relationships to one another. Anatomy has a eertain appeal 
because it is eonerete. Body structures ean be seen, felt, and exam- 
ined elosely. You don t need to imagine what they look like. 

Physiology eoneerns th efunction of the body, in other words, 
how the body parts work and earry out their life-sustaining ae- 
tivities. When all is said and done, physiology is explainable 
only in terms of the underlying anatomy. 

To simplify the study of the body, when we refer to body 
structures and/or physiologieal values (body temperature, heart 
rate, and the like), we will assume that we are talking about a 
healthy young (22-year-old) male weighing about 155 lb (the 
referenee man) or a healthy young female weighing about 125 lb 
(the referenee woman). 

Topies of Anatomy 

Anatomy is a broad field with many subdivisions, eaeh provid- 
ing enough information to be a course in itself. Gross, or mae- 
roseopie, anatomy is the study of large body structures visible 
to the naked eye, such as the heart, hrngs, and kidneys. Indeed, 
the term anatomy (derived from the Greek words meaning <c to 
cut apart”) relates most elosely to gross anatomy because in such 
studies preserved animals or their organs are disseeted (cut up) 
to be examined. 

Gross anatomy ean be approaehed in different ways. In re- 
gional anatomy, all the structures (muscles, bones, blood ves- 
sels, nerves, ete.) in a particular region of the body, such as the 
abdomen or leg, are examined at the same time. 

In systemie anatomy (sis-tem'ik),* body structure is studied 
system by system. For example, when studying the cardiovascu- 
lar system, you would examine the heart and the blood vessels 
of the entire body. 

Another subdivision of gross anatomy is surface anatomy, 
the study of internal structures as they relate to the overlying 
skin surface. You use surface anatomy when you identify the 


*For the pronimeiation guide rules, see the first page of the glossary in the baek of 
the book. 


bulging muscles beneath a bodybuilder s skin, and elinieians 
use it to loeate appropriate blood vessels in which to feel pulses 
and draw blood. 

Mieroseopie anatomy deals with structures too small to be 
seen with the naked eye. For most such studies, exceedingly thin 
sliees of body tissues are stained and mounted on glass slides 
to be examined under the mieroseope. Subdivisions of miero- 
seopie anatomy include eytology (si-tol'o-je), which eonsiders 
the eells of the body, and histology (his-tol'o-je), the study of 
tissues. 

Developmental anatomy traees structural ehanges that oe- 
cur in the body throughout the life span. Embryology (em"bre- 
ol'o-je), a subdivision of developmental anatomy, eoneerns 
developmental ehanges that occur before birth. 

Some highly speeialized branehes of anatomy are used 
primarily for medieal diagnosis and seientifie researeh. For 
example, pathologieal anatomy studies structural ehanges 
caused by disease. Radiographie anatomy studies internal 
structures as visualized by X-ray images or speeialized sean- 
ning procedures. 

Subjects of interest to anatomists range from easily seen 
structures down to the smallest molecule. In molecular bi- 
ology , for example, the structure of biologieal molecules 
(ehemieal substances) is investigated. Molecular biology is 
actually a separate braneh of biology, but it falls under the 
anatomy umbrella when we push anatomieal studies to the 
subcellular level. 

One essential tool for studying anatomy is a mastery of ana- 
tomieal terminology. Others are observation, manipulation, 
and, in a living person, palpation (feeling organs with your 
hands) and auscultation (listening to organ sounds with a steth- 
oseope). A simple example illustrates how some of these tools 
work together in an anatomieal study. 

Lets assume that your topie is freely movable joints of the 
body. In the laboratory, you will be able to observe an animal 
joint, noting how its parts fit together. You ean work the joint 
(:manipulate it) to determine its range of motion. Using ana- 
tomieal terminology , you ean name its parts and deseribe how 
they are related so that other students (and your instructor) will 
have no trouble understanding you. The list of word roots (at 
the baek of the book) and the glossary will help you with this 
speeial vocabulary. 

Although you will make most of your observations with the 
naked eye or with the help of a mieroseope, medieal teehnology 
has developed a nrnnber of sophistieated tools that ean peer into 
the body without disrupting it. Read about these exciting medi- 
eal imaging techniques in A Closer Look on pp. 16-17. 

Topies of Physiology 

Like anatomy, physiology has many subdivisions. Most of 
them eonsider the operation of speeifie organ systems. For 
example, renal physiology eoneerns kidney function and 
urine production. Neurophysiology explains the workings 
of the nervous system. Cardiovascular physiology exam- 
ines the operation of the heart and blood vessels. While 
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anatomy provides us with a statie image of the bodys arehi- 
tecture, physiology reveals the bodys dynamie and animated 
workings. 

Physiology often focuses on events at the cellular or mo- 
lecular level. This is because the bodys abilities depend on 
those of its individual eells, and eells’ abilities ultimately 
depend on the ehemieal reaetions that go on within them. 
Physiology also rests on prineiples of physies, which help 
to explain eleetrieal currents, blood pressure, and the way 
muscles use bones to cause body movements, among other 
things. We present basie ehemieal and physieal prineiples 
in Chapter 2 and throughout the book as needed to explain 
physiologieal topies. 


Complementaríty of Structure and Function 

Although it is possible to study anatomy and physiology indi- 
vidually, they are really inseparable because function always re- 
fleets structure. That is, what a structure ean do depends on its 
speeifie form. This key eoneept is ealled the prineiple of eom- 
plementarity of structure and function. 

For example, bones ean support and proteet body organs 
because they eontain hard mineral deposits. Blood flows in 
one direetion through the heart because the heart has valves 
that prevent backflow. Throughout this book, we aeeompany a 
deseription of a structures anatomy with an explanation of its 
flmetion, and we emphasize structural eharaeteristies eontrib- 
uting to that flmetion. 



Check Your Understanding 


1. In what way does physiology depend on anatomy? 

2. Would you be studying anatomy or physiology if you 
investigated how muscles shorten? If you explored the 
loeation of the lungs in the body? 

_ For ansvvers, see Appendix H. 


Levels of Structural 
Organization 

Name the different levels of structural organization that 
make up the human body, and explain their relationships. 

List the 11 organ systems of the body f identify their 
eomponents, and briefly explain the major function(s) of 
eaeh system. 

The human body has many levels of structural organization 
gure 1.1). The simplest level of the structural hierarehy 
is the ehemieal level, which we study in Chapter 2. At this 
level, atoms , tiny building bloeks of matter, eombine to form 
molecules such as water and proteins. Molecules, in turn, as- 
soeiate in speeifie ways to form organelles , basie eomponents 
of the mieroseopie eells. Cells are the smallest units of liv- 
ing things. We examine the cellular level in Chapter 3. All 


eells have some eommon functions, but individual eells vary 
widely in size and shape, refleeting their unique functions in 
the body. 

The simplest living creatures are single eells, but in complex 
organisms such as human beings, the hierarehy continues on 
to the tissue level. Tissues are groups of similar eells that have 
a eommon flmetion. The four basie tissue types in the human 
body are epithelium, muscle, eonneetive tissue, and nervous 
tissue. 

Eaeh tissue type has a eharaeteristie role in the body, which 
we explore in Chapter 4. Briefly, epithelium eovers the body sur- 
faee and lines its eavities. Muscle provides movement. Connec- 
tive tissue supports and proteets body organs. Nervous tissue 
provides a means of rapid internal communication by transmit- 
ting eleetrieal impulses. 

An organ is a diserete structure eomposed of at least two 
tissue types (four is more eommon) that performs a speeifie 
flmetion for the body. The liver, the brain, and a blood vessel 
are very different from the stomaeh, but eaeh is an organ. You 
ean think of eaeh organ of the body as a speeialized functional 
eenter responsible for a neeessary aetivity that no other organ 
ean perform. 

At the organ level, extremely complex flmetions beeome 
possible. Lets take the stomaeh for an example. Its lining is an 
epithelium that produces digestive juices. The bulk of its wall is 
muscle, which churns and mixes stomaeh eontents (food). Its 
eonneetive tissue reinforees the soft muscular walls. Its nerve 
fibers inerease digestive aetivity by stimulating the muscle to 
eontraet more vigorously and the glands to seerete more diges- 
tive juices. 

The next level of organization is the organ system level. Or- 
gans that work together to aeeomplish a eommon purpose make 
up an organ system. For example, the heart and blood vessels of 
the cardiovascular system circulate blood continuously to earry 
oxygen and nutrients to all body eells. Besides the cardiovascular 
system, the other organ systems of the body are the integumen- 
tary, skeletal, muscular, nervous, endoerine, lymphatie, respira- 
tory, digestive, urinary, and reproductive systems. (Note that the 
immune system is elosely assoeiated with the lymphatie system.) 
Look ahead to Figure 1.3 on pp. 6 and 7 for an overview of the 
11 organ systems, which we discuss in the next seetion and study 
in more detail in Units 2-5. 

The highest level of organization is the organism , the living 
human being. The organismal level represents the sum total of 
all structural levels working together to keep us alive. 



Check Your Understanding 


3. What level of structural organization is typieal of a 
eytologist's field of study? 

4. What is the eorreet structural order for the following terms: 
tissue, organism, organ, eell? 

5. Which organ system includes the bones and eartilages? 
Which includes the nasal eavity, lungs, and traehea? 

_ For ansvvers, see Appendix H. 








4 


UNIT 1 Organization of the Body 


Molecule 





Chemical level 

Atoms eombine to form molecules. 




Organelle 



Smooth muscle eell 


Cellular level 

Cells are made up of molecules. 





Smooth muscle tissue 


Cardiovascular 

system 


Heart 


Blood 
vessels 





Tissue level 

Tissues eonsist of similar types of eells. 


Blood vessel (organ) 


Smooth muscle tissue 



Connective tissue 


Epithelial 

tissue 


Organ level 

Organs are made up of different types of tissues. 


Organismal level 

The human organism is made up of many 
organ systems. 


Organ system level 

Organ systems eonsist of different 
organs that work together elosely. 


Figure 1.1 Levels of structural organization. Components of the cardiovascular system are 
used to illustrate the levels of structural organization in a human being. 


Maintaining Life 

s List the functional eharaeteristies neeessary to maintain life 
in humans. 

✓ List the survival needs of the body. 

Neeessary Life Fiinetions 

Now that you know the structural levels of the human body, the 
question that naturally follows is: What does this highly orga- 
nized human body do? 


Like all complex animals, humans maintain their bounda- 
ries, move, respond to environmental ehanges, take in and 
digest mitrients, earry out metabolism, dispose of wastes, re- 
produce themselves, and grow. We will introduce these nee- 
essary life functions here and discuss them in more detail in 
later ehapters. 

We eannot emphasize too strongly that all body eells are 
interdependent. This interdependenee is due to the faet that 
humans are multicellular organisms and our vital body func- 
tions are pareeled out among different organ systems. Organ 
systems, in turn, work eooperatively to promote the well-being 
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of the entire body. This theme is repeated throughout the book. 
Figure 1.2 identifies some of the organ systems making major 
contributions to neeessary life fimetions. Also, as you read this 
seetion, eheek igure 1.3 for more detailed deseriptions of the 
body s organ systems. 

Maintaining Boundaries 

Every living organism must maintain its boundaries so that 
its internal environment (its inside) remains distinet from the 
external environment surrounding it (its outside). In single- 
eelled organisms, the external boundary is a limiting membrane 
that eneloses its eontents and lets in needed substances while 
restrieting entry of potentially damaging or unnecessary sub- 
stanees. Similarly, all the eells of our body are surrounded by a 
seleetively permeable membrane. 

Additionally, the body as a whole is enelosed and pro- 
teeted by the integumentary system, or skin (Figure 1.3a). 
This system proteets our internal organs from drying out 
(a fatal ehange), baeteria, and the damaging effeets of heat, 
sunlight, and an unbelievable number of ehemieals in the 
external environment. 

Movement 

Movement includes the aetivities promoted by the muscular 
system, such as propelling ourselves from one plaee to another 
by mnning or swimming, and manipulating the external en- 
vironment with our nimble fingers (Figure 1.3c). The skeletal 
system provides the bony framework that the muscles pull 
on as they work (Figure 1.3b). Movement also occurs when 
substances such as blood, foodstuffs, and urine are propelled 
through internal organs of the cardiovascular, digestive, and 
urinary systems, respeetively. On the cellular level, the mus- 
ele eells ability to move by shortening is more preeisely ealled 
eontraetility. 

Responsiveness 

Responsiveness, or excitability, is the ability to sense ehanges 
(which serve as stimuli) in the environment and then respond 
to them. For example, if you cut your hand on broken glass, 
a withdrawal reflex occurs—you involuntarily pull your hand 
away from the painfiil stimulus (the broken glass). You dont 
have to think about it—it just happens! Fikewise, when earbon 
dioxide in your blood rises to dangerously high levels, ehemieal 
sensors respond by sending messages to brain eenters eontrol- 
ling respiration, and you breathe more rapidly. 

Because nerve eells are highly excitable and communicate 
rapidly with eaeh other via eleetrieal impulses, the nervous sys- 
tem is most involved with responsiveness (Figure 1.3d). How- 
ever, all body eells are excitable to some extent. 

Digestion 

Digestion is the breaking down of ingested foodstuffs to simple 
molecules that ean be absorbed into the blood. The nutrient-rich 
blood is then distributed to all body eells by the cardiovascular 
system. In a simple, one-eelled organism such as an amoeba, 


Digestive system 

Takes in nutrients, breaks them 
down, and eliminates unabsorbed 
matter (feees) 

Food 


Respiratory system 

Takes in oxygen and 
eliminates earbon dioxide 



Cardiovascular system 

Via the blood, distributes oxygen 
and nutrients to all body eells and 
delivers wastes and earbon 
dioxide to disposal organs 




Nutrients 






Llrinary system 

Eliminates 
nitrogenous 
wastes and 
excess ions 




Nutrients and wastes pass 
between blood and eells 
via the interstitial fluid 




lntegumentary system 


Proteets the body as a whole 
from the external environment 


llrine 


Figure 1.2 Examples of interrelationships among body organ 
systems. 


the eell itself is the “digestion faetory,” but in the multicellular 
human body, the digestive system performs this fimetion for the 
entire body (Figure 1.3i). 


Metabolism 

Metabolism (mé-tab'o-lizm; “a state of ehange”) is a broad 
term that inehides all ehemieal reaetions that occur within 
body eells. It includes breaking down substances into their 
simpler building bloeks (more speeifieally, the proeess of ea- 
tabolism ), synthesizing more complex cellular structures from 
simpler substances ( anabolism ), and using nutrients and oxy- 
gen to produce (via cellular respiration ) ATP, the energy-rieh 
molecules that power cellular aetivities. Metabolism depends 
on the digestive and respiratory systems to make mitrients and 
oxygen available to the blood and on the cardiovascular sys- 
tem to distribute them throughout the body (Figure 1.3i, h, 
and f, respeetively). Metabolism is regulated largely by hor- 
mones seereted by endoerine system glands (Figure 1.3e). 
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UNIT 1 Organization of the Body 



(a) lntegumentary System 

Forms the external body eovering, and 
proteets deeper tissues from injury. 
Synthesizes vitamin D, and houses 
cutaneous (pain, pressure, ete.) reeeptors 
and sweat and oil glands. 



(b) Skeletal System 

Proteets and supports body organs, and 
provides a framework the muscles use 
to cause movement. Blood eells are 
formed within bones. Bones store minerals. 


(e) Muscular System 

Allows manipulation of the environment, 
loeomotion, and faeial expression. Main- 
tains posture, and produces heat. 



Spinal 

eord 


Brain 


Nerves 


(d) Nervous System 

As the fast-aeting eontrol system of the 
body, it responds to internal and external 
ehanges by aetivating appropriate 
muscles and glands. 


Thyroid 

gland 

Thymus 


Adrenal 

gland 


Panereas 


Pineal gland 
Pituitary 



Testis 


(e) Endoerine System 

Glands seerete hormones that regulate 
proeesses such as growth, reproduction, 
and nutrient use (metabolism) by body 
eells. 



(f) Cardiovascular System 

Blood vessels transport blood, which 
earries oxygen, earbon dioxide, 
nutrients, wastes, ete. The heart pumps 
blood. 


Figure 1.3 The body's organ systems and their major functions. 


Excretion 

Excretion is the proeess of removing wastes, or excreta (ek- 
skre'tah), from the body. If the body is to operate as we expect 
it to, it must get rid of nonuseful substances produced during 
digestion and metabolism. 


Several organ systems partieipate in excretion. For example, 
the digestive system rids the body of indigestible food residues 
in feees, and the urinary system disposes of nitrogen-eontaining 
metabolie wastes, such as urea, in urine (Figure 1.3i and j). Car- 
bon dioxide, a by-product of cellular respiration, is earried in 
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Red bone 
marrow 






Thynrms 





Lymphatie 
vessels 

Thoraeie 
duct 


Spleen 


i 


Lymph nodes 


(g) Lymphatie System/lmmunity 

Pieks up fluid leaked from blood vessels 
and returns it to blood. Disposes 
of debris in the lymphatie stream. 
Houses white blood eells (lymphoeytes) 
involved in immunity. The immune 
response mounts the attaek against 
foreign substances within the body. 


Nasal 


eavity 


Pharynx 


Larynx 


Traehea 


Lung 



(h) Respiratory System 


Keeps blood eonstantly supplied with 


oxygen and removes earbon dioxide. 


The gaseous exchanges occur through 


the walls of the air saes of the lungs. 


Oral eavity 


Esophagus 






/ 



Larg 
intestine 



Lrver 

à À kL 

Stomaeh 

Small 


intestine 



Rectu 

Anus 


(i) Digestive System 

Breaks down food into absorbable units 
that enter the blood for distribution to 
body eells. Indigestible foodstuffs are 
eliminated as feees. 



(j) Llrinary System 

Eliminates nitrogenous wastes from the 
body. Regulates water, eleetrolyte and 
aeid-base balanee of the blood. 


/ 



* 


M 






Penis 

Testis 




Prostate 

gland 






Scrotum 


Ductus j 
deferens 




/ 


Mammary 
glands (in 
breasts) 


/ 

/ 


V 


i 


Uterus 

Vagina 



Uterine 


(k) Male Reproductive System (I) Female Reproductive System 

Overall function is production of offspring. Testes produce sperm and male sex hormone, 
and male ducts and glands aid in delivery of sperm to the female reproductive traet. Ovaries 
produce eggs and female sex hormones.The remaining female structures serve as sites for 
fertilization and development of the fetus. Mammary glands of female breasts produce 
milk to nourish the newborn. 


the blood to the lungs, where it leaves the body in exhaled air 
(Figure 1.3h). 

Reproduction 

Reproduction occurs at the cellular and the organismal level. 
In cellular reproduction, the original eell divides, producing two 
identieal daughter eells that may then be used for body growth 


or repair. Reproduction of the human organism, or making a 
whole new person, is the major task of the reproductive system. 
When a sperm unites with an egg, a fertilized egg forms and 
develops into a baby within the mother s body. The reproduc- 
tive system is direetly responsible for producing oífspring, but its 
function is exquisitely regulated by hormones of the endoerine 
system (Figure 1.3e). 
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UNIT 1 Organization of the Body 


Because males produce sperm and females produce eggs 
(ova), there is a division of labor in reproduction, and the repro- 
ductive organs of males and females are different (Figure 1.3k, 1). 
Additionally, the females reproductive structures provide the site 
for fertilization of eggs by sperm, and then proteet and nurture 

I the developing fetus until birth. 

Grovvth 

Growth is an inerease in size of a body part or the organism as 
a whole. It is usually aeeomplished by inereasing the number of 
eells. However, individual eells also inerease in size when not 
dividing. For tme growth to occur, constructive aetivities must 
occur at a faster rate than destmetive ones. 

Survival Needs 

The ultimate goal of all body systems is to maintain life. How- 
ever, life is extraordinarily fragile and requires several faetors. 
These faetors, which we will eall survival needs , include nutri- 
ents (food), oxygen, water, and appropriate temperature and 
atmospherie pressure. 

Nutrients 

Nutrients, taken in via the diet, eontain the ehemieal substances 
used for energy and eell building. Most plant-derived foods are 
rieh in earbohydrates, vitamins, and minerals, whereas most 
animal foods are rieher in proteins and fats. 

Carbohydrates are the major energy fuel for body eells. Proteins, 
and to a lesser extent fats, are essential for building eell structures. 
Fats also provide a reserve of energy-rieh fuel. Seleeted minerals 
and vitamins are required for the ehemieal reaetions that go on in 
eells and for oxygen transport in the blood. The mineral calcium 
helps to make bones hard and is required for blood elotting. 

Oxygen 

All the nutrients in the world are useless unless oxygen is also 
available. Because the ehemieal reaetions that release energy 
from foods are oxidative reaetions that require oxygen, human 
eells ean survive for only a few minutes without oxygen. Ap- 
proximately 20% of the air we breathe is oxygen. The eoopera- 
tive efforts of the respiratory and cardiovascular systems make 
oxygen available to the blood and body eells. 


slower and slower, and finally stop. When body temperature is 
too high, ehemieal reaetions occur at a frantie paee and body 
proteins lose their eharaeteristie shape and stop fimetioning. 
At either extreme, death occurs. The aetivity of the muscular 
system generates most body heat. 

Appropriate Atmospherie Pressure 

Atmospherie pressure is the foree that air exerts on the surface 
of the body. Breathing and gas exchange in the hrngs depend 
on appropriate atmospherie pressure. At high altitudes, where 
atmospherie pressure is lower and the air is thin, gas exchange 
may be inadequate to support cellular metabolism. 



The mere presenee of these survival faetors is not suíficient to 
sustain life. They must be present in appropriate amounts. Too 
much and too little may be equally harmfiil. For example, oxy- 
gen is essential, but excessive amounts are toxic to body eells. 
Similarly, the food we eat must be of high quality and in proper 
amounts. Otherwise, nutritional disease, obesity, or starvation 
is likely. Also, while the needs listed above are the most eraeial, 
they do not even begin to eneompass all of the body s needs. For 
example, we ean live without gravity if we must, but the quality 
of life suffers. 



Check Your Understanding 


6. What separates living beings from nonliving objeets? 

7. What name is given to all ehemieal reaetions that occur 
vvithin body eells? 

8. Why is it neeessary to be in a pressurized eabin vvhen flying 
at 30,000 feet? 

_ For ansvvers, see Appendix H. 


Homeostasis 

Define homeostasis and explain its signifieanee. 

Deseribe how negative and positive feedbaek maintain 
body homeostasis. 

Deseribe the relationship between homeostatie imbalanee 
and disease. 


Water 

Water accounts for 60-80% of our body weight and is the single 
most abundant ehemieal substance in the body. It provides the 
watery environment neeessary for ehemieal reaetions and the 
fluid base for body seeretions and excretions. We obtain water 
ehiefly from ingested foods or liquids. We lose it from the body 
by evaporation from the lungs and skin and in body excretions. 

Normal Body Temperature 

If ehemieal reaetions are to eontimie at life-sustaining rates, nor- 
mal body temperature must be maintained. As body tempera- 
ture drops below 37°C (98.6°F), metabolie reaetions beeome 


When you think about the faet that your body eontains trillions 
of eells in nearly eonstant aetivity, and that remarkably little usu- 
ally goes wrong with it, you begin to appreeiate what a marvelous 
maehine your body is. Walter Cannon, an Ameriean physiolo- 
gist of the early twentieth century, spoke of the cc wisdom of the 
body,” and he eoined the word homeostasis (ho"me-o-sta'sis) 
to deseribe its ability to maintain relatively stable internal eondi- 
tions even though the outside world ehanges continuously. 

Although the literal translation of homeostasis is cc unchang- 
ing,” the term does not really mean a statie, or unchanging, state. 
Rather, it indieates a dynamie state of equilibrium, or a balanee, 
in which internal eonditions vary, but afivays within relatively 
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gure 1.4 interaetions among the elements of a homeostatie eontrol system maintain 
stable internal eonditions. 


narrow limits. In general, the body is in homeostasis when its 
needs are adequately met and it is fimetioning smoothly. 

Maintaining homeostasis is more eomplieated than it ap- 
pears at first glanee. Virtually every organ system plays a role 
in maintaining the eonstaney of the internal environment. 
Adequate blood levels of vital nutrients must be continuously 
present, and heart aetivity and blood pressure must be eon- 
stantly monitored and adjusted so that the blood is propelled to 
all body tissues. Also, wastes must not be allowed to accumulate, 
and body temperature must be preeisely eontrolled. A wide va- 
riety of ehemieal, thermal, and neural faetors aet and interaet in 
complex ways—sometimes helping and sometimes hindering 
the body as it works to maintain its “steady mdder.” 

Homeostatìe Gontrol 

Communication within the body is essential for homeostasis. 
Communication is aeeomplished ehiefly by the nervous and en- 
doerine systems, which use neural eleetrieal impulses or blood- 
borne hormones, respeetively, as information earriers. We eover 
the details of how these two great regulating systems operate in 
later ehapters, but here we explain the basie eharaeteristies of 
eontrol systems that promote homeostasis. 

Regardless of the faetor or event being regulated—the 
variable —all homeostatie eontrol meehanisms are proeesses 
involving at least three eomponents that work together 
(Figure 1.4). The first eomponent, the reeeptor, is some type of 
sensor that monitors the environment and responds to ehanges, 
ealled stinmli , by sending information (input) to the seeond 
eomponent, the eontrol eenter. Input flows from the reeeptor to 
the eontrol eenter along the so-ealled afferent pathway. 

The eontrol eenter determines the setpoint , which is the level 
or range at which a variable is to be maintained. It also analyzes 
the input it reeeives and determines the appropriate response or 
course of aetion. Information (output) then flows from the eon- 
trol eenter to the third eomponent, the effeetor , along the efferent 


pathway. (To help you remember the differenee between c affer- 
ent” and “efferent,” you might note that information traveling 
along the afferent pathway approaehes the eontrol eenter and ef- 
ferent information exits from the eontrol eenter.) 

The effeetor provides the means for the eontrol eenter s re- 
sponse (output) to the stimulus. The results of the response then 
feed baek to infhienee the effeet of the stimulus, either reducing 
it (in negative feedbaek) so that the whole eontrol proeess is 
shut off, or enhaneing it (in positive feedbaek) so that the whole 
proeess continues at an even faster rate. 

Negative Feedbaek Meehanisms 

Most homeostatie eontrol meehanisms are negative feedbaek 
meehanisms. In these systems, the output shuts off the original 
effeet of the stimulus or reduces its intensity. These meehanisms 
cause the variable to ehange in a direetion opposite to that of the 
initial ehange, returning it to its “ideal” value; thus the name 
cc negative” feedbaek meehanisms. 

Let s start with an example of a nonbiologieal negative feed- 
baek system: a home heating system eonneeted to a temperature- 
sensing thermostat. The thermostat houses both the reeeptor 
(thermometer) and the eontrol eenter. If the thermostat is set at 
20°C (68°F), the heating system (effeetor) is triggered ON when 
the house temperature drops below that setting. As the fiirnaee 
produces heat and warms the air, the temperature rises, and 
when it reaehes 20°C or slightly higher, the thermostat triggers 
the fiirnaee OFF. This proeess results in a eyeling of “furnace- 
ON” and cc furnace-OFF” so that the temperature in the house 
stays very near the desired temperature of 20°C. Your body 
“thermostat,” loeated in a part of your brain ealled the hypotha- 
lamus, operates in a similar fashion ure 1.5). 

Regulation of body temperature is only one of the many ways 
the nervous system maintains the eonstaney of the internal envi- 
ronment. Another type of neural eontrol meehanism is seen in the 
withdrawal reflex mentioned earlier, in which the hand is jerked 
away from a painfiil stimulus such as broken glass. 
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gure 1.5 Body temperature is regulated by a negative feedbaek meehanism. 


The endoerine system is equally important in maintaining 
homeostasis. A good example of a hormonal negative feedbaek 
meehanism is the eontrol of blood sugar (glucose) by insulin. As 
blood sugar rises, reeeptors in the body sense this ehange, and the 
panereas (the eontrol eenter) seeretes insulin into the blood. This 
ehange in turn prompts body eells to absorb more glucose, re- 
moving it from the bloodstream. As blood sugar falls, the stimulus 
for insulin release ends. The body s ability to regulate its internal 
environment is fundamental. All negative feedbaek meehanisms 
have the same goal: preventing sudden severe ehanges within the 
body. Body temperature and blood volume are only two of the 
variables that need to be regulated. There are hundreds! Other 
negative feedbaek meehanisms regulate heart rate, blood pres- 
sure, the rate and depth of breathing, and blood levels of oxygen, 
earbon dioxide, and minerals. Now, lets take a look at the other 
type of feedbaek eontrol meehanism—positive feedbaek. 


Positive Feedbaek Meehanisms 

In positive feedbaek meehanisms, the result or response en- 
hanees the original stimulus so that the response is aeeelerated. 
This feedbaek meehanism is “positive” because the ehange that 
results proeeeds in the same direetion as the initial ehange, caus- 
ing the variable to deviate further and further from its original 
value or range. 

In eontrast to negative feedbaek eontrols, which maintain 
some physiologieal function or keep blood ehemieals within 
narrow ranges, positive feedbaek meehanisms usually eon- 
trol infrequent events that do not require continuous adjust- 
ments. Typieally, they set off a series of events that may be 
self-perpetuating and that, onee initiated, have an amplifying 
or waterfall effeet. Because of these eharaeteristies, positive 
feedbaek meehanisms are often referred to as easeades (from 
the Italian word meaning “to fall”). Two familiar examples of 
their use as homeostatie meehanisms are the enhaneement of la- 
bor eontraetions during birth and blood elotting. 
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Chapter 28 deseribes the positive feedbaek meehanism in 
which oxytocin, a hypothalamie hormone, intensifies labor 
eontraetions during the birth of a baby (see Figure 28.17). 
Oxytocin causes the eontraetions to beeome both more fre- 
quent and more powerful. The inereased eontraetions cause 
more oxytocin to be released, which causes more eontrae- 
tions, and so on until the baby is finally born. The birth ends 
the stimulus for oxytocin release and shuts oíf the positive 
feedbaek meehanism. 

Blood elotting is a normal response to a break in the wall of 
a blood vessel and is an excellent example of an important body 
fimetion eontrolled by positive feedbaek. Basieally, onee a ves- 
sel has been damaged, blood elements ealled platelets immedi- 
ately begin to eling to the injured site and release ehemieals that 
attraet more platelets. This rapidly growing pileup of platelets 
temporarily c plugs” the tear and initiates the sequence of events 
that finally forms a elot gure 1.6). Positive feedbaek meeha- 
nisms are likely to raee out of eontrol, so they are rarely used 
to promote the moment-to-moment well-being of the body. 
However, some positive feedbaek meehanisms, including this 
one, may have only loeal reaeh. For example, blood elotting is 
aeeelerated in injured vessels, but does not normally spread to 
the entire circulation. 


Homeostatie imbalanee 

Homeostasis is so important that most disease ean be regarded 
as a result of its disturbance, a eondition ealled homeostatie 
imbalanee. As we age, our body s eontrol systems beeome less 
eífieient, and our internal environment beeomes less and less 
stable. These events inerease our risk for illness and produce the 
ehanges we assoeiate with aging. 

Another important source of homeostatie imbalanee oe- 
curs when the usual negative feedbaek meehanisms are over- 
whelmed and destmetive positive feedbaek meehanisms take 
over. Some instanees of heart failure refleet this phenomenon. 

Examples of homeostatie imbalanee appear throughout this 
book to enhanee your understanding of normal physiologieal 
meehanisms. This symbol introdiiees the homeo- 

statie imbalanee seetions and alerts you to the faet that we are 
deseribing an abnormal eondition. Eaeh Homeostatie Imbal- 
anee seetion is mimbered to eorrespond with eritieal thinking 
questions available in the Study Area of MasteringA&P—visit 
www.masteringaandp.com to find Homeostatie imbalanee 
questions and other helpfiil study tools. (map)“ 



Check Your IJnderstanding 


9. What proeess allows us to adjust to either extreme heat or 
extreme eold? 

10. When we begin to get dehydrated, we usually get thirsty, 
which causes us to drink fluids. Is thirst part of a negative 
or a positive feedbaek eontrol system? Defend your 
ehoiee. 

11. Why is the eontrol meehanism shown in Figure 1.6 ealled a 
positive feedbaek system? What event ends it? 

_ For ansvvers, see Appendix H. 
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Figure 1.6 A positive feedbaek meehanism regulates forma- 
tion of a platelet plug. 


The Language of Anatomy 

Deseribe the anatomieal position. 

s Use eorreet anatomieal terms to deseribe body direetions, 
regions, and body planes or seetions. 

Most of us are naturally curious about our bodies, but our inter- 
est sometimes dwindles when we are eonfronted with the termi- 
nology of anatomy and physiology. Lets faee it—you eant just 
piek up an anatomy and physiology book and read it as though 
it were a novel. 

Unfortunately, confusion is likely without preeise, speeial- 
ized terminology. To prevent misunderstanding, anatomists use 
universally aeeepted terms to identify body structures preeisely 
and with a minimum of words. We present and explain the lan- 
guage of anatomy next. 

Anatomieal Posítion and Direetional Terms 

To deseribe body parts and position accurately, we need an initial 
referenee point, and we must indieate direetion. The anatomieal 
referenee point is a standard body position ealled the anatomi- 
eal position. In the anatomieal position, the body is ereet with 
feet slightly apart. This position is easy to remember because 
it resembles “standing at attention,” except that the palms faee 
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UNIT 1 Organization of the Body 


Table 1.1 

Orientation and Direetional Terms 


TERM 

DEFINITION 

EXAMPLE 


Superior (eranial) 


Inferior (caudal) 


Ventral (anterior)* 


Dorsal (posterior) 


Medial 


Lateral 


Intermediate 


Proximal 


Distal 


Siiperfieial (external) 


Deep (internal) 


Toward the head end or upper 
part of a structure or the body; 
above 


Away from the head end or 
toward the lower part of a 
structure or the body; below 


Toward or at the front of the 
body; in front of 


Toward or at the baek of the 
body; behind 


Toward or at the midline of the 
body; on the inner side of 


Away from the midline of the 
body; on the outer side of 


Between a more medial and a 
more lateral structure 


Closer to the origin of the body 
part or the point of attaehment of 
a limb to the body trunk 


Farther from the origin of a body 
part or the point of attaehment of 
a limb to the body trunk 


Toward or at the body surface 


Away from the body surface; 
more internal 













The head is superior to the abdomen 


The navel is inferior to the ehin 


The breastbone is anterior to the spine. 


The heart is posterior to the breastbone 


The heart is medial to the arm. 


The arms are lateral to the ehest. 


The eollarbone is intermediate between 
the breastbone and shoulder. 


The elbow is proximal to the wrist. 


The knee is distal to the thigh. 


The skin is superfieial to the skeletal 
muscles. 


The lungs are deep to the skin. 


*The terms ventral and anterior are synonymous in humans, but this is not the ease in four-legged animals. Anterior refers to the leading portion of the 
body (abdominal surface in humans, head in a eat), but ventral speeifieally refers to the "belly" of a vertebrate animal, so it is the inferior surface of four- 
legged animals. Likewise, although the dorsal and posterior surfaces are the same in humans, the term dorsal speeifieally refers to an animal's baek. Thus, 
the dorsal surface of four-legged animals is their superior surface. 
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Cephalic 

Frontal 
Orbital 
Nasal 
Oral 
Mental 

Cervical 


Thoraeie 

Sternal 
Axillary 
Mammary 


Abdominal 

Llmbilieal 


Pelvie 


lnguinal 

(groin) 




Pubic (genital) 


Thorax 
Abdomen 
Baek (Dorsum) 


Llpper limb 

Aeromial 

Braehial (arm) 

Antecubital 

Oleeranal 

Antebraehial 
(forearm) 

Oarpal (wrist) 


Maniis (hand) 

Pollex 
Metaearpal 
Palmar 
Digital 



Lower limb 


Coxal (hip) 

Femoral (thigh) 
Patellar 
Popliteal 
Crural (leg) 

Sural (ealf) 

Fibular or peroneal 


Pedal (foot) 

Tarsal (ankle) 


Oaleaneal 
Metatarsal 
Digital 
Plantar 
Hallux 



Cephalic 

Otie 

Oeeipital (baek 
of head) 


Cervical 


Baek (dorsal) 

Scapular 


Vertebral 


Lumbar 



Saeral 


Gluteal 


Perineal (between 
anus and external 
genitalia) 


(a) Anterior/Ventral (b) Posterior/Dorsal 

Figure 1.7 Regional terms used to designate speeifie body areas. (a) The anatomieal position. 

(b) The heels are raised to show the plantar surface of the foot, which is actually on the inferior 
surface of the body. 


forward and the thumbs point away from the body. You ean see 
the anatomieal position in Table 1.1 (top) and : igure 1.7a. 

It is essential to understand the anatomieal position be- 
cause most of the direetional terms used in this book refer 
to the body as ifit were in this position, regardless ofits actual 
position. Another point to remember is that the terms “right” 
and “left” refer to those sides of the person or the eadaver 
(body of a deeeased person) being viewed—not those of the 
observer. 

Direetional terms allow us to explain where one body struc- 
ture is in relation to another. For example, we could deseribe the 
relationship between the ears and the nose informally by stat- 
ing, “The ears are loeated on eaeh side of the head to the right 
and left of the nose.” Using anatomieal terminology, we ean eon- 
dense this to “The ears are lateral to the nose.” Using anatomieal 
terms saves words and is less ambiguous. 


Commonly used orientation and direetional terms are de- 
fined and illustrated in Table 1.1. Many of these terms are also 
used in everyday eonversation, but keep in mind as you study 
them that their anatomieal meanings are very preeise. 

RegionalTerms 

The two fundamental divisions of our body are its axial 
and appendicular (ap"en-dik'u-lar) parts. The axial part, 
which makes up the main axis of our body, includes the 
head, neek, and trunk. The appendicular part eonsists of 
the appendages , or limbs , which are attaehed to the bodys 
axis. Regional terms used to designate speeifie areas within 
these major body divisions are indieated in Figure 1.7. The 
eommon terms for a few of these body regions are given in 
parentheses. 
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UNIT 1 Organization of the Body 


Anatomieal Variability 

Although we use eommon direetional and regional terms to 
refer to all human bodies, you know from observing the faees 
and body shapes of people around you that we humans differ 

I in our external anatomy. The same kind of variability holds for 
internal organs as well. In some bodies, for example, a nerve or 
blood vessel may be somewhat out of plaee, or a small muscle 
may be missing. Nonetheless, well over 90% of all structures 
present in any human body mateh the textbook deseriptions. 
We seldom see extreme anatomieal variations because they are 
ineompatible with life. 

Body Planes and Seetions 

For anatomieal studies, the body is often cut, or seetioned , along 
a flat surface ealled a plane. The most frequently used body 
planes are sagittal , frontal , and transverse planes, which lie at 
right angles to one another -igure 1.8] . A seetion is named for 
the plane along which it is cut. Thus, a cut along a sagittal plane 
produces a sagittal seetion. 

A sagittal plane (saj'í-tal; c arrow”) is a vertieal plane that 
divides the body into right and left parts. A sagittal plane that 
lies exactly in the midline is the median plane, or midsagittal 
plane (Figure 1.8c). All other sagittal planes, offset from the 
midline, are parasagittal planes ( para = near). 

Frontal planes, like sagittal planes, lie vertieally. Frontal 
planes, however, divide the body into anterior and posterior 
parts (Figure 1.8a). A frontal plane is also ealled a eoronal plane 
(kò-ro'nal; c crown”). 

A transverse, or horizontal, plane mns horizontally from 
right to left, dividing the body into superior and inferior parts 
(Figure 1.8b). Of course, many different transverse planes exist, 
at every possible level from head to foot. A transverse seetion is 
also ealled a eross seetion. 

Oblique seetions are cuts made diagonally between the 
horizontal and the vertieal planes. Because oblique seetions are 
often confusing and difficult to interpret, they are seldom used. 

At the bottom of Figure 1.8, you ean see examples of magnetie 
resonanee imaging (MRI) seans that eorrespond to the three 
different seetions shown in the figure. Clinically, the ability to 
interpret seetions made through the body, espeeially transverse 
seetions, is important. Additionally, the new medieal imaging 
deviees (A Closer Look , pp. 16-17) produce seetional images 
rather than three-dimensional images. 

It takes praetiee to determine or figure out an objeets over- 
all shape from seetioned material. A eross seetion of a banana, 
for example, looks like a eirele and gives no indieation of the 
whole bananas ereseent shape. Likewise, seetioning the body 
or an organ along different planes often results in very different 
views. For example, a transverse seetion of the body trunk at 
the level of the kidneys would show kidney structure in eross 
seetion very nieely. A frontal seetion of the body tmnk would 
show a different view of kidney anatomy, and a midsagittal see- 
tion would miss the kidneys eompletely. With experience, you 
will gradually learn to relate two-dimensional seetions to three- 
dimensional shapes. 



Check Your Understanding 


12. What is the anatomieal position? Why is it important that 
you learn this position? 

13. The axillary and aeromial regions are both in the general area 
of the shoulder. Where speeifieally is eaeh loeated? 

14. What type of cut would separate the brain into anterior and 
posterior parts? 

_ For ansvvers, see Appendix H. 


Body Cavities and Membranes 

Loeate and name the major body eavities and their 
subdivisions and assoeiated membranes, and listthe major 
organs eontained within them. 

Name the four quadrants or nine regions of the 
abdominopelvie eavity and list the organs they eontain. 

Anatomy and physiology textbooks typieally deseribe two sets 
of internal body eavities ealled the dorsal and ventral body eavi- 
ties. These eavities are elosed to the outside and provide differ- 
ent degrees of proteetion to the organs eontained within them. 
Because these two eavities differ in their mode of embryonie 
development, and their lining membranes, the dorsal body eav- 
ity is not reeognized as such in many anatomieal referenees. 
However, the idea of two sets of internal body eavities is a useful 
learning eoneept and we use it here. 

Dorsal Body Cavity 

The dorsal body eavity, which proteets the fragile nervous sys- 
tem organs, has two subdivisions ( : igure 1.9, on p. 18, gold 
areas). The eranial eavity, in the skull, eneases the brain. The 
vertebral, or spinal, eavity, which mns within the bony verte- 
bral column, eneloses the delieate spinal eord. The spinal eord 
is essentially a eontimiation of the brain, and the eranial and 
spinal eavities are continuous with one another. 

Ventral Body Cavity 

The more anterior and larger of the elosed body eavities is the 
ventral body eavity (Figure 1.9, deep-red areas). Like the dorsal 
eavity, it has two major subdivisions, the thoraeie eavity and the 
abdominopelvie eavity. The ventral body eavity houses internal 
organs eolleetively ealled the viseera (vis'er-ah; viscus = an or- 
gan in a body eavity), or viseeral organs. 

The superior subdivision, the thoraeie eavity (tho-ras'ik), 
is surrounded by the ribs and muscles of the ehest. The tho- 
raeie eavity is further subdivided into lateral pleural eavities 
(ploo'ral), eaeh enveloping a lung, and the medial mediasti- 
num (me"de-ah-sti'num). The mediastinum eontains the peri- 
eardial eavity (per"ì-kar'de-al), which eneloses the heart, and 
it also surrounds the remaining thoraeie organs (esophagus, 
traehea, and others). 

The thoraeie eavity is separated from the more inferior ab- 
dominopelvie eavity (ab-dom'ì-no-pel'vie) by the diaphragm, 
a dome-shaped muscle important in breathing. The abdomi- 
nopelvie eavity, as its name suggests, has two parts. However, 

(Text continues on p. 18.) 






ehapter 1 The Hiiman Body: An Orientation 


15 



(a) Frontal seetion (through torso) (b)Transverse seetion (through torso, inferior view) (e) Median seetion (midsagittal) 
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gure 1.8 Planes of the body with eorresponding magnetie resonanee imaging (MRI) seans. 
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Medieal Imaging: llluminating the Body 
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Llntil 50 years ago, the ìdgiedl but 

X ray was the only nonsurgical 
means to extract information from within 
a living body. Produced by direeting 
X fd jf , eleetromagnetie waves of very 
short wavelength, at the body, an X ray 
or radiograph is essentially a shadowy 
negative image of internal structures. 

Dense structures absorb the X rays most 
and so appear as light areas. Hollow air- 
eontaining organs and fat, which absorb 
the X rays less, show up as dark areas. 
What X rays do best is visualize hard, bony 
structures and loeate abnormally dense 
structures (tumors, tuberculosis nodules) 
in the lungs. 

The 1950s saw the advent of 
ultrasound and of nuclear medieine, which 
uses radioisotopes to sean the body to not 
only reveal the structure of our "insides" 
but also wring out information about the 
hidden workings of their molecules. 

Computed tomography (CT, formerly 
ealled computerized axial tomography, 
CAT) uses a refined version of X-ray 
equipment. As the patient is slowly moved 
through the doughnut-shaped CT maehine, 
its X-ray tube rotates around the body and 
sends beams from all direetions to a speeifie 
level of the patient's body. Because at any 
moment its beam is eonfined to a "sliee" of 
the body about as thiek as a dime, CT ends 
the confusion resulting from overlapping 
structures seen in eonventional X rays. The 
deviee's computer translates this information 
into a detailed, eross-seetional picture of 
eaeh body region seanned. CT seans are at 
the forefront for evaluating most problems 
that affeet the brain and abdomen. Their 
elarity, illustrated in photo (a), has all but 
eliminated exploratory surgery. 

Xenon CT is a CT brain sean enhaneed 
with radioaetive xenon gas to quickly traee 
blood flow. Inhaled xenon rapidly enters the 
bloodstream and distributes to different body 
tissues in proportion to their blood flow. 
Absenee of xenon from part of the brain 
indieates that a stroke is occurring there, 
information that aids treatment. 

Dynamie spatial reeonstmetion (DSR) 
uses ultrafast CT seanners to provide three- 
dimensional images of body organs from any 
angle, and semtinize their movements and 
ehanges in their internal volumes at normal 
speed, in slow motion, and at a speeifie 
moment. DSR's greatest value has been to 
visualize the heart beating and blood flowing 
through blood vessels. This information 



Liver Vertebra Panereas Left kidney Spleen 

(a) A CT sean through the superior abdomen. 


allows elinieians to evaluate heart defeets, 
eonstrieted or bloeked blood vessels, and the 
status of eoronary bypass grafts. 

Another computer-assisted X-ray 
technique, digital subtraction 
angiography (DSA) (angiography = 
vessel pictures), provides an unobstructed 
view of small arteries. Conventional 
radiographs are taken before and after a 
eontrast medium is injeeted into an artery. 
The computer subtracts the "before" 
image from the "after" image, eliminating 
all traees of body structures that obscure 
the vessel. DSA is often used to identify 
bloekages in the arteries that supply the 
heart wall, as in photo (b), and in the brain. 

Just as the X ray spawned related 
teehnologies, so too did nuclear medieine 
in the form of positron emission 
tomography (PET). PET excels in observing 
metabolieproeesses. The patient is given 
an injeetion of radioisotopes tagged to 
biologieal molecules (such as glucose) and 
is then positioned in the PET seanner. As 
the radioisotopes are absorbed by the most 
aetive brain eells, high-energy gamma rays 
are produced. The computer analyzes the 
gamma-ray emission and produces a 
live-aetion picture of the brain's bioehemieal 
aetivity in vivid eolors. PET's greatest value has 
been its ability to provide insights into brain 
aetivity in people affeeted by mental illness, 
stroke, Alzheimer's disease, and epilepsy. 

One of its most exciting uses has been to 
determine which areas of the healthy brain 


are most aetive during eertain tasks (e.g., 
speaking, listening to music, or figuring 
out a mathematieal problem), providing 
direet evidenee of the functions of speeifie 
brain regions. Currently PET ean reveal 
signs of trouble in those with undiagnosed 
Alzheimer's disease (AD) because regions 
of beta-amyloid accumulation (a defining 
eharaeteristie of AD) show up in brilliant red 
and yellow, as in photo (e). PET seans ean 
also help to prediet who may develop AD in 
the future by identifying areas of deereased 
metabolism in emeial memory areas of the 
brain. 

Sonography, or ultrasound imaging, 

has some distinet advantages over the 
approaehes examined so far. The equipment 
is inexpensive, and the ultrasound used as 
its energy source seems to be safer than 
the ionizing forms of radiation used in 
nuclear medieine. The body is probed with 
pulses of sound waves that cause eehoes 
when refleeted and seattered by body 
tissues. A computer analyzes these eehoes 
to construct somewhat blurry outlines of 
body organs. A single easy-to-use handheld 
deviee emits the sound and pieks up the 
eehoes, so seetions ean be seanned from 
many different body planes. 

Because of its safety, ultrasound is the 
imaging technique of ehoiee in obstetries 
for determining fetal age and position and 
loeating the plaeenta. However, sound 
waves have low penetrating power and 
rapidly dissipate in air, so sonography 


16 


















A GLOSER LOOK (continued) 
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(b) A DSA image of the arteries that supply the heart. 



(c) In a PET scan f regions of beta-amyloid accumulation "light up" (red- 
yellow) in an Alzheimer's patient ( left) but not in a healthy person ( right ). 


is of little value for looking at air-filled 


of the lungs in just the fevv seeonds it takes 


structures (the lungs) or those surrounded the patient to inhale, hold the breath briefly, 


by bone (the brain and spinal eord). 

Magnetie resonanee imaging (MRI) 

produces high-eontrast images of our 
soft tissues, an area in vvhieh X rays and 
CT seans are vveak. As initially developed, 
MRI primarily maps the body's eontent of 
hydrogen, most of vvhieh is in vvater. The 
technique subjects the body to magnetie 
fields up to 60,000 times stronger than 
that of the earth to pry information from 
the body's molecules. The patient lies in a 
ehamber vvithin a huge magnet. Hydrogen 


Despite its advantages, the powerful 
magnets of the elanging, claustrophobia- 
inducing MRI present some thorny 


and then exhale. This technique offers a 
distinet improvement over the hours required problems. For example, they ean "suck 

for eonventional MRI and it has the additional metal objeets, such as implanted 


// 


advantage of using a magnetie field as 
little as one-tenth that of the eonventional 
MRI. Lately, MRI seans have beeome the 
"diagnostie darling" in emergeney rooms 
for their ability to accurately diagnose heart 
attaeks or isehemie strokes—eonditions 
that require rapid treatment to prevent fatal 
consequences. Also exciting are the so-ealled assembled within the "mind" of a 
bloodless MRIs currently being tested in 


paeemakers and loose tooth fillings, 
through the body. Moreover, although 
such strong magnetie fields are currently 
eonsidered safe, there is no eonvineing 
evidenee that they are risk free. 

Although stunning, medieal images 
other than straight X rays are abstraetions 


molecules aet like tiny magnets, spinning like animals, which measure water flow instead 


tops in the magnetie field. Their energy is 
further enhaneed by radio waves, and when 
the radio waves are turned off, the energy 
released is translated into a visual image. 

MRI distinguishes body tissues based on 
their water eontent, so it ean differentiate 
between the fatty white matter and the 
more watery gray matter of the brain. 
Because dense structures do not show up 
at all in MRI, it peers easily into the skull and 


of blood flow. 

Newer variations of MRI include 
magnetie resonanee speetroseopy 
(MRS), which maps the distribution of 
elements other than hydrogen to reveal 
more about how disease ehanges body 
ehemistry. Other advanees in computer 
techniques display MRI seans in three 
dimensions to guide laser surgery. 

The functional MRI traeks blood flow 


computer. They are artifieially enhaneed 
for sharpness and artifieially eolored 
to inerease eontrast (all their eolors are 
"phony"). The images are several steps 
removed from direet observation. 

As you ean see, medieal seienee offers 
remarkable diagnostie tools. Consider the 
M2A Swallowable Imaging Capsule, 
a tiny eamera that a patient swallows like 
a pill, and then excretes normally 8-72 
hours later. As the M2A travels through the 
digestive traet, it photographs the small 


vertebral column, enabling the delieate nerve into the brain in real time. Prior to the 1990s, intestine and beams the eolor images to a 


fibers of the spinal eord to be seen. MRI is 
also particularly good at deteeting tumors 
and degenerative disease. Multiple selerosis 
plaques do not show up well in CT seans, 
but are dazzlingly elear in MRI seans. MRI 


matehing thoughts, deeds, and disease to 
brain aetivity was the sole domain of PET. 
Because functional MRI does not require 
injeetions of traeers and ean pinpoint much 
smaller brain areas than PET, it may provide 


ean also tune in on metabolie reaetions, such a desirable alternative and has transformed 


as proeesses that generate energy-rieh ATP 
molecules. 

Until reeently, trying to diagnose asthma 
and other lung problems has been off limits 
to MRI seans because the lungs have a 
low water eontent. However, an alternate 
taek—filling the lungs with a gas that ean 
be magnetized (hyperpolarized helium-3 or 


neuroscience. eiinieal studies are also using 
functional MRI to determine if a patient in 
the vegetative state has conscious thought. 
However, some researehers worry that the 
brightly eolored images explain little about 
the meehanisms of human thought—that 
is, it is not possible to assume a particular 
mental state from the aetivation of a 


xenon-129)—has yielded spectacular pictures particular brain region. 


small video data reeorder worn on a belt 
or harness. A study found the deviee to 
be 60% effeetive at deteeting intestinal 
problems, eompared to a 35% success rate 
with other imaging techniques. At present 
the M2A ean provide images only of the 
small intestine because the battery gives out 
before it enters the large intestine. 

New imaging teehnologies also make 
long-distanee surgery possible. Visual 
images of a diseased organ travel via 
fiber-optie eable to surgeons at another 
loeation (even a different country), who 
manipulate delieate robotie instruments to 
remove the organ. 
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UNIT 1 Organization of the Body 
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(a) Lateral view 


(b) Anterior view 


Figure 1.9 Dorsal and ventral body eavities and their subdivisions. 


these regions are not physieally separated by a muscular or 
membrane wall. Its superior portion, the abdominal eavity, 
eontains the stomaeh, intestines, spleen, liver, and other organs. 
The inferior part, the pelvie eavity, lies in the bony pelvis and 
eontains the urinary bladder, some reproductive organs, and the 
rectum. The abdominal and pelvie eavities are not aligned with 
eaeh other. Instead, the bowl-shaped pelvis tips away from the 
perpendicular as shown in Figure 1.9a. 



Homeostatie Imbalanee 1.1 


When the body is subjected to physieal trauma (as in an auto- 
mobile aeeident), the abdominopelvie organs are most vulner- 
able. Why? This is because the walls of the abdominal eavity are 
formed only by trunk muscles and are not reinforeed by bone. 
The pelvie organs reeeive a somewhat greater degree of protee- 
tion from the bony pelvis. + 


Membranes in the Ventral Body Cavity The walls of the ven- 
tral body eavity and the outer surfaces of the organs it eontains 
are eovered by a thin, double-layered membrane, the serosa (se- 
ro'sah), or serous membrane. The part of the membrane lining 
the eavity walls is ealled the parietal serosa (pah-ri'é-tal; parie 
= wall). It folds in on itself to form the viseeral serosa, eovering 
the organs in the eavity. 

You ean visualize the relationship between the serosal layers 
by pushing your fist into a limp balloon gure 1.1 Oa' . The 


part of the balloon that elings to your fist ean be eompared to 
the viseeral serosa elinging to an organs external surface. The 
outer wall of the balloon then represents the parietal serosa that 
lines the walls of the eavity. (However, unlike the balloon, the 
parietal serosa is never exposed but is always fused to the eavity 
wall.) In the body, the serous membranes are separated not by 
air but by a thin layer of lubricating fluid, ealled serous fluid, 
which is seereted by both membranes. Although there is a po- 
tential spaee between the two membranes, the barely present, 
slitlike eavity is filled with serous fluid. 

The slippery serous fluid allows the organs to slide without 
frietion aeross the eavity walls and one another as they earry out 
their routine fimetions. This freedom of movement is espeeially 
important for mobile organs such as the pumping heart and the 
churning stomaeh. 

The serous membranes are named for the speeifie eavity 
and organs with which they are assoeiated. For example, as 
shown in Figure 1.1 Ob, th e parietalperieardiiim lines the peri- 
eardial eavity and folds baek as the viseeral pericardium, which 
eovers the heart. Likewise, th e parietal plernae (ploo're) line 
the walls of the thoraeie eavity, and the viseeral plernae eover 
the lungs. The parietal peritonemn (per"ì-to-ne'um) is as- 
soeiated with the walls of the abdominopelvie eavity, while 
the viseeral peritoneum eovers most of the organs within that 
eavity. (The pleural and peritoneal serosae are illustrated in 
Figure 4.1 le on p. 141.) 
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Outer balloon wall 
(eomparable to parietal serosa) 

Air (eomparable to serous eavity) 

Inner balloon wall 
(eomparable to viseeral serosa) 


(a) A fist thrust into a flaeeid balloon demonstrates 
the relationship between the parietal and viseeral 
serous membrane layers. 



Parietal 

pericardium 


Perieardial 
spaee with 
serous fluid 


Viseeral 

pericardium 


(b)The serosae assoeiated with the heart. 


gure 1.10 Serous membrane relationships. 



Homeostatie imbalanee 1 .2 


When serous membranes are inflamed, their normally smooth 
surfaces beeome roughened. This roughness causes the organs 
to stiek together and drag aeross one another, leading to ex- 
emeiating pain, as anyone who has experienced pleurisy (in- 
flammation of the pleurae) or peritonitis (inflammation of the 
peritoneums) knows. + 


Abdominopelvie Regions and Quadrants Because the ab- 
dominopelvie eavity is large and eontains several organs, it helps 
to divide it into smaller areas for study. Medieal personnel usu- 
ally use a simple seheme to loeate the abdominopelvie eavity or- 
gans Figiire 1.11 . In this seheme, a transverse and a median 
plane pass through the umbilicus at right angles. The four re- 
sulting quadrants are named aeeording to their positions from 
the subjects point of view: the right upper quadrant (RUQ), 
left upper quadrant (LUQ), right lower quadrant (RLQ), and 
left lower quadrant (LLQ). 

Another division method, used primarily by anatomists, uses 
two transverse and two parasagittal planes. These planes, posi- 
tioned like a tie-tae-toe grid on the abdomen, divide the eavity 
into nine regions (Figure 1.12): 


Right upper 

quadrant 

(RUQ) 


Right lower 

quadrant 

(RLQ) 



Left upper 

quadrant 

(LUQ) 


Left lower 

quadrant 

(LLQ) 



gure 1.11 The four abdominopelvie quadrants. In this 
seheme, the abdominopelvie eavity is divided into four quadrants by 
tvvo planes. 


■ The umbilical region is the eentermost region deep to and 
surrounding the umbilicus (navel). 

■ The epigastrie region is loeated superior to the umbilical 
region (epi = upon, above; gastri = belly). 

■ The hypogastrie (pubic) region is loeated inferior to the 
umbilical region ( hypo = below). 

■ The right and left iliae, or inguinal, regions (ing'gwí-nal) 
are loeated lateral to the hypogastrie region (iliae = superior 
part of the hip bone). 

■ The right and left lumbar regions lie lateral to the umbilical 
region (lumbus = loin). 

■ The right and left hypoehondriae regions lie lateral to the 
epigastrie region and deep to the ribs (ehondro = eartilage). 

Other Body Oavities 

In addition to the large elosed body eavities, there are several 

smaller body eavities. Most of these are in the head and most 

open to the body exterior. Figure 1.7 provides the terms that 

will help you loeate all but the last two eavities mentioned here. 

■ Oral and digestive eavities. The oral eavity, eommonly ealled 
the mouth, eontains the teeth and tongue. This eavity is part 
of and continuous with the eavity of the digestive organs, 
which opens to the body exterior at the anus. 

■ Nasal eavity. Loeated within and posterior to the nose, the 
nasal eavity is part of the respiratory system passageways. 

■ Orbital eavities. The orbital eavities (orbits) in the skull house 
the eyes and present them in an anterior position. 
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Appendix 



Aseending eolon of 
large intestine 


Small intestine 
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(a) Nine regions delineated by four planes 


(b) Anterior view of the nine regions showing the siiperfieial organs 


gure 1.12 The nine abdominopelvie regions. In (a) the superior transverse plane is just 
inferior to the ribs; the inferior transverse plane is just superior to the hip bones; and the 
parasagittal planes lie just medial to the nipples. 


■ Middle ear eavities. The middle ear eavities in the skull lie 
just medial to the eardmms. These eavities eontain tiny 
bones that transmit sound vibrations to the hearing reeep- 
tors in the inner ears. 

■ Synovial eavities. Synovial (sí-no've-al) eavities are joint eav- 
ities. They are enelosed within fìbrous capsules that surround 
freely movable j oints of the body (such as the elbow and knee 
joints). Like the serous membranes, membranes lining syno- 
vial eavities seerete a lubricating fluid that reduces frietion as 
the bones move aeross one another. 




Check Your IJnderstanding 

15. Joe vvent to the emergeney room vvhere he eomplained of 
severe pains in the lovver right quadrant of his abdomen. 
What might be his problem? 

16. Of the uterus, small intestine, spinal eord, and heart, vvhieh 
is/are in the dorsal body eavity? 

17. When you rub your eold hands together, the frietion 
betvveen them results in heat that vvarms your hands. Why 
doesn't vvarming frietion result during movements of the 


heart, lungs, and digestive organs? 


For ansvvers; see Appendix Fi 


Chapter Summary 




An Overvievv of Anatomy and Physiology (pp. 2-3) 

1. Anatomy is the study of body structures and their relationships. 
Physiology is the seienee of how body parts hmetion. 


Topies of Anatomy (p. 2) 

2. Major subdivisions of anatomy include gross anatomy, 
mieroseopie anatomy, and developmental anatomy. 

Topies of Physiology (pp. 2-3) 

3. Typieally physiology eoneerns the functioning of speeifìe organs 
or organ systems. Examples include eardiae physiology, renal 
physiology, and muscle physiology. 

4. Physiology is explained by ehemieal and physieal prineiples. 

Complementarity of Structure and Function (p. 3) 

5. Anatomy and physiology are inseparable: What a body ean do 
depends on the unique architecture of its parts. This prineiple is 
ealled the eomplementarity of structure and function. 



For more ehapter study tools, go to the Study Area of 
MasteringA&P at www.masteringaandp.com. 

There you will find: 

■ interaetive Physiology ÌP 

■ A&PFIix 



Praetiee Anatomy Lab PAL 


PhysioEx 


PEx 


Videos, Praetiee Quizzes and Tests, MP3 Tutor Sessions, Case 
Studies, and much more! 
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Levels of Structural Organìzation (pp. 3-4) 

1. The levels of structural organization of the body, from simplest to 
most complex, are: ehemieal, cellular, tissue, organ, organ system, 
and organismal. 

2. Tbe 11 organ systems of the body are the integumentary, 
skeletal, muscular, nervous, endoerine, cardiovascular, 
lymphatie, respiratory, digestive, urinary, and reproductive 
systems. Tbe immune system is a functional system elosely 
assoeiated with the lymphatie system. (For functions of these 
systems see pp. 6-7.) 

Maintaining Life (pp.4-8) 

Neeessary Life Fiinetions (pp. 4-8) 

1. All living organisms earry out eertain vital functional aetivities 
neeessary for life, including maintenanee of boundaries, 
movement, responsiveness, digestion, metabolism, excretion, 
reproduction, and growth. 

Survival Needs (p. 8) 

2. Survival needs include nutrients, water, oxygen, and appropriate 
temperature and atmospherie pressure. 

Homeostasis (pp. 8-ll) 

1. Homeostasis is a dynamie equilibrium of the internal 
environment. All body systems contribute to homeostasis, but the 
nervous and endoerine systems are most important. Homeostasis 
is neeessary for health. 

Homeostatie Control (pp. 9-11) 

2. Control meehanisms of the body eontain at least three elements 
that work together: reeeptor(s), eontrol eenter, and eífeetor(s). 

3. Negative feedbaek meehanisms reduce the eífeet of the original 
stimulus, and are essential for maintaining homeostasis. Body 
temperature, heart rate, breathing rate and depth, and blood 
levels of glucose and eertain ions are regulated by negative 
feedbaek meehanisms. 

4. Positive feedbaek meehanisms intensify the initial stimulus, 
leading to an enhaneement of the response. They rarely 
contribute to homeostasis, but blood elotting and labor 
eontraetions are regulated by such meehanisms. 

Homeostatie imbalanee (p. 11) 

5. With age, the efheieney of negative feedbaek meehanisms 
deelines, and positive feedbaek meehanisms occur more 
frequently. These ehanges underlie eertain disease eonditions. 


The Language of Anatomy (pp. ll-20) 

Anatomieal Position and Direetional Terms (pp. 11-13) 

1. In the anatomieal position, the body is ereet, faeing forward, feet 
slightly apart, arms at sides with palms forward. 

2. Direetional terms allow body parts to be loeated preeisely. Terms 
that deseribe body direetions and orientation include: superior/ 
inferior; anterior/posterior; ventral/dorsal; medial/lateral; 
intermediate; proximal/distal; and superficial/deep. 

Regional Terms (p. 13) 

3. Regional terms are used to designate speeifie areas of the body 
(see Figure 1.7). 

Anatomieal Variability (p. 14) 

4. People vary internally as well as externally, but extreme variations 
are rare. 

Body Planes and Seetions (p. 14) 

5. The body or its organs may be cut along planes, or imaginary 
lines, to produce different types of seetions. Frequently used 
planes are sagittal, frontal, and transverse. 

Body Cavities and Membranes (pp. 14-20) 

6. The body eontains two major elosed eavities. The dorsal eavity, 
subdivided into the eranial and spinal eavities, eontains the 
brain and spinal eord. The ventral eavity is subdivided into 
the thoraeie eavity, which houses the heart and lungs, and the 
abdominopelvie eavity, which eontains the liver, digestive organs, 
and reproductive structures. 

7. The walls of the ventral eavity and the surfaces of the organs 
it eontains are eovered with thin membranes, the parietal and 
viseeral serosae, respeetively. The serosae produce a thin fluid that 
deereases frietion during organ fimetioning. 

8. The abdominopelvie eavity may be divided by four planes 
into nine abdominopelvie regions (epigastrie, umbilical, 
hypogastrie, right and left iliae, right and leff lumbar, and 
right and leff hypoehondriae), or by two planes into four 
quadrants. (For boundaries and organs eontained, see 
Figrnes 1.11 and 1.12.) 

9. There are several smaller body eavities. Most of these are in the 
head and open to the exterior. 


Review Questions 


Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. The eorreet sequence of levels forming the structural hierarehy is 

(a) organ, organ system, cellular, ehemieal, tissue, organismal; 

(b) ehemieal, cellular, tissue, organismal, organ, organ system; 

(e) ehemieal, eelhilar, tissue, organ, organ system, organismal; 

(d) organismal, organ system, organ, tissue, cellular, ehemieal. 

2. The structural and fimetional unit of life is (a) a eell, (b) an organ, 

(e) the organism, (d) a molecule. 


3. Which of the following is a major fimetional eharaeteristie of 
all organisms? (a) movement, (b) growth, (e) metabolism, 

(d) responsiveness, (e) all of these. 

4. Two of these organ systems bear the major responsibility 
for ensuring homeostasis of the internal environment. 

Which two? (a) nervous system, (b) digestive system, 

(e) cardiovascular system, (d) endoerine system, 

(e) reproductive system. 

5. In (a)-(e), a direetional term [e.g., distal in (a)] is followed by 
terms indieating different body structures or loeations (e.g., the 
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elbow/the wrist). In eaeh ease, ehoose the structure or organ that 
matehes the given direetional term. 

(a) distal: the elbow/the wrist 

(b) lateral: the hip bone/the umbilicus 
(e) superior: the nose/the ehin 

(d) anterior: the toes/the heel 

(e) superficial: the sealp/the skull 

6. Assume that the body has been seetioned along three planes: 

(1) a median plane, (2) a frontal plane, and (3) a transverse plane 
made at the level of eaeh of the organs listed below. Which organs 
would be visible in only one or two of these three eases? 

(a) urinary bladder, (b) brain, (e) lungs, (d) kidneys, (e) small 
intestine, (f) heart. 

7. Relate eaeh of the following eonditions or statements to either the 
dorsal body eavity or the ventral body eavity. 

(a) surrounded by the bony skull and the vertebral column 

(b) includes the thoraeie and abdominopelvie eavities 
(e) eontains the brain and spinal eord 

(d) eontains the heart, lungs, and digestive organs 

8. Which of the following relationships is ineorreet ? 

(a) viseeral peritoneum/outer surface of small intestine 

(b) parietal pericardium/outer surface of heart 

(e) parietal pleura/wall of thoraeie eavity 

9. Which ventral eavity subdivision has no bony proteetion? 

(a) thoraeie eavity, (b) abdominal eavity, (e) pelvie eavity. 

10. Terms that apply to the baekside of the body in the anatomieal 
position include: 

(a) ventral; anterior 

(b) baek; rear 

(e) posterior; dorsal 
(d) medial; lateral 

Short Ansvver Essay Questions 

11. Aeeording to the prineiple of eomplementarity, how does 
anatomy relate to physiology? 

12. Construct a table that lists the 11 systems of the body, names two 
organs of eaeh system (if appropriate), and deseribes the overall 
or major fimetion of eaeh system. 

13. List and deseribe briefly five external faetors that must be present 
or provided to sustain life. 

14. Define homeostasis. 

15. Compare and eontrast the operation of negative and positive 
feedbaek meehanisms in maintaining homeostasis. Provide 
two examples of variables eontrolled by negative feedbaek 


meehanisms and one example of a proeess regulated by a positive 
feedbaek meehanism. 

16. Why is an understanding of the anatomieal position important? 

17. Define plane and seetion. 

18. Provide the anatomieal term that eorreetly names eaeh of the 
following body regions: (a) arm, (b) thigh, (e) ehest, (d) fingers 
and toes, (e) anterior aspeet of the knee. 

19. Use as many direetional terms as you ean to deseribe the 
relationship between the elbows oleeranal region and your palm. 

20. (a) Make a diagram showing the nine abdominopelvie regions, 
and name eaeh region. Name two organs (or parts of organs) that 
could be loeated in eaeh of the named regions. (b) Make a similar 
sketeh illustrating how the abdominopelvie eavity may be divided 
into quadrants, and name eaeh quadrant. 

1 ] Critical Thinking 

fryij and eiinieal Applieation 

Questions 

1. John has been suffering agonizing pain with eaeh breath and 
has been informed by the physieian that he has pleurisy. (a) 
Speeifieally, what membranes are involved in this eondition? 

(b) What is their usual role in the body? (e) Explain why Johns 
eondition is so painfiil. 

2. At the elinie, Harry was told that blood would be drawn from his 
antecubital region. What body part was Harry asked to hold out? 
Later, the nurse eame in and gave Harry a shot of penieillin in the 
area just distal to his aeromial region. Did Harry take offhis shirt 
or drop his pants to reeeive the injeetion? Before Harry left, the 
nurse notieed that Harry had a nasty bmise on his gluteal region. 
What part of his body was blaek and blue? 

3. A man is behaving abnormally, and his physieian suspects that 
he has a brain tumor. Which of the following medieal imaging 
techniques would best loealize the tumor in the mans brain (and 
why)? Conventional X ray, DSA, PET, sonography, MRI. 

4. Calcium levels in Mr. Gallarianis blood are dropping to 
dangerously low levels. The hormone PTH is released and soon 
blood calcium levels begin to rise. Shortly after, PTH release 
slows. Is this an example of a positive or negative feedbaek 
meehanism? What is the initial stimulus? What is the result? 

5. Mr. Harvey, a computer programmer, has been eomplaining of 
nmnbness and pain in his right hand. The nurse praetitioner 
diagnosed his problem as earpal trnrnel syndrome and preseribed 
use of a splint. Where will Mr. Harvey apply the splint? 



part i Basie ehemistry 

Definition of Concepts: Matter and 
Energy (pp. 23-25) 

Composition of Matter: Atoms and 
Elements (pp. 25-28) 


How Matter Is Combined: Molecules and 
Mixtures (pp. 28-30) 

Chemical Bonds (pp. 30-35) 

Chemical Reaetions (pp. 35-38) 


part 2 Bioehemistry 

Inorganie Compounds (pp. 38-41) 

Organie Compounds (pp. 41-56) 


W hy study ehemistry in an anatomy and physiology course? The 

answer is simple. Your entire body is made up of ehemieals, thousands of 
them, continuously interaeting with one another at an ineredible paee. Al- 
though it is possible to study anatomy without much referenee to ehemistry, ehemieal 
reaetions underlie all physiologieal proeesses—movement, digestion, the pumping of 
your heart, and even your thoughts. This ehapter presents the basie ehemistry and bio- 
ehemistry (the ehemistry of living material) you need to understand body functions. 

PART 1 

Basie ehemistry 

Defìnition of Concepts: Matter and Energy 

Differentiate between matter and energy and between potential energy and 
kinetie energy. 

✓ Deseribe the major energy forms. 
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Matter 

Matter is the cc stuff ” of the universe. More preeisely, matter is 
anything that occupies spaee and has mass. With some excep- 
tions, it ean be seen, smelled, and felt. 

I For all praetieal purposes, we ean eonsider mass to be the 
same as weight. However, this statement is not quite accurate. 
The mass of an objeet is equal to the actual amount of matter 
in the objeet, and it remains eonstant wherever the objeet is. In 
eontrast, weight varies with gravity. So while your mass is the 
same at sea level and on a mountaintop, you weigh just slightly 
less on that mountaintop. The seienee of ehemistry studies the 
nature of matter, espeeially how its building bloeks are put to- 
gether and interaet. 

States of Matter 

Matter exists in solid , liquid , and gaseous states. Examples of 
eaeh state are found in the human body. Solids, like bones and 
teeth, have a definite shape and volume. Liquids such as blood 
plasma have a definite volume, but they eonform to the shape of 
their eontainer. Gases have neither a definite shape nor a defi- 
nite volrnne. The air we breathe is a gas. 

Energy 

Compared with matter, energy is less tangible. It has no mass, 
does not take up spaee, and we ean measure it only by its effeets 
on matter. Energy is defined as the eapaeity to do work, or to 
put matter into motion. The greater the work done, the more 
energy is used doing it. A baseball player who has just hit the 
ball over the fenee uses much more energy than a batter who 
bunts the ball baek to the piteher. 

Kinetie Versus Potential Energy 

Energy exists in two forms, or work eapaeities, and eaeh ean be 
transformed to the other. Kinetie energy (ki-net'ik) is energy in 
aetion. We see evidenee of kinetie energy in the eonstant move- 
ment of the tiniest partieles of matter (atoms) as well as in larger 
objeets (a bouncing ball). Kinetie energy does work by moving ob- 
jeets, which in turn ean do work by moving or pushing on other 
objeets. For example, a push on a swinging door sets it into motion. 

Potential energy is stored energy, that is, inaetive energy that 
has the potential , or eapability, to do work but is not presently 
doing so. The batteries in an unused toy have potential energy, 
as does water eonfined behind a dam. Your leg muscles have 
potential energy when you sit still on the couch. When potential 
energy is released, it beeomes kinetie energy and so is eapable 
of doing work. For example, dammed water beeomes a mshing 
torrent when the dam is opened, and that mshing torrent ean 
move a turbine at a hydroeleetrie plant, or eharge a battery. 

Actually, energy is a topie of physies, but matter and energy 
are inseparable. Matter is the substance, and energy is the mover 
of the substance. All living things are eomposed of matter and 
they all require energy to grow and fimetion. The release and 
use of energy by living systems gives us the ehisive quality we 
eall life. Now lets eonsider the forms of energy used by the body 
as it does its work. 


Forms of Energy 

■ ehemieal energy is the form stored in the bonds of ehemieal 
substances. When ehemieal reaetions occur that rearrange 
the atoms of the ehemieals in a eertain way, the potential 
energy is unleashed and beeomes kinetie energy, or energy 
in aetion. 

For example, some of the energy in the foods you eat is 
eventually eonverted into the kinetie energy of your moving 
arm. However, food fuels eannot be used to energize body 
aetivities direetly. Instead, some of the food energy is eap- 
tured temporarily in the bonds of a ehemieal ealled adenos- 
ine triphosphate ( ATP ) (ah-den'o-sén tri"fos'fàt). Later, ATP s 
bonds are broken and the stored energy is released as needed 
to do cellular work. Chemical energy in the form of ATP is 
the most useful form of energy in living systems because it is 
used to run almost all fimetional proeesses. 

■ Eleetrieal energy results from the movement of eharged par- 
tieles. In your home, eleetrieal energy is found in the flow of 
eleetrons along the household wiring. In your body, eleetri- 
eal currents are generated when eharged partieles ealled ions 
move along or aeross eell membranes. The nervous system 
uses eleetrieal currents, ealled nerve impulses , to transmit 
messages from one part of the body to another. Eleetrieal 
currents traveling aeross the heart stimulate it to eontraet 
(beat) and pump blood. (This is why a strong eleetrieal shoek, 
which interferes with such currents, ean cause death.) 

■ Meehanieal energy is energy direetly involved in mov- 
ing matter. When you ride a bieyele, your legs provide the 
meehanieal energy that moves the pedals. 

■ Radiant energy, or eleetromagnetie energy (e-lek"tro-mag- 
net'ik), is energy that travels in waves. These waves, which 
vary in length, are eolleetively ealled the eleetromagnetie spee- 
trum. They include visible light, infrared waves, radio waves, 
ultraviolet waves, and X rays. Light energy, which stimulates 
the retinas of our eyes, is important in vision. Ultraviolet 
waves cause sunburn, but they also stimulate your body to 
make vitamin D. 

Energy Form Conversions 

With few exceptions, energy is easily eonverted from one form 
to another. For example, the ehemieal energy (in gasoline) that 
powers the motor of a speedboat is eonverted into the meehani- 
eal energy of the whirling propeller that makes the boat skim 
aeross the water. 

Energy eonversions are quite ineífieient. Some of the initial 
energy supply is always cc losf ’ to the environment as heat. (It is 
not really lost because energy eannot be ereated or destroyed, 
but that portion given ofiF as heat is at least partly unusable.) It 
is easy to demonstrate this prineiple. Eleetrieal energy is eon- 
verted into light energy in a lightbulb. But if you touch a lit 
bulb, you will soon diseover that some of the eleetrieal energy is 
producing heat instead. 

Likewise, all energy eonversions in the body liberate heat. 
This heat helps to maintain our relatively high body tempera- 
ture, which influences body fimetioning. For example, when 
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matter is heated, the kinetie energy of its partieles inereases and 
they begin to move more quickly. The higher the temperature, 
the faster the bodys ehemieal reaetions occur. We will learn 
more about this later. 



Check Your Understanding 


1. What form of energy is found in the food vve eat? 

2. What form of energy is used to transmit messages from one 
part of the body to another? 

3. What type of energy is available vvhen vve are still? When vve 
are exercising? 

_ For ansvvers, see Appendix H. 


Composition of Matter: 

Atoms and Elements 

Define ehemieal element and list the four elements that 
form the bulk of body matter. 

Define atom. Listthe subatomic partieles, and deseribe 
their relative masses f eharges, and positions ín the atom. 

Define atomie number f atomie mass # atomie weight # 
isotope # and radioisotope. 

All matter is eomposed of elements, unique substances that 
eannot be broken down into simpler substances by ordinary 
ehemieal methods. Among the well-known elements are oxy- 
gen, earbon, gold, silver, eopper, and iron. 

At present, 118 elements are reeognized. Of these, 92 occur 
in nature. The rest are made artifieially in partiele aeeelerator 
deviees. 

Four elements—earbon, oxygen, hydrogen, and nitrogen— 
make up about 96% of body weight, and 20 others are present 
in the body, some in traee amounts. Table 2.1 on p. 26 lists the 
elements contributing to body mass and gives their importanee. 
In Appendix E, an oddly shaped eheekerboard ealled the peri- 
odie table provides a more eomplete listing of the known ele- 
ments and helps to explain the properties of eaeh element that 
make it reaet as it does with other elements. 

Eaeh element is eomposed of more or less identieal partieles 
or building bloeks, ealled atoms. The smallest atoms are less 
than 0.1 nanometer (nm) in diameter, and the largest are only 
about five times as large. [1 nm = 0.0000001 (or 10~ 7 ) eenti- 
meter (em), or 40 billionths of an ineh!] 

Every element s atoms differ from those of all other elements 
and give the element its unique physieal and ehemieal proper- 
ties. Physieal properties are those we ean deteet with our senses 
(such as eolor and texture) or measure (such as boiling point 
and freezing point). Chemical properties pertain to the way at- 
oms interaet with other atoms (bonding behavior) and account 
for the faets that iron rusts, animals ean digest their food, and 
so on. 

We designate eaeh element by a one- or two-letter ehemieal 
shorthand ealled an atomie symbol, usually the first letter(s) 
of the element s name. For example, C stands for earbon, O for 
oxygen, and Ca for calcium. In a few eases, the atomie symbol 



Helium atom 

2 protons (p + ) 

2 neutrons (n°) 
2 eleetrons (e _ ) 

(a) Planetary model 
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Helium atom 

2 protons (p + ) 

2 neutrons (n°) 
2 eleetrons (e“) 

(b) Orbital model 



Figure 2.1 Two models of the structure of an atom. 


is taken from the Latin name for the element. For example, so- 
dium is indieated by Na, from the Latin word natrium. 

Atomie Structure 

The word atom eomes from the Greek word meaning “indivis- 
ible.” However, we now know that atoms are clusters of even 
smaller partieles ealled protons, neutrons, and eleetrons and 
that even those subatomic partieles ean be subdivided with 
high-teehnology tools. Still, the old idea of atomie indivisibility 
is useful because an atom loses the unique properties of its ele- 
ment when it is split into its subatomic partieles. 

An atoms subatomic partieles differ in mass, eleetrieal 
eharge, and position in the atom. An atom has a eentral nu- 
cleus eontaining protons and neutrons tightly bound together. 
The nucleus, in turn, is surrounded by orbiting eleetrons 

gure 2.1 . Protons (p + ) bear a positive eleetrieal eharge, and 
neutrons (n°) are neutral, so the nucleus is positively eharged 
overall. Protons and neutrons are heavy partieles and have ap- 
proximately the same mass, arbitrarily designated as 1 atomie 
mass unit (1 amu). Sinee all of the heavy subatomic partieles are 
eoneentrated in the nucleus, the nucleus is fantastieally dense. It 
accounts for nearly the entire mass (99.9%) of the atom. 

The tiny eleetrons (e _ ) bear a negative eharge equal in 
strength to the positive eharge of the proton. However, an elee- 
tron has only about 1/2000 the mass of a proton, and the mass 
of an eleetron is usually designated as 0 amu. 

All atoms are eleetrieally neutral because the number of pro- 
tons in an atom is preeisely balaneed by its number of eleetrons 
(the + and — eharges will then eaneel the effeet of eaeh other). 
For example, hydrogen has one proton and one eleetron, and 
iron has 26 protons and 26 eleetrons. For any atom, the number 
of protons and eleetrons is always equal. 
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Table 2.1 

Common Elements Composing the Human Body* 


ATOMIC 

APPROX. % 

■ 


ELEMENT 

SYMBOL 

BODY MASS T 

FUNCTIONS 

Major (96.1 %) 

Oxygen 

0 

65.0 

A major eomponent of both organie (earbon-eontaining) and inorganie (non- 
earbon-eontaining) molecules. As a gas, it is needed for the production of 
cellular energy (ATP). 

Carbon 

C 

18.5 

A primary eomponent of all organie molecules, which include earbohydrates, 
lipids (fats), proteins, and nucleic aeids. 

Hydrogen 

H 

9.5 

A eomponent of all organie molecules. As an ion (proton), it influences the pH 
of body fluids. 

Nitrogen 

N 

3.2 

A eomponent of proteins and nucleic aeids (genetie material). 

Lesser (3.9%) 

Calcium 

Ca 

1.5 

Found as a salt in bones and teeth. Its ionie (Ca 2+ ) form is required for muscle 
eontraetion, conduction of nerve impulses, and blood elotting. 

Phosphorus 

P 

1.0 

Part of calcium phosphate salts in bones and teeth. Also present in nucleic 
aeids, and part of ATP. 

Potassium 

K 

0.4 

Its ion (K + ) is the major positive ion (eation) in eells. Neeessary for conduction 
of nerve impulses and muscle eontraetion. 

Sulfur 

S 

0.3 

Component of proteins, particularly muscle proteins. 

Sodium 

Na 

0.2 

As an ion (Na + ), sodium is the major positive ion found in extracellular fluids 
(fluids outside of eells). Important for water balanee, conduction of nerve 
impulses, and muscle eontraetion. 

ehlorine 

Cl 

0.2 

Its ion (ehloride, Cl“) is the most abundant negative ion (anion) in extracellular 
fluids. 

Magnesium 

Mg 

0.1 

Present in bone. Also an important eofaetor in a number of metabolie 
reaetions. 

lodine 

1 

0.1 

Needed to make functional thyroid hormones. 

Iron 

Fe 

0.1 

Component of hemoglobin (which transports oxygen within red blood eells) 
and some enzymes. 

Traee (less than 0.01 %) 


Chromium (Cr); eobalt (Co); eopper (Cu); fluorine (F); manganese (Mn); molybdenum (Mo); selenium (Se); silieon (Si); tin (Sn); vanadium (V); 
zine (Zn) 

These elements are referred to as traee elements because they are required in very minute amounts; many are found as part of enzymes or are 
required for enzyme aetivation. 

*A listing of the elements by aseending order of atomie number appears in the periodie table, Appendix E. 

+ Percentage of "wet" body mass; includes water. 


The planetary model of the atom, illustrated in Figure 2.1a, 
is a simplified (and now outdated) model of atomie structure. 
As you ean see, it depiets eleetrons moving around the nucleus 
in fixed, generally circular orbits. But we ean never determine 
the exact loeation of eleetrons at a particular time because 
they jump around following unknown trajeetories. So, instead 
of speaking of speeifie orbits, ehemists talk about orbitals— 
regions around the nucleus in which a given eleetron or eleetron 
pair is likely to be found most of the time. This more modern 
model of atomie structure, ealled the orbital model, is more 
useful for predieting the ehemieal behavior of atoms. As illus- 
trated in Figure 2.1b, the orbital model depiets probable regions 
of greatest eleetron density by denser shading (this haze is ealled 


the eleetron cloud ). However, the planetary model is simpler to 
depiet, so we will use that model in most illustrations of atomie 
structure in this text. 

Hydrogen, with just one proton and one eleetron, is the sim- 
plest atom. You ean visualize the spatial relationships in the 
hydrogen atom by imagining it as a sphere enlarged until its 
diameter equals the length of a football field. In that ease, the 
nucleus could be represented by a lead ball the size of a gum- 
drop in the exact eenter of the sphere. Its lone eleetron could be 
pictured as a fly buzzing about unpredictably within the sphere. 
Though not eompletely accurate, this mental image demon- 
strates that most of the volume of an atom is empty spaee, and 
nearly all of its mass is eoneentrated in the eentral nucleus. 
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Proton 



Neutron 


Eleetron 




Hydrogen (H) 
(1p + ; 0n°; 1e“) 


Helium (He) 
(2p + ; 2n°; 2e") 



Lithium (Li) 
(3p + ; 4n°; 3e") 


gure 2.2 Atomie structure of the three smallest atoms. 


Identifying Elements 

All protons are alike, regardless of the atom eonsidered. The 
same is true of all neutrons and all eleetrons. So what deter- 
mines the unique properties of eaeh element? The answer is that 
atoms of different elements are eomposed of different numbers 
of protons, neutrons, and eleetrons. 

The simplest and smallest atom, hydrogen, has one proton, 
one eleetron, and no neutrons Figure 2.2). Next in size is the 
helium atom, with two protons, two neutrons, and two orbiting 
eleetrons. Lithium follows with three protons, four neutrons, 
and three eleetrons. If we eontimied this step-by-step progres- 
sion, we would get a graded series of atoms eontaining from 1 to 
112 protons, an equal number of eleetrons, and a slightly larger 
number of neutrons at eaeh step. 

All we really need to know to identify a particular element, 
however, are its atomie number, mass mimber, and atomie 
weight. Taken together, these provide a fairly eomplete picture 
of eaeh element. 

Atomie Number 

The atomie mrniber of any atom is equal to the number of protons 
in its nucleus and is written as a subscript to the left of its atomie 
symbol. Hydrogen, with one proton, has an atomie number of 
1 (^H). Helium, with two protons, has an atomie mirnber of 2 
( 2 He), and so on. The number of protons is always equal to the 
mimber of eleetrons in an atom, so the atomie mimber indireetly 
tells us the mirnber of eleetrons in the atom as well. As we will see 
shortly, this information is important indeed, because eleetrons 
determine the ehemieal behavior of atoms. 


Mass Number and Isotopes 

The mass number of an atom is the sum of the masses of its 
protons and neutrons. The mass of the eleetrons is so small that 
it is ignored. Reeall that protons and neutrons have a mass of 
1 amu. Hydrogen has only one proton in its nucleus, so its 
atomie and mass numbers are the same: 1. Helium, with two 
protons and two neutrons, has a mass number of 4. 

The mass number is usually indieated by a superscript 
to the left of the atomie symbol. For example, helium is 2 He. 
This simple notation allows us to deduce the total number and 
kinds of subatomic partieles in any atom because it indieates 
the number of protons (the atomie number), the mimber of 
eleetrons (equal to the atomie number), and the mirnber of neu- 
trons (mass mirnber minus atomie number). In our example, we 
ean do the subtraction to find that 2 He has two neutrons. 

From what we have said so far, it may appear as if eaeh 
element has one, and only one, type of atom representing it. 
This is not the ease. Nearly all known elements have two or 
more structural variations ealled isotopes (iso-tòps), which 
have the same mimber of protons (and eleetrons), but difiFer 
in the mimber of neutrons they eontain. Earlier, when we said 
that hydrogen has a mass number of 1, we were speaking of 
X H, its most abundant isotope. Some hydrogen atoms have a 
mass of 2 or 3 amu (atomie mass units), which means that 
they have one proton and, respeetively, one or two neutrons 
(Figure 2.3). 




Proton 



Neutron 


9 Eleetron 



Hydrogen f 1 H) 
(1p + ; 0n°; 1e“) 


Deuterium ( 2 H) 
(1p + ; 1n°; 1e~) 


Tritium ( 3 H) 
(1p + ; 2n°; 1e") 


Figure 2.3 Isotopes of hydrogen. 
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Carbon has several isotopes. The most abundant of these are 
12 C, 13 C, and 14 C. Eaeh of the earbon isotopes has six protons 
(otherwise it would not be earbon), but 12 C has six neutrons, 
13 C has seven, and 14 C has eight. Isotopes ean also be written 
with the mass number following the symbol: C-14, for example. 

I Atomie Weight 

You might think that atomie weight should be the same as 
atomie mass, and this would be so if atomie weight referred to 
the weight of a single atom. However, atomie weight is an aver- 
age of the relative weights (mass mimbers) of all the isotopes of 
an element, taking into account their relative abundance in na- 
ture. As a rule, the atomie weight of an element is approximately 
equal to the mass number of its most abundant isotope. For 
example, the atomie weight of hydrogen is 1.008, which reveals 
that its lightest isotope (^H) is present in much greater amounts 
in our world than its 2 H or 3 H forms. 


Radioisotopes 

The heavier isotopes of many elements are unstable, and their 
atoms deeompose spontaneously into more stable forms. This 
proeess of atomie deeay is ealled radioaetivity , and isotopes that 
exhibit this behavior are ealled radioisotopes (ra"de-o-i'so- 
tóps). The disintegration of a radioaetive nucleus may be eom- 
pared to a tiny explosion. It occurs when subatomic alpha (a) 
partieles (paekets of 2p + 2n), beta ((3) partieles (eleetron-like 
negative partieles), or gamma (y) rays (eleetromagnetie energy) 
are ejeeted from the atomie nucleus. 

Why does this happen? The answer is complex, but for our 
purposes, the important point to know is that the dense mielear 
partieles are eomposed of even smaller partieles ealled quarks 
that assoeiate in one way to form protons and in another way 
to form neutrons. Apparently, the c glue” that holds these nu- 
elear partieles together is weaker in the heavier isotopes. When 
radioisotopes disintegrate, the element may transform to a dif- 
ferent element. 

Because we ean deteet radioaetivity with seanners, and ra- 
dioaetive isotopes share the same ehemistry as their more stable 
isotopes, radioisotopes are valuable tools for biologieal researeh 
and medieine. Most radioisotopes used in the elinieal setting are 
used for diagnosis, that is, to loealize and illmninate damaged or 
cancerous tissues. For example, iodine-131 is used to determine 
the size and aetivity of the thyroid gland and to deteet thyroid 
eaneer. The sophistieated PET seans deseribed in A Closer Look 
in Chapter 1 use radioisotopes to probe the workings of mol- 
ecules deep within our bodies. All radioisotopes, regardless of 
the purpose for which they are used, damage living tissue, and 
all radioisotopes gradually lose their radioaetive behavior. The 
time required for a radioisotope to lose one-half of its aetivity is 
ealled its half-life. The half-lives of radioisotopes vary dramati- 
eally from hours to thousands of years. 

Alpha emission is easily bloeked outside the body but if ab- 
sorbed causes eonsiderable damage. For this reason, inhaled al- 
pha partieles from deeaying radon are seeond only to smoking 


as a cause of lung eaneer. (Radon results naturally from deeay 
of uranium in the ground.) Gamma emission has the greatest 
penetrating power. Radium-226, eobalt-60, and eertain other 
radioisotopes that deeay by gamma emission are used to destroy 
loealized eaneers. 

Contrary to what some believe, ionizing radiation does not 
damage organie molecules direetly. Instead, it knoeks elee- 
trons out of other atoms and sends them flying, like bowl- 
ing balls smashing through pins all along their path. It is the 
eleetron energy and the unstable molecules left behind that 
do the damage. 



Check Your Understanding 


4. What two elements besides H and N make up the bulk of 
living matter? 

5. An element has a mass of 207 and has 125 neutrons in its 
nucleus. How many protons and eleetrons does it have and 
where are they loeated? 

6. How do the terms atomie mass and atomie weight differ? 

_ For ansvvers, see Appendix H. 


How Mattei Is Combined: 
Molecules and Mixtures 

Define moleeole, and distinguish between a compound and 
a mixture. 

Compare solutions # eolloids, and suspensions. 


Molecules and Compounds 

Most atoms do not exist in the free state, but instead are ehemi- 
eally eombined with other atoms. Such a eombination of two 
or more atoms held together by ehemieal bonds is ealled a 

moleeiile. 

If two or more atoms of the same element eombine, the resulting 
substance is ealled a molecule ofthat element. When two hydrogen 
atoms bond, the product is a molecule of hydrogen gas and is writ- 
ten as H 2 . Similarly, when two oxygen atoms eombine, a molecule 
of oxygen gas (0 2 ) is formed. Sulfur atoms eommonly eombine to 
form sulfur molecules eontaining eight sulfur atoms (S 8 ). 

When two or more different kinds of atoms bind, they form 
molecules of a compound. Two hydrogen atoms eombine with 
one oxygen atom to form the compound water (H 2 0). Four hy- 
drogen atoms eombine with one earbon atom to form the eom- 
pound methane (CH 4 ). Notiee again that molecules of methane 
and water are compounds, but molecules of hydrogen gas are 
not, because compounds always eontain atoms of at least two 
different elements. 

Compounds are ehemieally pure, and all of their molecules 
are identieal. So, just as an atom is the smallest partiele of an 
element that still has the properties of the element, a molecule 
is the smallest partiele of a compound that still has the speeifie 
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Solution 


Colloid 


Suspension 


Solute partieles are very tiny, 
do not settle out or seatter light 
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Solute 


Soliite partieles are larger than 
ìn a soliition and seatter light; 

do not settle out. 



Solute 

partieles 


Solute partieles are very large, 
settle out, and may seatter light 



Solute 

partieles 



Example 

Mineral water 



Example 

Jello 



Example 

Blood 




Plasma 


Settled red 
blood eells 


Llnsettled 


Settled 


gure 2.4 The three basie types of mixtures. 


eharaeteristies of the eompoimd. This eoneept is important be- 
cause the properties of eompoimds are usually very diíferent 
from those of the atoms they eontain. Water, for example, is very 
different from the elements hydrogen and oxygen. Indeed, it is 
next to impossible to tell what atoms are in a compound without 
analyzing it ehemieally. 

Mixtures 

Mixtures are substances eomposed of two or more eomponents 
physieally intermixed. Most matter in nature exists in the form of 
mixtures, but there are only three basie types: solutions , eolloids , 
and suspensions gure 2.4) . 

Solutions 

Solutions are homogeneous mixtures of eomponents that may 
be gases, liquids, or solids. Homogeneous means that the mixture 
has exactly the same eomposition or makeup throughout—a 
sample taken from any part of the mixture has the same eom- 
position (in terms of the atoms or molecules it eontains) as a 
sample taken from any other part of the mixture. Examples in- 
clude the air we breathe (a mixture of gases) and seawater (a mix- 
ture of salts, which are solids, and water). The substance present 
in the greatest amount is ealled the solvent (or dissolving me- 
dium). Solvents are usually liquids. Substances present in smaller 
amounts are ealled solutes. 


Water is the body s ehief solvent. Most solutions in the body 
are true solutions eontaining gases, liquids, or solids dissolved in 
water. Tme solutions are usually transparent. Examples are sa- 
line solution [table salt (NaCl) and water], a mixture of glucose 
and water, and mineral water. The solutes of true solutions are 
minute, usually in the form of individual atoms and molecules. 
Consequently, they are not visible to the naked eye, do not settle 
out, and do not seatter light. In other words, if a beam of light is 
passed through a true sohition, you will not see the path of light. 

Concentration of Solutions We deseribe true solutions in 
terms of their eoneentration , which may be indieated in various 
ways. Solutions used in a eollege laboratory or a hospital are 
often deseribed in terms of the pereent (parts per 100 parts) of 
the solute in the total sohition. This designation always refers 
to the solute pereentage, and unless otherwise noted, water is 
assumed to be the solvent. 

Milligrams per deeiliter ( mg/dl ) is another eommon eoneen- 
tration measurement. (A deeiliter is 100 milliliters or 0.1 liter.) 

Still another way to express the eoneentration of a solution 
is in terms of its molarity (mo-lar'í-te), or moles per liter, indi- 
eated by M. This method is more eomplieated but much more 
useful. To understand molarity, you must understand what a 
mole is. A mole of any element or compound is equal to its 
atomie weight or molecular weight (sum of the atomie weights) 
weighed out in grams. This eoneept is easier than it seems, as 
ilhistrated by the following example. 
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Glucose is C 6 H 12 0 6 , which indieates that it has 6 earbon 
atoms, 12 hydrogen atoms, and 6 oxygen atoms. To compute 
the molecular weight of glucose, you would look up the atomie 
weight of eaeh of its atoms in the periodie table (see Appendix E) 
and compute its molecular weight as follows: 


Number Atomie 

Atom of Atoms Weight 


Total 

Atomie 

Weight 



e 

6 

X 

12.011 

72.066 

H 

12 

X 

1.008 

= 12.096 

O 

6 

X 

15.999 

= 95.994 


180.156 


Then, to make a one-molar sohition of glucose, you would 
weigh out 180.156 grams (g), ealled a gram molecular weight , of 
ghieose and add enough water to make 1 liter (L) of sohition. In 
short, a one-molar solution (abbreviated 1.0 M) of a ehemieal 
substance is one gram molecular weight of the substance (or 
one gram atomie weight in the ease of elemental substances) in 
1 L (1000 milliliters) of solution. 

The beauty of using the mole as the basis of preparing solu- 
tions is its preeision. One mole of any substance always eontains 
exactly the same number of solute partieles, that is, 6.02 X 10 23 . 
This mimber is ealled Avogadro’s number (av"o-gad'róz). So 
whether you weigh out 1 mole of ghieose (180 g) or 1 mole of 
water (18 g) or 1 mole of methane (16 g), in eaeh ease you will 
have 6.02 X 10 23 molecules of that substance.* This allows al- 
most mind-boggling preeision to be aehieved. 

Because solute eoneentrations in body fhiids tend to be quite 
low, those values are usually reported in terms of millimoles 
(mM; 1/1000 mole). 


Colloids 

Colloids (koToidz), also ealled emulsions , are heterogeneous 
mixtures, which means that their eomposition is dissimilar in 
different areas of the mixture. Colloids often appear translucent 
or milky and although the solute partieles are larger than those 
in tme solutions, they still do not settle out. However, they do 
seatter light, so the path of a light beam shining through a eol- 
loidal mixture is visible. 

Colloids have many unique properties, including the ability 
of some to undergo sol-gel transformations, that is, to ehange 
reversibly from a fluid (sol) state to a more solid (gel) state. Jell-O, 
or any gelatin product (Ligure 2.4), is a familiar example of 
a nonliving eolloid that ehanges from a sol to a gel when re- 
frigerated (and that gel will liquefy again if plaeed in the sun). 
Cytosol, the semiflmd material in living eells, is also a eolloid, 


*The important exception to this rule eoneerns molecules that ionize and break up 
into eharged partieles (ions) in water, such as salts, aeids, and bases (see p. 39). For 
example, simple table salt (sodium ehloride) breaks up into two types of eharged 
partieles. Therefore, in a 1.0 M solution of sodium ehloride, 2 moles of solute 
partieles are actually in solution. 


largely because of its dispersed proteins. Its sol-gel transforma- 
tions underlie many important eell aetivities, such as eell divi- 
sion and ehanges in eell shape. 

Siispensions 

Suspensions are heterogeneous mixtures with large, oft en visible 
sohites that tend to settle out. An example of a suspension is a 
mixture of sand and water. So is blood, in which the living blood 
eells are suspended in the fluid portion of blood (blood plasma). 
If left to stand, the suspended eells will settle out unless some 
means—mixing, shaking, or circulation in the body—keeps 
them in suspension. 

As you ean see, all three types of mixtures are found in both 
living and nonliving systems. In faet, living material is the most 
complex mixture of all, sinee it eontains all three kinds of mix- 
tures interaeting with one another. 


Distinguishing Mixtures from Compounds 

Now lets zero in on how to distinguish mixtures and eom- 
pounds from one another. Mixtures differ from compounds in 
several important ways: 

■ The ehief differenee between mixtures and compounds is 
that no ehemieal bonding occurs between the eomponents 
of a mixture. The properties of atoms and molecules are not 
ehanged when they beeome part of a mixture. Remember 
they are only physieally intermixed. 

■ Depending on the mixture, its eomponents ean be separated 
by physieal means—straining, filtering, evaporation, and 
so on. Compounds, by eontrast, ean be separated into their 
constituent atoms only by ehemieal means (breaking bonds). 

■ Some mixtures are homogeneous, whereas others are het- 
erogeneous. A bar of 100% pure (elemental) iron is ho- 
mogeneous, as are all compounds. As already mentioned, 
heterogeneous substances vary in their makeup from plaee 
to plaee. Lor example, iron ore is a heterogeneous mixture 
that eontains iron and many other elements. 



Check Your IJnderstanding 


7. What is the meaning of the term "moleeiile"? 

8. Why is sodium ehloride (NaCI) eonsidered a compound, but 
oxygen gas is not? 

9. Blood eontains a liquid eomponent and living eells. Would it 
be elassified as a compound or a mixture? Why? 

_ For ansvvers, see Appendix H. 


ehemieal Bonds 

Explain the role of eleetrons in ehemieal bonding and in 
relation to the oetet rule. 

Differentiate among ionic f covalent # and hydrogen bonds. 
Compare and eontrast polar and nonpolar compounds. 
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As noted earlier, when atoms eombine with other atoms, they 
are held together by ehemieal bonds. A ehemieal bond is not 
a physieal structure like a pair of handcuífs linking two people 
together. Instead, it is an energy relationship between the elee- 
trons of the reaeting atoms, and it is made or broken in less than 
a trillionth of a seeond. 


The Role of Eleetrons in Chemical Bonding 

Eleetrons forming the eleetron cloud around the nucleus of an 
atom occupy regions of spaee ealled eleetron shells that consecu- 
tively surround the atomie nucleus. The atoms known so far ean 
have eleetrons in seven shells (numbered 1 to 7 from the nucleus 
outward), but the actual number of eleetron shells occupied in a 
given atom depends on the number of eleetrons that atom has. 
Eaeh eleetron shell eontains one or more orbitals. (Reeall from 
our earlier discussion that orbitals are regions around the nucleus 
in which a given eleetron is likely to be found most of the time.) 

It is important to understand that eaeh eleetron shell rep- 
resents a diíferent energy level, because this prompts you to 
think of eleetrons as partieles with a eertain amount of potential 
energy. In general, the terms eleetron shell and energy level are 
used interehangeably. 

How much potential energy does an eleetron have? The an- 
swer depends on the energy level that it occupies. The attraetion 
between the positively eharged nucleus and negatively eharged 
eleetrons is greatest when eleetrons are elosest to the nucleus 
and falls off with inereasing distanee. This statement explains 
why eleetrons farthest from the nucleus (1) have the greatest 
potential energy (it takes more energy for them to overeome 
the nuclear attraetion and reaeh the more distant energy levels) 
and (2) are most likely to interaet ehemieally with other atoms. 
(They are the least tightly held by their own atomie nucleus and 
the most easily influenced by other atoms and molecules.) 

Eaeh eleetron shell ean hold a speeifie number of eleetrons. 
Shell 1, the shell immediately surrounding the nucleus, aeeom- 
modates only 2 eleetrons. Shell 2 holds a maximum of 8, and 
shell 3 has room for 18. Subsequent shells hold larger and larger 
numbers of eleetrons, and the shells tend to be filled with elee- 
trons consecutively. For example, shell 1 fills eompletely before 
any eleetrons appear in shell 2. 

Which eleetrons are involved in ehemieal bonding? When 
we eonsider bonding behavior, the only eleetrons that are im- 
portant are those in the atoms outermost energy level. Inner 
eleetrons usually do not take part in bonding because they are 
more tightly held by the atomie nucleus. 

When the outermost energy level of an atom is filled to 
eapaeity or eontains eight eleetrons, the atom is stable. Such 
atoms are ehemieally inert , that is, unreactive. A group of ele- 
ments ealled the noble gases , which include helium and neon, 
typify this eondition igure 2.5a). On the other hand, atoms 
in which the outermost energy level eontains fewer than eight 
eleetrons tend to gain, lose, or share eleetrons with other atoms 
to aehieve stability (Figure 2.5b). 

What about atoms that have more than 20 eleetrons, in 
which the energy levels beyond shell 2 ean eontain more than 


(a) Chemically inert elements 


Outermost energy level (valenee shell) eomplete 



Helium (He) 
(2p + ; 2n°; 2e") 



Neon (Ne) 

(10p + ; 10n°; 10e’) 


(b) ehemieally reaetive elements 


Outermost energy level (valenee shell) ineomplete 



Hydrogen (H) 
(1p + ; 0n°; 1e") 



Oxygen (O) 
(8p + ; 8n°; 8e“) 



Oarbon (C) 
(6p + ; 6n°; 6e") 



Sodium (Na) 

(11 p + ; 12n°; 11 e“) 


gure 2.5 ehemieally inert and reaetive elements. (A/ofe: For 
simplieity, eaeh atomie nucleus is shown as a sphere with the atom's 
symbol; individual protons and neutrons are not shown.) 


eight eleetrons? The mimber of eleetrons that ean partieipate in 
bonding is still limited to a total of eight. The term valenee shell 
(vaTens) speeifieally indieates an atoms outermost energy level 
or that portion ofit eontaining the eleetrons that are ehemieally 
reaetive. Henee, the key to ehemieal reaetivity is the oetet rule 
(ok-tet'), or rule of eights. Except for shell 1, which is full when 
it has two eleetrons, atoms tend to interaet in such a way that 
they have eight eleetrons in their valenee shell. 

Types of Chemical Bonds 

Three major types of ehemieal bonds— ionie , eovalent , and hy- 
drogen bonds —result from attraetive forees between atoms. 
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Sodiiim atom (Na) 
(11p + ; 12n°; 11e") 


Ohlorine atom (Cl) 
(17p + ; 18n°; 17e") 


(a) Sodiiim gains stability by losing one eleetron, and 
ehlorine beeomes stable by gaining one eleetron. 



. Sodiiim ion (Na + ) Chloride ion (Cl ) 

--T- 

Sodiiim ehloride (NaCI) 

(b) After eleetron transfer, the oppositely 
eharged ions formed attraet eaeh other. 



(e) Large numbers of Na + and Cl ions 
assoeiate to form salt (NaCI) erystals. 


Figure 2.6 Formation of an ionie bond. 


lonie Bonds 

Reeall that atoms are eleetrieally neutral. However, eleetrons 
ean be transferred from one atom to another, and when this 
happens, the preeise balanee of + and — eharges is lost so 
that eharged partieles ealled ions are formed. An ionie bond 
(i-on'ik) is a ehemieal bond between atoms formed by the 
transfer of one or more eleetrons from one atom to the other. 
The atom that gains one or more eleetrons is the eleetron ae- 
eeptor. It acquires a net negative eharge and is ealled an anion 
(an'i-on). The atom that loses eleetrons is the eleetron donor. It 
acquires a net positive eharge and is ealled a eation (kat'i-on). 
(To remember this term, think of the “t” in c eation” as a + sign.) 
Both anions and eations are formed whenever eleetron transfer 
between atoms occurs. Because opposite eharges attraet, these 
ions tend to stay elose together, resulting in an ionie bond. 

One example of ionie bonding is the formation of table salt, 
or sodium ehloride (NaCl), by interaetion of sodium and ehlo- 
rine atoms 'igure 2.6] . Sodium, with an atomie number of 11, 
has only one eleetron in its valenee shell. It would be very dif- 
ficult to attempt to fill this shell by adding seven more. However, 
if this single eleetron is lost, shell 2 with eight eleetrons beeomes 
the valenee shell (outermost energy level eontaining eleetrons) 
and is full. Thus, by losing the lone eleetron in its third energy 


level, sodium aehieves stability and beeomes a eation (Na + ). On 
the other hand, ehlorine, atomie number 17, needs only one 
eleetron to fill its valenee shell. By aeeepting an eleetron, ehlo- 
rine aehieves stability and beeomes an anion. 

When sodium and ehlorine atoms interaet, this is exactly what 
happens. Sodium donates an eleetron to ehlorine (Figure 2.6a), 
and the oppositely eharged ions ereated in this exchange attraet 
eaeh other, forming sodium ehloride (Figure 2.6b). ionie bonds 
are eommonly formed between atoms with one or two valenee 
shell eleetrons (the metallie elements, such as sodium, calcium, 
and potassium) and atoms with seven valenee shell eleetrons 
(such as ehlorine, fluorine, and iodine). 

Most ionie compounds fall in the ehemieal eategory ealled 
salts. In the dry state, salts such as sodium ehloride do not exist 
as individual molecules. Instead, they form erystals, large arrays 
of eations and anions held together by ionie bonds (Figure 2.6c). 

Sodium ehloride is an excellent example of the diíferenee in 
properties between a compound and its constituent atoms. So- 
dium is a silvery white metal, and ehlorine in its molecular state 
is a poisonous green gas used to make bleaeh. However, sodium 
ehloride is a white erystalline solid that we sprinkle on our food. 

Covalent Bonds 

Eleetrons do not have to be eompletely transferred for atoms to 
aehieve stability. Instead, they may be shared so that eaeh atom 
is able to fill its outer eleetron shell at least part of the time. Elee- 
tron sharing produces molecules in which the shared eleetrons 
occupy a single orbital eommon to both atoms, which eonsti- 
tutes a eovalent bond (ko-va'lent). 

Hydrogen with its single eleetron ean fill its only shell (shell 
1) by sharing a pair of eleetrons with another atom. When it 
shares with another hydrogen atom, a molecule of hydrogen gas 
is formed. The shared eleetron pair orbits around the molecule 
as a whole, satisfying the stability needs of eaeh atom. 

Hydrogen ean also share an eleetron pair with diíferent kinds 
of atoms to form a compound Figure 2.7a). Carbon has four 
eleetrons in its outermost shell, but needs eight to aehieve stabil- 
ity. Hydrogen has one eleetron, but needs two. When a methane 
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Reaeting atoms 




Hydrogen atoms 



Carbon atom 


(a) Formation of four single eovalent bonds: 
Garbon shares four eleetron pairs with four 
hydrogen atoms. 



Oxygen atom Oxygen atom 

(b) Formation of a double eovalent bond:Two 
oxygen atoms share two eleetron pairs. 




Nitrogen atom Nitrogen atom 

(e) Formation of a triple eovalent bond:Two 
nitrogenatoms share three eleetron pairs. 


Resulting molecules 



H 

or H — C — H 

H 

Structural formula 
shows single bonds. 


Molecule of methane gas (CH 4 ) 




Structural formula 
shows double bond. 


Molecule of oxygen gas (0 2 ) 




Structural formula 
shows triple bond. 


Molecule of nitrogen gas (N 2 ) 


gure 2.7 Formation of eovalent bonds. 


molecule (CH 4 ) is formed, earbon shares four pairs of eleetrons 
with four hydrogen atoms (one pair with eaeh hydrogen). Again, 
the shared eleetrons orbit and “belong to” the whole molecule, 
ensuring the stability of eaeh atom. 

When two atoms share one pair of eleetrons, a single eova- 
lent bond is formed (indieated by a single line eonneeting the 
atoms, such as H—H). In some eases, atoms share two or three 


eleetron pairs, resulting in double or triple eovalent bonds (Fig- 
ure 2.7b and e). (These bonds are indieated by double or triple 
eonneeting lines such as 0=0 or N=N.) 

Polar and Nonpolar Molecules In the eovalent bonds we have 
discussed, the shared eleetrons are shared equally between the 
atoms of the molecule for the most part. The molecules formed 
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0 = c=0 


(a) Carbon dioxide (C0 2 ) molecules are 

linear and symmetrieal. They are nonpolar. 



(b) V-shaped water (H 2 0) molecules have two 
poles of eharge—a slightly more negative 
oxygen end (5 ) and a slightly more positive 
hydrogen end (5 + ). 


Figure 2.8 Carbon dioxide and vvater molecules have differ- 
ent shapes, as illustrated by molecular models. 


are eleetrieally balaneed and are ealled nonpolar molecules 
(because they do not have separate + and — poles of eharge). 

Such eleetrieal balanee is not always the ease. When eovalent 
bonds are formed, the resulting molecule always has a speeifie 
three-dimensional shape, with the bonds formed at definite 
angles. A molecules shape helps determine what other mol- 
ecules or atoms it ean interaet with. It may also result in unequal 
eleetron pair sharing, ereating a polar molecule, espeeially in 
nonsymmetrieal molecules eontaining atoms with difiFerent 
eleetron-attraeting abilities. 

In general, small atoms with six or seven valenee shell elee- 
trons, such as oxygen, nitrogen, and ehlorine, are eleetron- 
hungry and attraet eleetrons very strongly, a eapability ealled 
eleetronegativity. On the other hand, most atoms with only 
one or two valenee shell eleetrons tend to be eleetropositive. In 
other words, their eleetron-attraeting ability is so low that they 
usually lose their valenee shell eleetrons to other atoms. Potas- 
sium and sodium, eaeh with one valenee shell eleetron, are good 
examples of eleetropositive atoms. 

Carbon dioxide and water illustrate how molecular shape 
and the relative eleetron-attraeting abilities of atoms determine 
whether a eovalently bonded molecule is nonpolar or polar. In 
earbon dioxide (C0 2 ), earbon shares four eleetron pairs with two 
oxygen atoms (two pairs are shared with eaeh oxygen). Oxygen 
is very eleetronegative and so attraets the shared eleetrons much 
more strongly than does earbon. However, because the earbon 
dioxide molecule is linear and symmetrieal igure 2.8a] , the 
electron-pulling ability of one oxygen atom offsets that of the 
other, like a standoff between equally strong teams in a game of 
tug-of-war. As a result, the shared eleetrons orbit the entire mol- 
ecule and earbon dioxide is a nonpolar compound. 

In eontrast, a water molecule (H 2 0) is bent, or V shaped (Fig- 
ure 2.8b). The two eleetropositive hydrogen atoms are loeated 
at the same end of the molecule, and the very eleetronegative 
oxygen is at the opposite end. This arrangement allows oxygen 
to pull the shared eleetrons toward itself and away from the two 
hydrogen atoms. In this ease, the eleetron pairs are not shared 


lonie bond 

Polar eovalent 

bond 

Nonpolar 
eovalent bond 

Complete 
transfer of 
eleetrons 

Unequal sharing 
of eleetrons 

Equal sharing of 
eleetrons 

Separate ions 
(eharged 
partieles) 
form 

Slight negative 
eharge (5 _ ) at 
one end of 
molecule, slight 
positive eharge (5 + ) 
at other end 

Charge balaneed 
among atoms 

Na + Cl" 

5" 

0 

H 7 X H 

8 + 8 + 

O 

O 

O 

Sodium ehloride 

Water 

Carbon dioxide 


Figure 2.9 lonie, polar eovalent, and nonpolar eovalent 
bonds eompared along a continuum. 


equally, but spend more time in the vieinity of oxygen. Because 
eleetrons are negatively eharged, the oxygen end of the molecule 
is slightly more negative (the eharge is indieated with a delta 
and minus as 8 _ ) and the hydrogen end slightly more positive 
(indieated by 8 + ). Because water has two poles of eharge, it is a 
polar molecule , or dipole (di'pól). 

Polar molecules orient themselves toward other dipoles or 
toward eharged partieles (such as ions and some proteins), and 
they play essential roles in ehemieal reaetions in body eells. The 
polarity of water is particularly signifieant, as you will see later 
in this ehapter. 

Different molecules exhibit different degrees of polarity, and 
we ean see a gradual ehange from ionie to nonpolar eovalent 
bonding as summarized in igure 2.9. ionie bonds (eomplete 
eleetron transfer) and nonpolar eovalent bonds (equal eleetron 
sharing) are the extremes of a continuum, with various degrees 
of unequal eleetron sharing in between. 

Hydrogen Bonds 

Unlike the stronger ionie and eovalent bonds, hydrogen bonds 
are more like attraetions than true bonds. Hydrogen bonds 
form when a hydrogen atom, already eovalently linked to one 
eleetronegative atom (usually nitrogen or oxygen), is attraeted 
by another electron-hungry atom, so that a “bridge” forms be- 
tween them. 

Hydrogen bonding is eommon between dipoles such as water 
molecules, because the slightly negative oxygen atoms of one mol- 
ecule attraet the slightly positive hydrogen atoms of other mol- 
ecules Figure 2.10a]. Hydrogen bonding is responsible for the 
tendeney of water molecules to eling together and form films, re- 
ferred to as surface tension. This tendeney helps explain why water 
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beads up into spheres when it sits on a hard surface and why water 
striders ean walk on a ponds surface (Figure 2.10b). 

Although hydrogen bonds are too weak to bind atoms to- 
gether to form molecules, they are important intramoleeiilar 
bonds (literally, bonds within molecules), which hold diíferent 
parts of a single large molecule in a speeifie three-dimensional 
shape. Some large biologieal molecules, such as proteins and 
DNA, have numerous hydrogen bonds that help maintain and 
stabilize their structures. 



Check Yoiir Understanding 


10. VVhat kinds of bonds form betvveen vvater molecules? 

11. Oxygen ( 8 0) and argon ( 18 A) are both gases. Oxygen 
eombines readily vvith other elements, but argon does not. 
VVhat accounts for this differenee? 

12. Assume imaginary compound XY has a polar eovalent bond. 
Hovv does its eharge distribution differ from that of XX 
molecules? 


For ansvvers, see Appendix H. 


ehemieal Reaetions 

s Define the three major types of ehemieal reaetions: 
synthesis, deeomposition, and exchange. Comment on 
the nature of oxidation-reduction reaetions and their 
importanee. 

Explain why ehemieal reaetions in the body are often 
irreversible. 

s Deseribe faetors that affeet ehemieal reaetion rates. 

As we noted earlier, all partieles of matter are in eonstant motion 
because of their kinetie energy. Movement of atoms or molecules 
in a solid is usually limited to vibration because the partieles are 
united by fairly rigid bonds. But in liquids or gases, partieles dart 
about randomly, sometimes eolliding with one another and inter- 
aeting to undergo ehemieal reaetions. A ehemieal reaetion occurs 
whenever ehemieal bonds are formed, rearranged, or broken. 

Chemical Equations 

We ean write ehemieal reaetions in symbolie form as ehemieal 
equations. For example, we indieate the joining of two hydrogen 
atoms to form hydrogen gas as 

H + H —> H 2 (hydrogen gas) 

reaetants product 

and the eombining of four hydrogen atoms and one earbon 
atom to form methane as 

4H + C —> CH 4 (methane) 

reaetants product 

Notiee that in equations, a number written as a snbseript 
indieates that the atoms are joined by ehemieal bonds. But a 
mimber written as a prefix denotes the number of unjoined at- 
oms or molecules. For example, CH 4 reveals that four hydrogen 



Hydrogen bond 
(indieated by 
dotted line) 



(a) The slightly positive ends (§ + ) of the water molecules beeome 
aligned with the slightly negative ends (5 ) of other water 
molecules. 



(b) A water strider ean walk on a pond because of the high surface 
tension of water, a result of the eombined strength of its 
hydrogen bonds. 


gure 2.10 Hydrogen bonding between polar water 
molecules. 


atoms are bonded together with earbon to form the methane 
molecule, but 4H signifies four unjoined hydrogen atoms. 

A ehemieal equation is like a sentenee deseribing what hap- 
pens in a reaetion. It eontains the following information: the 
number and kinds of reaeting substances, or reaetants; the 
ehemieal eomposition of the product(s); and in balaneed equa- 
tions, the relative proportion of eaeh reaetant and product. 

In the equations above, the reaetants are atoms, as indieated 
by their atomie symbols (H, C). The product in eaeh ease is a 
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(a) Synthesis reaetions 


Smaller partieles are bonded 
together to form larger, 
more complex molecules. 


Example 

Amino aeids are joined together to 
form a protein molecule. 


Amino aeid 
molecules 



▼ 



(b) Deeomposition reaetions 


Bonds are broken in larger 
molecules, resiilting in smaller, 
less complex molecules. 


Example 

Glyeogen is broken down to release 
glucose units. 


Glyeogen 



Glucose 

molecules 




gure 2.11 Patterns of ehemieal reaetions. 


molecule, as represented by its molecular formula (H 2 , CH 4 ). 
The equation for the formation of methane may be read in terms 
of molecules or moles—as either cc four hydrogen atoms plus one 
earbon atom yield one molecule of methane” or cc four moles 
of hydrogen atoms plus one mole of earbon yield one mole of 
methane.” Using moles is more praetieal because it is impossible 
to measure out one atom or one molecule of anything! 

Patterns of Chem eal Reaetions 

Most ehemieal reaetions exhibit one of three reeognizable pat- 
terns: They are either synthesis , deeomposition , or exchange 
reaetions. 

When atoms or molecules eombine to form a larger, more 
complex molecule, the proeess is a synthesis, or eombination, 
reaetion. A synthesis reaetion always involves bond formation. 
It ean be represented (using arbitrary letters) as 

A + B^AB 

Synthesis reaetions are the basis of eonstmetive, or anabolie, 
aetivities in body eells, such as joining small molecules ealled 
amino aeids into large protein molecules ìgure 2.11a). Syn- 
thesis reaetions are conspicuous in rapidly growing tissues. 

A deeomposition reaetion occurs when a molecule is bro- 
ken down into smaller molecules or its constituent atoms: 

AB -> A + B 

Essentially, deeomposition reaetions are reverse synthesis reae- 
tions: Bonds are broken. Deeomposition reaetions underlie all 
degradative, or eatabolie, proeesses in body eells. For example, 


the bonds of glyeogen molecules are broken to release simpler 
molecules of glucose sugar (Figure 2.1 lb). 

Exchange, or displaeement, reaetions involve both synthe- 
sis and deeomposition. Bonds are both made and broken. In 
an exchange reaetion, parts of the reaetant molecules ehange 
partners, so to speak, producing different product molecules: 

AB + C —> AC + B and AB + CD + AD + CB 

An exchange reaetion occurs when ATP reaets with glucose 
and transfers its end phosphate group (indieated by a eireled P 
in Figure 2.1 le) to glucose, forming glucose-phosphate. At the 
same time, the ATP beeomes ADP. This important reaetion oe- 
curs whenever glucose enters a body eell, and it effeetively traps 
the glucose fuel molecule inside the eell. 

Another group of important ehemieal reaetions in living 
systems is oxidation-reduction reaetions, ealled redox reae- 
tions for short. Oxidation-reduction reaetions are deeomposi- 
tion reaetions in that they are the basis of all reaetions in which 
food fuels are broken down for energy (that is, in which ATP is 
produced). They are also a speeial type of exchange reaetion be- 
cause eleetrons are exchanged between the reaetants. The reae- 
tant losing the eleetrons is referred to as the eleetron donor and 
is said to be oxidized. The reaetant taking up the transferred 
eleetrons is ealled the eleetron aeeeptor and is said to beeome 
reduced. 

Redox reaetions also occur when ionie compounds are 
formed. Reeall that in the formation of NaCl (see Figure 2.6), 
sodhim loses an eleetron to ehlorine. Consequently, sodium is 
oxidized and beeomes a sodium ion, and ehlorine is reduced and 
beeomes a ehloride ion. However, not all oxidation-reduction 
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reaetions involve eomplete transfer of eleetrons—some simply 
ehange the pattern of eleetron sharing in eovalent bonds. For 
example, a substance is oxidized both by losing hydrogen atoms 
and by eombining with oxygen. The eommon faetor in these 
events is that eleetrons that formerly “belonged” to the reaetant 
molecule are lost. The eleetrons are lost either entirely (as when 
hydrogen is removed and takes its eleetron with it) or relatively 
(as the shared eleetrons spend more time in the vieinity of the 
very eleetronegative oxygen atom). 

To understand the importanee of oxidation-reduction reae- 
tions in living systems, take a look at the overall equation for eel- 
lular respiration , which represents the major pathway by which 
glucose is broken down for energy in body eells: 

C 6 H 12 0 6 + 60 2 —> 6C0 2 + 6H 2 0 + ATP 

glucose oxygen earbon water cellular 

dioxide energy 

As you ean see, it is an oxidation-reduction reaetion. Consider 
what happens to the hydrogen atoms (and their eleetrons). Glu- 
eose is oxidized to earbon dioxide as it loses hydrogen atoms, 
and oxygen is reduced to water as it aeeepts the hydrogen atoms. 
This reaetion is deseribed in detail in Chapter 24, along with 
other topies of eelhilar metabolism. 

Energy Flow in Chemical Reaetions 

Because all ehemieal bonds represent stored ehemieal energy, all 
ehemieal reaetions ultimately result in net absorption or release 
of energy. Reaetions that release energy are ealled exergonic 
reaetions. These reaetions yield products with less energy than 
the initial reaetants, along with energy that ean be harvested for 
other uses. With a few exceptions, eatabolie and oxidative reae- 
tions are exergonic. 

In eontrast, the products of energy-absorbing, or ender- 
gonie, reaetions eontain more potential energy in their ehemi- 
eal bonds than did the reaetants. Anabolie reaetions are typieally 
energy-absorbing endergonie reaetions. Essentially this is a ease 
of a one hand washing the other”—the energy released when 
fuel molecules are broken down (oxidized) is captured in ATP 
molecules and then used to synthesize the complex biologieal 
molecules the body needs to sustain life. 

Reversibility of Chemical Reaetions 

All ehemieal reaetions are theoretieally reversible. If ehemieal 
bonds ean be made, they ean be broken, and viee versa. Revers- 
ibility is indieated by a double arrow. When the arrows differ in 
length, the longer arrow indieates the major direetion in which 
the reaetion proeeeds: 

A + B^AB 

In this example, the forward reaetion (reaetion going to the 
right) predominates. Over time, the product (AB) accumulates 
and the reaetants (A and B) deerease in amount. 

When the arrows are of equal length, as in 

A + B AB 


neither the forward reaetion nor the reverse reaetion is domi- 
nant. In other words, for eaeh molecule of product (AB) formed, 
one product molecule breaks down, releasing the reaetants A 
and B. Such a ehemieal reaetion is said to be in a state of ehemi- 
eal equilibrium. 

Onee ehemieal equilibrium is reaehed, there is no further net 
ehange in the amounts of reaetants and products unless more of 
either are added to the mix. Product molecules are still formed 
and broken down, but the balanee established when equilib- 
rium was reaehed (such as greater numbers of product mol- 
ecules) remains unchanged. 

Chemical equilibrium is analogous to the admission 
seheme used by many large museums in which tiekets are sold 
aeeording to time of entry. If 300 tiekets are issued for the 9 am 
admission, 300 people will be admitted when the doors open. 
Thereafter, when 6 people leave, 6 are admitted, and when an- 
other 15 people leave, 15 more are allowed in. There is a eon- 
tinual turnover, but the museum eontains about 300 art lovers 
throughout the day. 

All ehemieal reaetions are reversible, but many biologieal reae- 
tions show so little tendeney to go in the reverse direetion that they 
are irreversible for all praetieal purposes. Chemical reaetions that 
release energy will not go in the opposite direetion unless energy 
is put baek into the system. For example, when our eells break 
down glucose via the reaetions of cellular respiration to yield ear- 
bon dioxide and water, some of the energy released is trapped in 
the bonds of ATP. Because the eells then use ATP s energy for vari- 
ous functions (and more glucose will be along with the next meal), 
this particular reaetion is never reversed in our eells. Furthermore, 
if a product of a reaetion is continuously removed from the reae- 
tion site, it is unavailable to take part in the reverse reaetion. This 
situation occurs when the earbon dioxide that is released during 
glucose breakdown leaves the eell, enters the blood, and is eventu- 
ally removed from the body by the lungs. 

Faetors lnfluenc ng the Rate 
of Chemical Reaetions 

What influences how quickly ehemieal reaetions go? For atoms 
and molecules to reaet ehemieally in the first plaee, they must 
eollide with enough foree to overeome the repulsion between 
their eleetrons. interaetions between valenee shell eleetrons— 
the basis of bond making and breaking—eannot occur long dis- 
tanee. The foree of eollisions depends on how fast the partieles 
are moving. Solid, forceful eollisions between rapidly moving 
partieles in which valenee shells overlap are much more likely to 
cause reaetions than are eollisions in which the partieles graze 
eaeh other lightly. 

Temperature inereasing the temperature of a substance in- 
ereases the kinetie energy of its partieles and the foree of their 
eollisions. For this reason, ehemieal reaetions proeeed more 
quickly at higher temperatures. 

Concentratiori Chemical reaetions progress most rapidly 
when the reaeting partieles are present in high numbers, be- 
cause the ehanee of successful eollisions is greater. As the eon- 
eentration of the reaetants deelines, the reaetion slows. Chemical 
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equilibrium eventually occurs unless additional reaetants are 
added or products are removed from the reaetion site. 

Partide Size Smaller partieles move faster than larger ones 
(at the same temperature) and tend to eollide more frequently 

I and more forcefully. Henee, the smaller the reaeting partieles, 
the faster a ehemieal reaetion goes at a given temperature and 
eoneentration. 

Catalysts Many ehemieal reaetions in nonliving systems 
ean be speeded up simply by heating, but drastie inereases in 
body temperature are life threatening because important bio- 
logieal molecules are destroyed. Still, at normal body tempera- 
tures, most ehemieal reaetions would proeeed far too slowly to 
maintain life were it not for the presenee of eatalysts. Catalysts 
(kat'ah-lists) are substances that inerease the rate of ehemieal 
reaetions without themselves beeoming ehemieally ehanged 
or part of the product. Biologieal eatalysts are ealled enzymes 
(en'zlmz). Later in this ehapter we deseribe how enzymes work. 



Check Your IJnderstanding 


13. Which reaetion type—synthesis, deeomposition, or 
exchange—occurs when fats are digested in your small 
intestine? 

14. Why are many reaetions that occur in living systems 
irreversible for all intents and purposes? 

15. What speeifie name is given to deeomposition reaetions in 
which food fuels are broken down for energy? 

_ For ansvvers, see Appendix H. 


PART 2 

Bioehemistry 

Bioehemistry is the study of the ehemieal eomposition and re- 
aetions of living matter. All ehemieals in the body fall into one 
of two major elasses: organie or inorganie compounds. Organie 
compounds eontain earbon. All organie compounds are eova- 
lently bonded molecules, and many are large. 

All other ehemieals in the body are eonsidered inorganie 
compounds. These include water, salts, and many aeids and 
bases. Organie and inorganie compounds are equally essential 
for life. Trying to deeide which is more valuable is like trying 
to deeide whether the ignition system or the engine is more es- 
sential to run your ear! 

inorganie Compounds 

Explain the importanee of water and salts to body homeostasis. 
Define aeid and base, and explain the eoneept of pH. 


Water 

Water is the most abundant and important inorganie eom- 
pound in living material. It makes up 60-80% of the volume of 
most living eells. What makes water so vital to life? The answer 
lies in several properties: 


■ High heat eapaeity. Water has a high heat eapaeity. In other 
words, it absorbs and releases large amounts of heat before 
ehanging appreeiably in temperature itself. This property of 
water prevents sudden ehanges in temperature caused by ex- 
ternal faetors, such as sun or wind exposure, or by internal 
eonditions that release heat rapidly, such as vigorous mus- 
ele aetivity. As part of blood, water redistributes heat among 
body tissues, ensuring temperature homeostasis. 

■ High heat of vaporization. When water evaporates, or va- 
porizes, it ehanges from a liquid to a gas (water vapor). This 
transformation requires that large amounts of heat be ab- 
sorbed to break the hydrogen bonds that hold water mol- 
ecules together. This property is extremely benefieial when 
we sweat. As perspiration (mostly water) evaporates from 
our skin, large amounts of heat are removed from the body, 
providing effieient eooling. 

■ Polar solvent properties. Water is an unparalleled solvent. 
Indeed, it is often ealled the universal solvent. Bioehemistry 
is “wet ehemistry ’ Biologieal molecules do not reaet ehemi- 
eally unless they are in solution, and virtually all ehemieal 
reaetions occurring in the body depend on water s solvent 
properties. 

Because water molecules are polar, they orient them- 
selves with their slightly negative ends toward the positive 
ends of the sohites, and viee versa, first attraeting the sol- 
ute molecules, and then surrounding them. This polarity 
of water explains why ionie compounds and other small 
reaetive molecules (such as aeids and bases) dissoeiate in 
water, their ions separating from eaeh other and beeom- 
ing evenly seattered in the water, forming true solutions 
(Figure 2.12). 

Water also forms layers of water molecules, ealled hydra- 
tion layers, around large eharged molecules such as proteins, 
shielding them from the effeets of other eharged substances 
in the vieinity and preventing them from settling out of so- 
lution. Such protein-water mixtures are biologieal eolloids. 
Blood plasma and eerebrospinal fluid (which surrounds the 
brain and spinal eord) are examples of eolloids. 

Water is the bodys major transport medium because it is 
such an excellent solvent. Nutrients, respiratory gases, and 
metabolie wastes earried throughout the body are dissolved 
in blood plasma, and many metabolie wastes are excreted 
from the body in urine, another watery fhiid. Speeialized 
molecules that lubricate the body (e.g., mucus) also use water 
as their dissolving medium. 

■ Reaetivity. Water is an important reaetant in many ehemi- 
eal reaetions. For example, foods are digested to their build- 
ing bloeks by adding a water molecule to eaeh bond to be 
broken. Such deeomposition reaetions are more speeifieally 
ealled hydrolysis reaetions (hi-drol'ì-sis; “water splitting”). 
Conversely, when large earbohydrate or protein molecules 
are synthesized from smaller molecules, a water molecule is 
removed for every bond formed, a reaetion ealled dehydra- 
tion synthesis. 

■ Cushioning. By forming a resilient cushion around eertain 
body organs, water helps proteet them from physieal trauma. 







The eerebrospinal fluid surrounding the brain exemplifies 
water s cushioning role. 
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Salts 

A salt is an ionie compound eontaining eations other than 
H + and anions other than the hydroxyl ion (OH~). As already 
noted, when salts are dissolved in water, they dissoeiate into 
their eomponent ions (Figure 2.12). For example, sodium sul- 
fate (Na 2 S0 4 ) dissoeiates into two Na + ions and one S0 4 2- ion. 
It dissoeiates easily because the ions are already formed. All that 
remains is for water to overeome the attraetion between the op- 
positely eharged ions. 

All ions are eleetrolytes (e-lek'tro-llts), substances that conduct 
an eleetrieal current in solution. (Note that groups of atoms that bear 
an overall eharge, such as sulfate, are ealled polyatomie ions.) 

Salts eommonly found in the body include NaCl, CaC0 3 
(calcium earbonate), and KC1 (potassium ehloride). However, 
the most plentiful salts are the calcium phosphates that make 
bones and teeth hard. In their ionized form, salts play vital roles 
in body fimetion. For instanee, the eleetrolyte properties of so- 
dium and potassium ions are essential for nerve impulse trans- 
mission and muscle eontraetion. ionie iron forms part of the 
hemoglobin molecules that transport oxygen within red blood 
eells, and zine and eopper ions are important to the aetivity 
of some enzymes. Other important fimetions of the elements 
found in body salts are summarized in Table 2.1 on p. 26. 



Homeostatie imbalanee 2.1 


Maintaining proper ionie balanee in our body fluids is one of 
the most eraeial homeostatie roles of the kidneys. When this 
balanee is severely disturbed, virtually nothing in the body 
works. All the physiologieal aetivities listed above and thou- 
sands of others are disrapted and grind to a stop. + 



Salt ^--lons in 

erystal solution 


Figure 2.12 Dissoeiation of salt in vvater. 


Other aeids found or produced in the body include aeetie aeid 
(HC 2 H 3 0 2 , eommonly abbreviated as HAe), which is the aeidie 
portion of vinegar; and earbonie aeid (H 2 C0 3 ). The molecular 
formula for an aeid is easy to reeognize because the hydrogen is 
written first. 


Aeids and Bases 

Like salts, aeids and bases are eleetrolytes. They ionize and dis- 
soeiate in water and ean then conduct an eleetrieal current. 

Aeids 

Aeids have a sour taste, ean reaet with (dissolve) many metals, 
and ct burn” a hole in your rug. But for our purposes the most 
useful definition of an aeid is a substance that releases hydrogen 
ions (H + ) in deteetable amounts. Because a hydrogen ion is just 
a hydrogen nucleus, or cc naked” proton, aeids are also defined as 
proton donors. 

When aeids dissolve in water, they release hydrogen ions 
(protons) and anions. It is the eoneentration of protons that de- 
termines the aeidity of a solution. The anions have little or no 
effeet on aeidity. For example, hydroehlorie aeid (HC1), an aeid 
produced by stomaeh eells that aids digestion, dissoeiates into a 
proton and a ehloride ion: 

HC1 -> H + + er 

proton anion 


Bases 

Bases have a bitter taste, feel slippery, and are proton aeeeptors— 
that is, they take up hydrogen ions (H + ) in deteetable amounts. 
Common inorganie bases include the hydroxides (hi-drok'síds), 
such as magnesimn hydroxide (milk of magnesia) and sodium 
hydroxide (lye). Like aeids, hydroxides dissoeiate when 
dissolved in water, but in this ease hydroxyl ions (OH _ ) 
(hi-drok'sil) and eations are liberated. For example, ionization 
of sodium hydroxide (NaOH) produces a hydroxyl ion and a 
sodium ion, and the hydroxyl ion then binds to (aeeepts) a 
proton present in the sohition. This reaetion produces water 
and simultaneously reduces the aeidity (hydrogen ion eoneen- 
tration) of the solution: 

NaOH -> Na + + OH _ 

eation hydroxyl 

ion 

and then 

OH~ + H + ^ H 2 0 

water 
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Wine (pH=2.5-3.5) 


Lemon juice; gastrie 
juice (pH=2) 


1 M Hydroehlorie 
aeid (pH=0) 


Figure 2.13 The pH seale and pH values of representative 
substances. The pH seale is based on the number of hydrogen ions 
in solution. The actual eoneentrations of hydrogen ions, [H + ], and 
hydroxyl ions, [OH~], in moles per liter are indieated for eaeh pH 
value noted. At a pH of 7, [H + ] = [OH“] and the solution is neutral. 


Biearbonate ion (HC0 3 _ ), an important base in the body, 
is particularly abundant in blood. Ammonia (NH 3 ), a eommon 
waste product of protein breakdown in the body, is also a base. It 
has one pair of unshared eleetrons that strongly attraets protons. 
By aeeepting a proton, ammonia beeomes an ammonium ion: 

NH 3 + H + -> NH 4 + 

ammonium 

ion 


pH: Aeid-Base Concentration 

The more hydrogen ions in a sohition, the more aeidie the solu- 
tion is. Conversely, the greater the eoneentration of hydroxyl 
ions (the lower the eoneentration of H + ), the more basie, or 
alkaline (al'kuh-lln), the solution beeomes. The relative eoneen- 
tration of hydrogen ions in various body fluids is measured in 
eoneentration units ealled pH units (pe-àeh'). 

The idea for a pH seale was devised by a Danish bioehemist 
and part-time beer brewer named Sòren Sòrensen in 1909. He 
was searehing for a eonvenient means of eheeking the aeidity of 
his aleoholie product to prevent its spoilage by baeterial aetion. 
(Aeidie eonditions inhibit many baeteria.) The pH seale that 
resulted is based on the eoneentration of hydrogen ions in a so- 
lution, expressed in terms of moles per liter, or molarity. The pH 
seale mns from 0 to 14 and is logarithmie. In other words, eaeh 
successive ehange of one pH unit represents a tenfold ehange in 
hydrogen ion eoneentration Figure 2.13]. The pH of a solu- 
tion is thus defined as the negative logarithm of the hydrogen 
ion eoneentration [H + ] in moles per liter, or — log[H + ]. (Note 
that braekets [ ] indieate eoneentration of a substance.) 

At a pH of 7 (at which [H + ] is 10 -7 M), the sohition is 
neiitral —neither aeidie nor basie. The number of hydrogen 
ions exactly equals the nrnnber of hydroxyl ions (pH = pOH). 
Absohitely pure (distilled) water has a pH of 7. 

Sohitions with a pH below 7 are aeidie—the hydrogen ions 
outnumber the hydroxyl ions. The lower the pH, the more aeidie 
the solution. A solution with a pH of 6 has ten times as many 
hydrogen ions as a sohition with a pH of 7. 

Sohitions with a pH higher than 7 are alkaline, and the rela- 
tive eoneentration of hydrogen ions deereases by a faetor of 10 
with eaeh higher pH unit. Thus, sohitions with pH values of 8 
and 12 have, respeetively, 1/10 and 1/100,000 (1/10 X 1/10 X 
1/10 X 1/10 X 1/10) as many hydrogen ions as a solution of 
pH 7. 

The approximate pH of several body flmds and of a number 
of eommon substances appears in Figrne 2.13. Notiee that as the 
hydrogen ion eoneentration deereases, the hydroxyl ion eon- 
eentration rises, and viee versa. 

Neutralization 

What happens when aeids and bases are mixed? They reaet with 
eaeh other in displaeement reaetions to form water and a salt. 
For example, when hydroehlorie aeid and sodium hydroxide 
interaet, sodium ehloride (a salt) and water are formed. 

HC1 + NaOH -> NaCl + H 2 0 

aeid base salt water 
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This type of reaetion is ealled a neutralization reaetion, be- 
cause the joining of H + and OH“ to form water neutralizes the 
solution. Although the salt produced is written in molecular 
form (NaCl), remember that it actually exists as dissoeiated so- 
dium and ehloride ions when dissolved in water. 

Buffers 

Living eells are extraordinarily sensitive to even slight ehanges 
in the pH of the environment. In high eoneentrations, aeids 
and bases are extremely damaging to living tissue. Imagine what 
would happen to all those hydrogen bonds in biologieal mole- 
cules with large numbers of free H + mnning around. (Cant you 
just hear those molecules saying “Why share hydrogen when I 
ean have my own?”) 

Homeostasis of aeid-base balanee is carefully regulated by the 
kidneys and lungs and by ehemieal systems (proteins and other 
types of molecules) ealled buffers. Buífers resist abrupt and large 
swings in the pH of body flmds by releasing hydrogen ions (aet- 
ing as aeids) when the pH begins to rise and by binding hydrogen 
ions (aeting as bases) when the pH drops. Because blood eomes 
into elose eontaet with nearly every body eell, regulating its pH is 
particularly eritieal. Normally, blood pH varies within a very nar- 
row range (7.35 to 7.45). If blood pH varies from these limits by 
more than a few tenths of a unit, it may be fatal. 

To eomprehend how ehemieal buffer systems operate, you 
must thoroughly understand strong and weak aeids and bases. 
The first important eoneept is that the aeidity of a solution re- 
fleets only the free hydrogen ions, not those still bound to anions. 
Consequently, aeids that dissoeiate eompletely and irreversibly 
in water are ealled strong aeids, because they ean dramatieally 
ehange the pH of a solution. Examples are hydroehlorie aeid 
and sulfuric aeid. If we could count out 100 hydroehlorie aeid 
molecules and plaee them in 1 milliliter (ml) of water, we could 
expect to end up with 100 H + , 100 Cl _ , and no undissociated 
hydroehlorie aeid molecules in that sohition. 

Aeids that do not dissoeiate eompletely, like earbonie aeid 
(H 2 C0 3 ) and aeetie aeid (HAe), are weak aeids. If we were to 
plaee 100 aeetie aeid molecules in 1 ml of water, the reaetion 
would be something like this: 

100 HAe -> 90 HAe + 10 H + + 10 Ae” 

Because undissociated aeids do not affeet pH, the aeetie aeid 
solution is much less aeidie than the HC1 solution. Weak aeids 
dissoeiate in a predietable way, and molecules of the intaet aeid 
are in dynamie equilibrium with the dissoeiated ions. Conse- 
quently, the dissoeiation of aeetie aeid may also be written as 

HAe ^H + + Ac“ 

This viewpoint allows us to see that if H + (released by a 
strong aeid) is added to the aeetie aeid solution, the equilibrium 
will shift to the left and some H + and Ac _ will reeombine to 
form HAe. On the other hand, if a strong base is added and the 
pH begins to rise, the equilibrium shifts to the right and more 
HAe molecules dissoeiate to release H + . This eharaeteristie of 
weak aeids allows them to play important roles in the ehemieal 
buffer systems of the body. 


The eoneept of strong and weak bases is more easily ex- 
plained. Remember that bases are proton aeeeptors. Thus, 
strong bases are those, like hydroxides, that dissoeiate 
easily in water and quickly tie up H + . On the other hand, 
sodium biearbonate (eommonly known as baking soda) 
ionizes ineompletely and reversibly. Because it aeeepts rela- 
tively few protons, its released biearbonate ion is eonsidered 
a weak base. 

Now lets examine how one buffer system helps to maintain 
pH homeostasis of the blood. Although there are other ehemi- 
eal blood buffers, the earbonie aeid-biearbonate system is a 
major one. Carbonic aeid (H 2 C0 3 ) dissoeiates reversibly, releas- 
ing biearbonate ions (HC0 3 _ ) and protons (H + ): 

Response to rise in pH 

H 2 C0 3 — — HC0 3 “ + H + 

H + donor Response to drop in pH H + aeeeptor proton 
(weak aeid) (weak base) 

The ehemieal equilibrium between earbonie aeid (a weak aeid) 
and biearbonate ion (a weak base) resists ehanges in blood 
pH by shifting to the right or left as H + ions are added to or 
removed from the blood. As blood pH rises (beeomes more 
alkaline due to the addition of a strong base), the equilibrium 
shifts to the right, foreing more earbonie aeid to dissoeiate. 
Similarly, as blood pH begins to drop (beeomes more aeidie 
due to the addition of a strong aeid), the equilibrium shifts to 
the left as more biearbonate ions begin to bind with protons. 
As you ean see, strong bases are replaeed by a weak base (bi- 
earbonate ion) and protons released by strong aeids are tied 
up in a weak one (earbonie aeid). In either ease, the blood pH 
ehanges much less than it would in the absenee of the buffer- 
ing system. We discuss aeid-base balanee and buffers in more 
detail in Chapter 26. 



Check Your Understanding 


16. Water makes up 60-80% of living matter. What property 
makes it an excellent solvent? 

17. Salts are eleetrolytes. What does that mean? 

18. Which ion is responsible for inereased aeidity? 

19. To minimize the sharp pH shift that occurs when a strong 
aeid is added to a solution, is it better to add a weak base or 
a strong base? Why? 

_ For ansvvers, see Appendix Fi. 


Organie Compounds 

s Deseribe and eompare the biiilding blocks # general structures # 
and biologieal functions of earbohydrates and lipids. 

Explain the role of dehydration synthesis and hydrolysis in 
forming and breaking down organie molecules. 

Molecules unique to living systems—earbohydrates, lipids 
(fats), proteins, and nucleic aeids—all eontain earbon and henee 
are organie compounds. Organie compounds are generally dis- 
tinguished by the faet that they eontain earbon, and inorganie 
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(b) Hydrolysis 


Monomers are released by the addition of a water molecule, adding OH to one monomer and H to the other. 


Monomers linked by eovalent bond 



Monomer 1 


\ 




p Monomer 2 




(e) Example reaetions 



Dehydration synthesis of sucrose and its breakdown by hydrolysis 



hoch 2 ^o 


VVater is 
released 


HOOH 


+ 



ch 2 oh 



OH H 
Fructose 


VVater is 
consumed 


H 2 0 



H 


OH 


HOCH 2 .0 


O 



ch 2 oh 


Sucrose 


Figure 2.14 Dehydration synthesis and hydrolysis. Biologieal molecules are formed 
from their monomers, or units, by dehydration synthesis and broken dovvn to the monomers 
by hydrolysis reaetions. 


compounds are defined as compounds that laek earbon. You 
should be aware of a few irrational exceptions to this generaliza- 
tion: Carbon dioxide and earbon monoxide, for example, eon- 
tain earbon but are eonsidered inorganie compounds. 

For the most part, organie molecules are very large mol- 
ecules, but their interaetions with other molecules typieally 
involve only small, reaetive parts of their structure ealled func- 
tional groups (aeid groups, amines, and others). The most im- 
portant fimetional groups involved in bioehemieal reaetions are 
illustrated in Appendix B. 

What makes earbon so speeial that “living” ehemistry de- 
pends on its presenee? To begin with, no other small atom is 
so preeisely electroneutral. The consequence of its eleetro- 
neutrality is that earbon never loses or gains eleetrons. In- 
stead, it always shares them. Furthermore, with four valenee 
shell eleetrons, earbon forms four eovalent bonds with other 


elements, as well as with other earbon atoms. As a result, ear- 
bon ean help form long, ehainlike molecules (eommon in 
fats), ring structures (typieal of earbohydrates and steroids), 
and many other structures that are uniquely suited for spe- 
eifie roles in the body. 

As you will see shortly, many biologieal molecules (earbo- 
hydrates and proteins for example) are polymers. Polymers 
are ehainlike molecules made of many similar or repeating 
units (monomers), which are joined together by dehydra- 
tion synthesis Figure 2.14). During dehydration synthe- 
sis, a hydrogen atom is removed from one monomer and 
a hydroxyl group is removed from the monomer it is to be 
joined with. As a eovalent bond unites the monomers, a wa- 
ter molecule is released. This removal of a water molecule at 
the bond site occurs eaeh time a monomer is added to the 
growing polymer ehain. 
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Carbohydrates 

Carbohydrates, a group of molecules that includes sugars and 
starehes, represent 1-2% of eell mass. Carbohydrates eontain 
earbon, hydrogen, and oxygen, and generally the hydrogen 
and oxygen atoms occur in the same 2:1 ratio as in water. 
This ratio is refleeted in the word earbohydrate (“hydrated 
earbon”). 

A earbohydrate ean be elassified aeeording to size and solu- 
bility as a monosaeeharide (“one sugar”), disaeeharide (“two 
sugars”), or polysaeeharide (“many sugars”). Monosaeeharides 
are the monomers, or building bloeks, of the other earbohy- 
drates. In general, the larger the earbohydrate molecule, the less 
soluble it is in water. 

Monosaeeharides 

Monosaeeharides (mon"o-sak'ah-rìdz), or simple sugars , are 
single-ehain or single-ring structures eontaining from three to 
seven earbon atoms Fi ure 2.1 5a: . Usually the earbon, hydro- 
gen, and oxygen atoms occur in the ratio 1:2:1, so a general for- 
mula for a monosaeeharide is (CH 2 0) M , where n is the number 
of earbons in the sugar. Glucose, for example, has six earbon 
atoms, and its molecular formula is C 6 H 12 0 6 . Ribose, with five 
earbons, is C 5 H 10 O 5 . 

Monosaeeharides are named generieally aeeording to the 
number of earbon atoms they eontain. Most important in the 
body are the pentose (five-earbon) and hexose (six-carbon) 
sugars. For example, the pentose deoxyribose (de-ok"sí-ri'bós) 
is part of DNA, and glucose , a hexose, is blood sugar. 

Two other hexoses, galaetose and fructose , are isomers 
(ì'so-mers) of ghieose. That is, they have the same molecular 
formula (C 6 H 12 O ó ), but as you ean see in Figure 2.15a, their 
atoms are arranged differently, giving them different ehemi- 
eal properties. 

Disaeeharides 

A disaeeharide (di-sak'ah-rìd), or double sugar , is formed when 
two monosaeeharides are joined by dehydration synthesis (Fig- 
ure 2.14a, e). In this synthesis reaetion, a water molecule is lost 
as the bond is made, as illustrated by the synthesis of sucrose 
(soo'krós): 

2C 6 H 12 0 6 > C 12 H 22 O n + H 2 0 

glucose + fructose sucrose water 

Notiee that the molecular formula for sucrose eontains two hy- 
drogen atoms and one oxygen atom less than the total number 
of hydrogen and oxygen atoms in ghieose and fmetose, because 
a water molecule is released during bond formation. 

Important disaeeharides in the diet are sucrose (glucose + 
fmetose), which is eane or table sugar; laetose (glucose + ga- 
laetose), found in milk; and maltose (glucose + ghieose), also 
ealled malt sugar (Figure 2.15b). Disaeeharides are too large to 
pass through eell membranes, so they must be digested to their 
simple sugar units to be absorbed from the digestive traet into 
the blood. This deeomposition proeess is hydrolysis , essentially 
the reverse of dehydration synthesis (Figure 2.14a, b). A water 


molecule is added to eaeh bond, breaking the bonds and releas- 
ing the simple sugar units. 

Polysaeeharides 

Polysaeeharides (pol"e-sak'ah-rìdz) are polymers of sim- 
ple sugars linked together by dehydration synthesis. Because 
polysaeeharides are large, fairly insoluble molecules, they are 
ideal storage products. Another consequence of their large size 
is that they laek the sweetness of the simple and double sugars. 

Only two polysaeeharides are of major importanee to the 
body: stareh and glyeogen. Both are polymers of ghieose. Only 
their degree of branehing differs. 

Stareh is the storage earbohydrate formed by plants. The 
number of glucose units eomposing a stareh molecule is high 
and variable. When we eat starehy foods such as grain products 
and potatoes, the stareh must be digested for its ghieose units to 
be absorbed. We are unable to digest eelMose , another polysae- 
eharide found in all plant products. However, it is important 
in providing the bulk (one form of fiber) that helps move feees 
through the eolon. 

Glyeogen (gli'ko-jen), the storage earbohydrate of animal tissues, 
is stored primarily in skeletal muscle and liver eells. Like stareh, it is 
highly branehed and is a very large molecule (Figure 2.15c). When 
blood sugar levels drop sharply, liver eells break down glyeogen and 
release its glucose units to the blood. Sinee there are many braneh 
endings from which glucose ean be released simultaneously, body 
eells have almost instant aeeess to glucose fiiel. 

Carbohydrate Functions 

The major hmetion of earbohydrates in the body is to provide a 
ready, easily used source of eelhilar fuel. Most eells ean use only 
a few types of simple sugars, and glucose is at the top of the “eel- 
lular menu.” As deseribed in our earlier discussion of oxidation- 
reduction reaetions (pp. 36-37), glucose is broken down and 
oxidized within eells. During these ehemieal reaetions, eleetrons 
are transferred. This reloeation of eleetrons releases the bond 
energy stored in ghieose, and this energy is used to synthesize ATR 
When ATP supplies are sufficient, dietary earbohydrates are eon- 
verted to glyeogen or fat and stored. Those of us who have gained 
weight from eating too many earbohydrate-rieh snaeks have 
personal experience with this eonversion proeess! 

Only small amounts of earbohydrates are used for structural 
purposes. For example, some sugars are found in our genes. 
Others are attaehed to the external surfaces of eells where they 
aet as “road signs” to guide cellular interaetions. 

Lipids 

Lipids are insoluble in water but dissolve readily in other lipids 
and in organie solvents such as aleohol and ether. Like earbohy- 
drates, all lipids eontain earbon, hydrogen, and oxygen, but the 
proportion of oxygen in lipids is much lower. In addition, phos- 
phoms is found in some of the more complex lipids. Lipids include 
triglyeerides, phospholipids (fos"fo-lip'idz), steroids (sté'roidz), and 
a number of other lipoid substances. Table 2.2 on p. 46 gives the 
loeations and fiinetions of some lipids found in the body. 
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Monosaeeharides 


Monomers of earbohydrates 


Example 

Hexose sugars (the hexoses shown here are isomers) 



HOCH -O 



ch 2 oh 


Example 

Pentose sugars 


HOCH 


OH H 
Fructose 



hoch 2 .0 



Galaetose 


OH H 
Deoxyribose 



(b) Disaeeharides 


Consist of two linked monosaeeharides 


Example 

Sucrose, maltose, and laetose 
(these disaeeharides are isomers) 


hoch 2 



H OH OH H 


hoch 2 hoch 2 



H OH H OH 



H OH 



Glucose 


Fructose 


Sucrose 


Glucose Glucose 

- 1 - 

Maltose 


Galaetose 


Glucose 


Laetose 



gure 2.1! Carbohydrate molecules important to the body.* 

*Notice that in Figure 2.15 the earbon (C) atoms present at the angles of the earbohydrate ring structures are not 
illustrated and in Figure 2.15c only the oxygen atoms and one CH 2 group are shown. The illustrations at right give an 
example of this shorthand style: The full structure of glucose is on the left and the shorthand structure on the right. 
This style is used for nearly all organie ringlike structures illustrated in this ehapter. 
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(a) Triglyeeride formation 


Three fatty aeid ehains are bound to glyeerol by dehydration synthesis 
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+ 3H 2 0 


Glyeerol 


3 fatty aeid ehains 


Triglyeeride, or neutral fat 



3 vvater 
molecules 


(b) “ Typieal” structure of a phospholipid molecule 


Two fatty aeid ehains and a phosphoms-eontaining group are attaehed to the glyeerol baekbone. 


Example 



Phosphoms-eontaining Glyeerol 2 fatty aeid ehains 

group (polar “head”) baekbone (nonpolar “tail”) 


Polar “head” 



Nonpolar “tail” 
(sehematie phospholipid) 


(e) Simplified structure of a steroid 


Four interloeking hydroearbon rings form a steroid. 


Example 

Cholesterol (eholesterol is the 

basis for all steroids formed in the body) 



Triglyeendes (Neiitral Fats) 

Triglyeerides (tri-glis'er-ldz), also ealled neutral fats, are eom- 
monly known as fats when solid or oils when liquid. A triglye- 
eride is eomposed of two types of building bloeks, fatty aeids 


gure 2.16 Lipids. The general structure of (a) triglyeerides, or 
neutral fats, (b) phospholipids, and (e) eholesterol. 


and glyeerol (glis'er-ol), in a 3:1 ratio of fatty aeids to glyeerol 
gure 2.16a . Fatty aeids are linear ehains of earbon and hy- 
drogen atoms (hydroearbon ehains) with an organie aeid group 
(—COOH) at one end. Glyeerol is a modified simple sugar 
(a sugar aleohol). 

Fat synthesis involves attaehing three fatty aeid ehains to a 
single glyeerol molecule by dehydration synthesis. The result is 
an E-shaped molecule. The glyeerol baekbone is the same in all 
triglyeerides, but the fatty aeid ehains vary, resulting in different 
kinds of fats and oils. 

These are large molecules, often eonsisting of hundreds of 
atoms, and ingested fats and oils must be broken down to their 
building bloeks before they ean be absorbed. Their hydroearbon 
ehains make the triglyeerides nonpolar molecules. Because po- 
lar and nonpolar molecules do not interaet, oil (or fats) and wa- 
ter do not mix. Consequently, triglyeerides provide the body s 
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Table 2.2 Representative Lipids Found in the Body 


LIPID TYPE LOCATION/FUNCTION 

Triglyeerides (Neutral Fats) 

Fat deposits (in subcutaneous tissue and around organs) proteet and insulate body organs, and are the 
major source of stored energy in the body. 

Phospholipids (phosphatidyleholine; eephalin; others) 

Chief eomponents of eell membranes. Partieipate in the transport of lipids in plasma. Prevalent in nervous 
tissue. 

Steroids 

eholesterol 
Bile salts 

Vitamin D 

Sex hormones 

Adrenoeortieal hormones 

Other Lipoid Substances 

Fat-soluble vitamins: 

A 

E 

K 

Eieosanoids (prostaglandins; 
leukotrienes; thromboxanes) 


Lipoproteins 


Ingested in orange-pigmented vegetables and fruits. Converted in the retina to retinal, a part of the 
photoreeeptor pigment involved in vision. 

Ingested in plant products such as vvheat germ and green leafy vegetables. Claims have been made (but 
not proved in humans) that it promotes wound healing, contributes to fertility, and may help to neutralize 
highly reaetive partieles ealled free radieals believed to be involved in triggering some types of eaneer. 

Made available to humans largely by the aetion of intestinal baeteria. Also prevalent in a wide variety of 
foods. Neeessary for proper elotting of blood. 

Group of molecules derived from fatty aeids found in all eell membranes. The potent prostaglandins have 
diverse effeets, including stimulation of uterine eontraetions, regulation of blood pressure, eontrol of 
gastrointestinal traet motility, and seeretory aetivity. Both prostaglandins and leukotrienes are involved in 
inflammation. Thromboxanes are powerful vasoeonstrietors. 

Lipoid and protein-based substances that transport fatty aeids and eholesterol in the bloodstream. Major 
varieties are high-density lipoproteins (HDLs) and low-density lipoproteins (LDLs). 


The structural basis for manufacture of all body steroids. A eomponent of eell membranes. 

These breakdown products of eholesterol are released by the liver into the digestive traet, where they aid 
fat digestion and absorption. 

A fat-soluble vitamin produced in the skin on exposure to UV radiation. Neeessary for normal bone growth 
and function. 

Estrogen and progesterone (female hormones) and testosterone (a male hormone) are produced in the 
gonads. Neeessary for normal reproductive function. 

Cortisol, a glucocorticoid, is a metabolie hormone neeessary for maintaining normal blood glucose levels. 
Aldosterone helps to regulate salt and water balanee of the body by targeting the kidneys. 


most effìeient and eompaet form of stored energy, and when 
they are oxidized, they yield large amounts of energy. 

Triglyeerides are found mainly beneath the skin, where they 
insulate the deeper body tissues from heat loss and proteet them 
from meehanieal trauma. For example, women are usually more 
successful English Channel swimmers than men. Their success 
is due partly to their thieker subcutaneous fatty layer, which 
helps insulate them from the bitterly eold water of the Channel. 

The length of a triglyeeride s fatty aeid ehains and their degree 
of satmation with H atoms determine how solid the molecule is 
at a given temperature. Fatty aeid ehains with only single eova- 
lent bonds between earbon atoms are referred to as saturated. 
Their fatty aeid ehains are straight and, at room temperature, the 
molecules of a saturated fat are paeked elosely together, forming 


a solid. Fatty aeids that eontain one or more double bonds be- 
tween earbon atoms are said to be unsaturated (monounsatu- 
rated and polyunsaturated, respeetively). The double bonds 
cause the fatty aeid ehains to kink so that they eannot be paeked 
elosely enough to solidify. Henee, triglyeerides with short fatty 
aeid ehains or unsaturated fatty aeids are oils (liquid at room 
temperature) and are typieal of plant lipids. Examples include 
olive and peanut oils (rieh in monounsaturated fats) and eorn, 
soybean, and saíflower oils, which eontain a high pereentage of 
polyunsaturated fatty aeids. Longer fatty aeid ehains and more 
saturated fatty aeids are eommon in animal fats such as butterfat 
and the fat of meats, which are solid at room temperature. Of 
the two types of fatty aeids, the unsaturated variety, espeeially 
olive oil, is said to be more “heart healthy.” 
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Trans fats, eommon in many margarines and baked prod- 
ucts, are oils that have been solidified by addition of H atoms at 
sites of earbon double bonds. They have reeently been branded 
as inereasing the risk of heart disease even more than the solid 
animal fats. Conversely, the omega-3 fatty aeids, found natu- 
rally in cold-water fish, appear to deerease the risk of heart dis- 
ease and some inflammatory diseases. 


Phospholipids 

Phospholipids are modified triglyeerides. Speeifieally, they are 
diglyeerides with a phosphoms-eontaining group and two, rather 
than three, fatty aeid ehains (Figure 2.16b). The phosphorus- 
eontaining group gives phospholipids their distinetive ehemieal 
properties. Although the hydroearbon portion (the “tail”) of the 
molecule is nonpolar and interaets only with nonpolar molecules, 
the phosphoras-eontaining part (the “head”) is polar and attraets 
other polar or eharged partieles, such as water or ions. This unique 
eharaeteristie of phospholipids allows them to be used as the ehief 
material for building cellular membranes. Some biologieally im- 
portant phospholipids and their fiinetions are listed in Table 2.2. 

Steroids 

Structurally, steroids differ quite a bit from fats and oils. Steroids 
are basieally flat molecules made of four interloeking hydroear- 
bon rings. Like triglyeerides, steroids are fat soluble and eontain 
little oxygen. The single most important molecule in our steroid 
ehemistry is eholesterol (ko-les'ter-ol) (Figure 2.16c). We ingest 
eholesterol in animal products such as eggs, meat, and eheese, 
and our liver produces some. 

Cholesterol has earned bad press because of its role in 
atheroselerosis, but it is essential for human life. Cholesterol is 
found in eell membranes and is the raw material for synthesis 
of vitamin D, steroid hormones, and bile salts. Although steroid 
hormones are present in the body in only small quantities, they 
are vital to homeostasis. Without sex hormones, reproduction 
would be impossible, and a total laek of the eortieosteroids pro- 
duced by the adrenal glands is fatal. 


Eieosanoids 

The eieosanoids (i-ko'sah-noyds) are diverse lipids ehiefly de- 
rived from a 20-earbon fatty aeid (araehidonie aeid) found in all 
eell membranes. Most important of these are the prostaglandins 
and their relatives, which play roles in various body proeesses 
including blood elotting, regulation of blood pressure, inflam- 
mation, and labor eontraetions (Table 2.2). Their synthesis and 
inflammatory aetions are bloeked by NSAIDs (nonsteroidal 
anti-inflammatory drags) and the newer COX inhibitors. 



Check Yoiir Understanding 


20. What are the monomers of earbohydrates ealled? Which 
monomer is blood sugar? 

21. What is the animal form of stored earbohydrate ealled? 

22. Hovv do triglyeerides differ from phospholipids in body 
function and loeation? 


23. What is the result of hydrolysis reaetions and hovv are these 
reaetions aeeomplished in the body? 

_ For answers, see Appendix Fi. 


Proteins 

Deseribe the four levels of protein structure. 
indieate the function of molecular ehaperones. 
Deseribe enzyme aetion. 


The full set of proteins made by the body, ealled the proteome , 
and the way those proteins network in the body or ehange with 
disease, is a matter of intense bioteeh researeh. 

Protein eomposes 10-30% of eell mass and is the basie 
structural material of the body. However, not all proteins are 
eonstraetion materials. Many play vital roles in eell fimetion. 
Proteins, which include enzymes (biologieal eatalysts), hemo- 
globin of the blood, and eontraetile proteins of muscle, have the 
most varied fimetions of any molecules in the body. All proteins 
eontain earbon, oxygen, hydrogen, and nitrogen, and many 
eontain sulfur as well. 



Amino Aeids and Peptide Bonds 

The building bloeks of proteins are molecules ealled amino aeids, 
of which there are 20 eommon types (see Appendix C). All amino 
aeids have two important fiinetional groups: a basie group ealled 
an amine (ah'mén) group (—NH 2 ), and an organie aeid group 
(—COOH). An amino aeid may therefore aet either as a base (pro- 
ton aeeeptor) or an aeid (proton donor). All amino aeids are identi- 
eal except for a single group of atoms ealled their R group. Henee, it 
is differenees in the R group that make eaeh amino aeid ehemieally 
unique, as the examples in : igure 2.1 í show. 

Proteins are long ehains of amino aeids joined together 
by dehydration synthesis, with the amine end of one amino 
aeid linked to the aeid end of the next. The resulting bond 
produces a eharaeteristie arrangement of linked atoms ealled 
a peptide bond Figure 2.18 . Two united amino aeids form 
a dipeptide , three a tripeptide , and ten or more a polypeptide. 
Although polypeptides eontaining more than 50 amino 
aeids are ealled proteins, most proteins are macromolecules, 
large, complex molecules eontaining from 100 to over 10,000 
amino aeids. 

Because eaeh type of amino aeid has distinet properties, the 
sequence in which they are bound together produces proteins 
that vary widely in both structure and fimetion. We ean think of 
the 20 amino aeids as a 20-letter “alphabet” used in speeifie eom- 
binations to form a words” (proteins). Just as a ehange in one let- 
ter ean produce a word with an entirely different meaning (flour 
—> floor) or that is nonsensieal (flour —> floer), ehanges in the 
kinds or positions of amino aeids ean yield proteins with differ- 
ent fimetions or proteins that are nonfimetional. Nevertheless, 
there are thousands of different proteins in the body, eaeh with 
distinet functional properties, and all eonstraeted from different 
eombinations of the 20 eommon amino aeids. 
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Amine Aeid 





(a) Generalized 
structure of all 
amino aeids. 


(b) Glyeine 

is the simplest 
amino aeid. 


(e) Aspartie aeid 

(an aeidie amino aeid) 
has an aeid group 
(—COOH) in the 
R group. 


(d) Lysine 

(a basie amino aeid) 
has an amine group 
(—NH 2 ) in the R group. 


(e) Cysteine 

(a basie amino aeid) 
has a sulfhydryl (—SH) 
group in the R group, which 
suggests that this amino aeid 
is likely to partieipate in 
intramolecular bonding. 


gure 2.1’ Amino aeid structures. All amino aeids have both an amine group (—NH 2 ) and 
an aeid group (—COOH). They differ only in their R groups (green). Differenees in their R groups 
allovv them to function differently in the body. 


Stmetiiral Levels of Proteins 

Proteins ean be deseribed in terms of four structural levels. 
The linear sequence of amino aeids eomposing the polypeptide 
ehain is ealled the primary structure of a protein. This structure, 
which resembles a strand of amino aeid “beads,” is the baekbone 
of the protein molecule Figure 2.19a). 

Proteins do not normally exist as simple, linear ehains of 
amino aeids. Instead, they twist or bend upon themselves to 
form a more complex seeondary structure. The most eommon 
type of seeondary structure is the alpha (a)-helix, which resem- 
bles a Slinky toy or the eoils of a telephone eord (Figure 2.19b). 
The a-helix is formed by eoiling of the primary ehain and is sta- 
bilized by hydrogen bonds formed between NH and CO groups 
in amino aeids in the primary ehain which are approximately 


four amino aeids apart. Hydrogen bonds in a-heliees always 
link different parts of the same ehain together. 

In another type of seeondary structure, the beta ((3)-pleated 
sheet, the primary polypeptide ehains do not eoil, but are linked 
side by side by hydrogen bonds to form a pleated, ribbonlike 
structure that resembles an aeeordion’s bellows (Figure 2.19b). 
Notiee that in this type of seeondary structure, the hydrogen 
bonds may link together different polypeptide ehains as well as 
different parts of the same ehain that has folded baek on itself. 
A single polypeptide ehain may exhibit both types of seeondary 
structure at various plaees along its length. 

Many proteins have tertiary structure (ter'she-a"re), the next 
higher level of complexity, which is superimposed on seeond- 
ary structure. Tertiary structure is aehieved when a-helieal or 


Dehydration synthesis: 

The aeid group of one amino 
aeid is bonded to the amine 
group of the next, with loss of 
a water molecule. 


Peptide 

bond 




Amino aeid 







Dipeptide 


Hydrolysis: Peptide bonds 
linking amino aeids together 
are broken when water is 
added to the bond. 


gure 2.18 Amino aeids are linked together by peptide bonds. Peptide bonds are formed 
by dehydration synthesis and broken by hydrolysis reaetions. 
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(a) Primary structure: 

The sequence of 
amino aeids forms the 
polypeptide ehain. 



Amino aeid 


Amino aeid 


Amino aeid 


Amino aeid 


Amino aeid 





(b) Seeondary structure: 

The primary ehain forms 
spirals (a-heliees) and 
sheets ((3-sheets). 





a-He x: The primary ehain is eoiled 
to form a spiral structure, which is 
stabilized by hydrogen bonds. 



P-Sheet: The primary ehain “zig-zags” baek 
and forth forming a “pleated” sheet. Adjaeent 
strands are held together by hydrogen bonds 


(e) Tertiary structure: 

Superimposed on seeondary structure. 
a-Heliees and/or (3-sheets are folded up 
to form a eompaet globular molecule 
held together by intramolecular bonds. 


(d) Quaternary structure: 

Two or more polypeptide ehains, eaeh 
with its own tertiary structure, eombine 
to form a functional protein. 



Tertiary structure of prealbumin 
(transthyretin), a protein that 
transports the thyroid hormone 
thyroxine in blood and eerebro- 
spinal fluid. 


Quaternary structure of a 
functional prealbumin molecule. 
Two identieal prealbumin subunits 
join head to tail to form the dimer. 


9 * 


gure 2.19 Levels of protein structure. 
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(3-pleated regions of the polypeptide ehain fold upon one an- 
other to produce a eompaet ball-like, or globular, molecule (Fig- 
ure 2.19c). The unique structure is maintained by both eovalent 
and hydrogen bonds between amino aeids that are often far 
apart in the primary ehain. 

I When two or more polypeptide ehains aggregate in a regular 
manner to form a complex protein, the protein has quaternary 
structure (kwah'ter-na"re). Prealbumin, a protein that trans- 
ports thyroid hormone in the blood, exhibits this structural 
level (Figure 2.19d). 

How do these diíferent levels of structure arise? Although a 
protein with tertiary or quaternary structure looks a bit like a 
clump of eongealed pasta, the ultimate overall structure of any 
protein is very speeifie and is dietated by its primary structure. 
In other words, the types and relative positions of amino ae- 
ids in the protein baekbone determine where bonds ean form 
to produce the complex eoiled or folded structures that keep 
water-loving amino aeids near the surface and water-fleeing 
amino aeids buried in the proteins eore. In addition, eells deeo- 
rate many proteins by attaehing sugars or fatty aeids to them in 
ways that are diíficult to imagine or prediet. 

Fibrous and Globiilar Proteins 

The overall structure of a protein determines its biologieal func- 
tion. In general, proteins are elassified aeeording to their overall 
appearanee and shape as either fibrous or globular. 

Fibrous proteins are extended and strandlike. Some exhibit 
only seeondary structure, but most have tertiary or even qua- 
ternary structure as well. For example, eollagen (kol'ah-jen) is 
a eomposite of the helieal tropoeollagen molecules paeked to- 
gether side by side to form a strong ropelike structure. Fibrous 
proteins are insoluble in water, and very stable—qualities ideal 
for providing meehanieal support and tensile strength to the 
body s tissues. Besides eollagen, which is the single most abun- 
dant protein in the body, the fibrous proteins include keratin, 
elastin, and eertain eontraetile proteins of muscle (Table 2.3). 
Because fibrous proteins are the ehief building materials of the 
body, they are also known as structural proteins. 

Globular proteins are eompaet, spherieal proteins that have 
at least tertiary structure. Some also exhibit quaternary struc- 
ture. The globular proteins are water-soluble, ehemieally aetive 
molecules, and they play emeial roles in virtually all biologieal 
proeesses. Consequently, this group is also ealled functional 
proteins. Some (antibodies) help to provide immunity, others 
(protein-based hormones) regulate growth and development, 
and still others (enzymes) are eatalysts that oversee just about 
every ehemieal reaetion in the body. The roles of these and se- 
leeted other proteins found in the body are summarized in 
Table 2.3. 

Protein Denatiiration 

Fibrous proteins are stable, but globular proteins are quite the 
opposite. The aetivity of a protein depends on its speeifie three- 
dimensional structure, and intramolecular bonds, particularly 
hydrogen bonds, are important in maintaining that structure. 
However, hydrogen bonds are fragile and easily broken by many 


ehemieal and physieal faetors, such as excessive aeidity or tem- 
perature. Although individual proteins vary in their sensitivity 
to environmental eonditions, hydrogen bonds begin to break 
when the pH drops or the temperature rises above normal 
(physiologieal) levels, causing proteins to unfold and lose their 
speeifie three-dimensional shape. In this eondition, a protein is 
said to be denatured. 

Fortunately, the dismption is reversible in most eases, and 
the “serambled” protein regains its native structure when desir- 
able eonditions are restored. However, if the temperature or pH 
ehange is so extreme that protein structure is damaged beyond 
repair, the protein is irreversibly denatmed. The coagulation of 
egg white (primarily albumin protein) that occurs when you 
boil or fry an egg is an example of irreversible protein denatura- 
tion. There is no way to restore the white, mbbery protein to its 
original translucent form. 

When globular proteins are denatured, they ean no longer 
perform their physiologieal roles because their function de- 
pends on the presenee of speeifie arrangements of atoms, ealled 
aetive sites, on their surfaces. The aetive sites are regions that fit 
and interaet ehemieally with other molecules of eomplementary 
shape and eharge. Because atoms contributing to an aetive site 
may actually be far apart in the primary ehain, dismption of 
intramolecular bonds separates them and destroys the aetive 
site. For example, hemoglobin beeomes totally unable to bind 
and transport oxygen when blood pH is too aeidie, because the 
structure needed for its function has been destroyed. 

We will deseribe most types of body proteins in conjunction 
with the organ systems or fimetional proeesses to which they 
are elosely related. However, two groups of proteins— molecular 
ehaperones and enzymes —are intimately involved in the nor- 
mal fimetioning of all eells, so we will eonsider these ineredibly 
complex molecules here. 



Check Yoiir Understanding 


24. What does the name "amino aeid" tell you about the 
structure of this molecule? 

25. What is the primary structure of proteins? 

26. What are the two types of seeondary structure in proteins? 

_ For ansvvers, see Appendix H. 


Moleeiilar Chaperones 

In addition to enzymes, all eells eontain a elass of unrelated 
globular proteins ealled molecular ehaperones which, among 
other things, help proteins to aehieve their fimetional three- 
dimensional structure. Although its amino aeid sequence de- 
termines the preeise way a protein folds, the folding proeess 
also requires the help of molecular ehaperones to ensure that 
the folding is quick and accurate. Molecular ehaperones ean as- 
soeiate with a broad range of “elient” proteins, allowing them to 
perform a dizzying array of jobs. For example, speeifie molecu- 
lar ehaperones 

■ Prevent aeeidental, premature, or ineorreet folding of polypep- 
tide ehains or their assoeiation with other polypeptides 

■ Aid the desired folding and assoeiation proeess 
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Table 2.3 


Representative Types of Proteins in the Body 


CLASSIFICATION ACCORDING TO 


OVERALL 

STRUCTURE 


GENERAL FUNCTION 


EXAMPLES FROM THE BODY 


Fibrous 


Structural framework/ 
meehanieal support 


Movement 


Collagen, found in all eonneetive tissues, is the single most abundant protein in the body. It is 
responsible for the tensile strength of bones, tendons, and ligaments. 

Keratin is the structural protein of hair and nails and a water-resistant material of skin. 

Elastin is found, along with eollagen, where durability and flexibility are needed, such as in the 
ligaments that bind bones together. 

Speetrin internally reinforees and stabilizes the surface membrane of some eells, particularly 
red blood eells. Dystrophin reinforees and stabilizes the surface membrane of muscle eells. 

Titin helps organize the intracellular structure of muscle eells and accounts for the elastieity of 
skeletal muscles. 

Aetin and myosin, eontraetile proteins, are found in substantial amounts in muscle eells, where 
they cause muscle eell shortening (eontraetion); they also function in eell division in all eell 
types. Aetin is important in intracellular transport, particularly in nerve eells. 


Globular 


Catalysis 


Transport 


Regulation of pH 


Regulation of 
metabolism 


Body defense 


Protein management 


Protein enzymes are essential to virtually every bioehemieal reaetion in the body; they 
inerease the rates of ehemieal reaetions by at least a millionfold. Examples include salivary 
amylase (in saliva), which eatalyzes the breakdown of stareh, and oxidase enzymes, which aet 
to oxidize food fuels. 

Hemoglobin transports oxygen in blood, and lipoproteins transport lipids and eholesterol. 
Other transport proteins in the blood earry iron, hormones, or other substances. Some 
globular proteins in plasma membranes are involved in membrane transport (as earriers or 
ehannels). 

Many plasma proteins, such as albumin, function reversibly as aeids or bases, thus aeting as 
buffers to prevent wide swings in blood pH. 

Peptide and protein hormones help to regulate metabolie aetivity, grovvth, and 
development. For example, grovvth hormone is an anabolie hormone neeessary for optimal 
growth; insulin helps regulate blood sugar levels. 

Antibodies (immunoglobulins) are speeialized proteins released by immune eells that 
reeognize and inaetivate foreign substances (baeteria, toxins, some viruses). 

eomplementproteins, which circulate in blood, enhanee both immune and inflammatory 
responses. 

Molecular ehaperones aid folding of new proteins in both healthy and damaged eells and 
transport of metal ions into and within the eell. They also promote breakdown of damaged 
proteins. 


■ Help to transloeate proteins and eertain metal ions (eopper, 
iron, zine) aeross eell membranes 

■ Promote the breakdown of damaged or denatured proteins 

■ interaet with immune eells to trigger the imimme response 
to diseased eells in the body 

The first such proteins diseovered were ealled heat shoekproteins 
(, hsp ) because they seemed to proteet eells from the destructive ef- 
feets of heat. It was later found that these proteins are produced 
in response to a variety of traumatizing stimuli—for example, in 
the oxygen-deprived eells of a heart attaek patient—and the name 
stress proteins replaeed hsp for that particular group of molecular 


ehaperones. It is now elear that these proteins are vitally important 
to eell fiinetion in all types of stressfiil circumstances. Although a 
lot of environmental stress ean turn your hair gray or cause eardiae 
problems, it seems that a little stress ean delay aging. As part of 
the heat shoek response, speeial protein repair molecules pateh up 
damaged proteins and refold them eorreetly, helping to hold oíf 
the grim reaper and prolong life. 

Enzymes and Enzyme Aetivity 

Enzymes are globular proteins that aet as biologieal eatalysts. 
Catalysts are substances that regulate and aeeelerate the rate of 
bioehemieal reaetions but are not used up or ehanged in those 
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Progress of reaetion-► 



Progress of reaetion-► 


Figure 2.20 Enzymes lower the aetivation energy required for a reaetion. 


reaetions. More speeifieally, enzymes ean be thought of as ehemi- 
eal traffie eops that keep our metabolie pathways flowing. Enzymes 
eannot foree ehemieal reaetions to occur between molecules that 
would not otherwise reaet. They ean only inerease the speed of 
reaetion, and they do so by staggering amounts—from 100,000 to 
over 1 billion times the rate of an uncatalyzed reaetion. Without 
enzymes, bioehemieal reaetions proeeed so slowly that for praeti- 
eal purposes they do not occur at all. 

Characteristics of Enzymes Some enzymes are purely protein. 
In other eases, the fimetional enzyme eonsists of two parts, eol- 
leetively ealled a holoenzyme: an apoenzyme (the protein por- 
tion) and a eofaetor. Depending on the enzyme, the eofaetor 
may be an ion of a metal element such as eopper or iron, or an 
organie molecule needed to assist the reaetion in some particu- 
lar way. Most organie eofaetors are derived from vitamins (es- 
peeially the B complex vitamins). This type of eofaetor is more 
preeisely ealled a eoenzyme. 

Eaeh enzyme is ehemieally speeifie. Some enzymes eontrol 
only a single ehemieal reaetion. Others exhibit a broader speeif- 
ieity in that they ean bind with molecules that differ slightly and 
thus regulate a small group of related reaetions. The substance 
on which an enzyme aets is ealled a substrate. 

The presenee of speeifie enzymes determines not only which 
reaetions will be speeded up, but also which reaetions will 
occur—no enzyme, no reaetion. This also means that unwanted 
or unnecessary ehemieal reaetions do not occur. 

Most enzymes are named for the type of reaetion they eata- 
lyze. Hydrolases (hi'druh-làs-es) add water during hydrolysis 
reaetions, oxidases (ok'sì-dàs-es) oxidize reaetants by adding 
oxygen or removing hydrogen, and so on. You ean reeognize 
most enzyme names by the suffix -ase. 

In many eases, enzymes are part of cellular membranes in a 
bucket-brigade type of arrangement. The product of one enzyme- 
eatalyzed reaetion beeomes the substrate of the neighboring en- 
zyme, and so on. Some enzymes are produced in an inaetive form 
and must be aetivated in some way before they ean fiinetion, of- 
ten by a ehange in the pH of their surroundings. For example, 


digestive enzymes produced in the panereas are aetivated in the 
small intestine, where they actually do their work. If they were 
produced in aetive form, the panereas would digest itself. 

Sometimes, enzymes are inaetivated immediately after they 
have performed their eatalytie fimetion. This is true of enzymes 
that promote blood elot formation when the wall of a blood 
vessel is damaged. Onee elotting is triggered, those enzymes 
are inaetivated. Otherwise, you would have blood vessels full of 
solid blood instead of one proteetive elot. (Eek!) 

Enzyme Aetion How do enzymes perform their eatalytie 
role? Every ehemieal reaetion requires that a eertain amount 
of energy, ealled aetivation energy, be absorbed to prime the 
reaetion. The aetivation energy is the amount of energy needed 
to break the bonds of the reaetants so that they ean rearrange 
themselves and beeome the product. It is present when kinetie 
energy pushes the reaetants to an energy level where their ran- 
dom eollisions are foreefiil enough to ensure interaetion. Aetiva- 
tion energy is needed regardless of whether the overall reaetion 
is ultimately energy absorbing or energy releasing. 

One way to inerease kinetie energy is to inerease the temper- 
ature, but higher temperatures denature proteins. (This is why a 
high fever ean be a serious event.) Enzymes allow reaetions to 
occur at normal body temperature by deereasing the amount of 
aetivation energy required gure 2.20' . 

Exactly how do enzymes aeeomplish this remarkable feat? The 
answer is not fully understood. However, we know that, due to 
structural and eleetrostatie faetors, they deerease the randomness 
of reaetions by binding to the reaeting molecules temporarily and 
presenting them to eaeh other in the proper position for ehemieal 
interaetion (bond making or breaking) to occur. 

Three basie steps appear to be involved in enzyme aetion 
(Figure 2.21). 

(l) Substrate(s) bind to the enzyme's aetive site, temporarily 
forming an enzyme-substrate complex. Substrate binding 
causes the aetive site to ehange shape so that the substrate 
and the aetive site fit together preeisely, and in an orienta- 
tion that favors reaetion. Whether the shape of the substrate 













ehapter 2 ehemistry Comes Alive 


53 


Substrates (S) 

e.g., amino aeids 



+ 



Energy is 
absorbed; 
bond is 
formed. 


VVater is 
released 


Aetive site 





Enzyme (E) 


Enzyme-substrate 
complex (E-S) 

(J)Substrates bind at aetive site, 
temporarily forming an 
enzyme-substrate complex. 


©The E-S complex undergo 
internal rearrangements that 
form the product. 


Product (P) 

e.g., dipeptide 


Peptide bond 



Enzyme (E) 

(©The enzyme releases the 
product of the reaetion. 



gure 2.21 Meehanism of enzyme aetion. In this example, the enzyme eatalyzes the 
formation of a dipeptide from speeifie amino aeids. Summary : E + S—>E-S—>P + E 


forees the enzyme to wiggle into a eomplementary shape or 
whether the enzyme wiggles around trying several different 
eonformations until one finally fits the substrate is still a 
question. Although enzymes are speeifie for particular sub- 
strates, other (nonsubstrate) molecules may aet as enzyme 
inhibitors if their structure is similar enough to occupy or 
bloek the enzymes aetive site. 

© The enzyme-substrate complex undergoes internal rear- 
rangements that form the product(s). This step shows the 
eatalytie role of an enzyme. 

@ The enzyme releases the product(s) of the reaetion. If the 

enzyme beeame part of the product, it would be a reaetant 
and not a eatalyst. The enzyme is not ehanged and returns 
to its original shape, available to eatalyze another reaetion. 

Because enzymes are unchanged by their eatalytie role and 
ean aet again and again, eells need only small amounts of eaeh 
enzyme. Catalysis occurs with ineredible speed. Most enzymes 
ean eatalyze millions of reaetions per minute. 



CheckYour Understanding 


27. What is the main event that molecular ehaperones prevent? 

28. Hovv do enzymes reduce the amount of aetivation energy 
needed to make a ehemieal reaetion go? 

_ For ansvvers, see Appendix H. 


Niieleie Aeids (DNA and RNA) 

Compare and eontrast DNA and RNA. 

The nucleic aeids (nu-kle'ic), eomposed of earbon, oxygen, hy- 
drogen, nitrogen, and phosphoms, are the largest molecules in 
the body. The nucleic aeids include two major elasses of mole- 
cules, deoxyribonucleic aeid (DNA) (de-ok"si-ri"bo-nu-kle'ik) 
and ribomieleie aeid (RNA). 


The structural units of nucleic aeids, ealled nucleotides, are 
quite complex. Eaeh nucleotide eonsists of three eomponents: a 
nitrogen-eontaining base, a pentose sugar, and a phosphate group 
(Figure 2.22a). Five major varieties of nitrogen-eontaining bases 
ean contribute to nucleotide structure: adenine, abbreviated A 
(ad'é-nèn); guanine, G (gwan'èn); eytosine, C (si'to-sèn); thy- 
mine, T (thi'mèn); and uracil, U (u'rah-sil). Adenine and guanine 
are large, two-ring bases (ealled purines), whereas eytosine, thy- 
mine, and uracil are smaller, single-ring bases (ealled pyrimidines). 

The stepwise synthesis of a nucleotide involves the attaeh- 
ment of a base to the pentose sugar to form first a nucleoside , 
named for the nitrogenous base it eontains. The nucleotide is 
formed when a phosphate group is bonded to the sugar of the 
nucleoside. 

Although DNA and RNA are both eomposed of nucleotides, 
they differ in many respeets, as summarized in Table 2.4 
on p. 55. Typieally, DNA is found in the nucleus (eontrol eenter) 
of the eell, where it constitutes the genetie material , also ealled 
the genes , or more reeently the genome. DNA has two funda- 
mental roles: It replieates (reproduces) itself before a eell divides, 
ensuring that the genetie information in the deseendant eells 
is identieal, and it provides the basie instmetions for building 
every protein in the body. Although we have said that enzymes 
govern all ehemieal reaetions, remember that enzymes, too, are 
proteins formed at the direetion of DNA. 

By providing the information for protein synthesis, DNA de- 
termines what type of organism you will be—frog, human, oak 
tree—and direets your growth and development. It also accounts 
for your uniqueness. A technique ealled DNA fingerprinting 
ean help solve forensie mysteries (for example, verify ones pres- 
enee at a erime seene), identify badly burned or mangled bodies 
at a disaster seene, and establish or disprove paternity. DNA 
fingerprinting analyzes tiny samples of DNA taken from blood, 
semen, or other body tissues and shows the results as a c genetie 
bareode” that distinguishes eaeh of us from all others. 
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Phosphate 


Sugar: 

Deoxyribose 



Adenine (A) 


Thymine (T) 


Sugar 


Phosphate 



Adenine nucleotide 


Thymine nucleotide 


(a) 


Hydrogen 

bond 


Sugar-phosphate 

baekbone 


Deoxyribose 

sugar 

Phosphate 






Adenine (A) 
Thymine (T) 
Cytosine (C) 
Guanine (G) 




(b) 


(e) 


gure 2.22 Structure of DNA. (a) The unit of DNA is the nucleotide, which is eomposed of a deoxyribose sugar 
molecule linked to a phosphate group, with a base attaehed to the sugar. Two nucleotides, linked by hydrogen 
bonds between their eomplementary bases, are illustrated. (b) DNA is a eoiled double polymer of nucleotides 
(a double helix). The baekbones of the ladderlike molecule are formed by alternating sugar and phosphate units. 
The rungs are formed by the binding together of eomplementary bases (A-T and G-C) by hydrogen bonds 
(shown by dotted lines). (e) Computer-generated image of a DNA molecule. 


DNA is a long, double-stranded polymer—a double ehain 
of nucleotides (Figure 2.22b and e). The bases in DNA are A, 
G, C, and T, and its pentose sugar is deoxyribose (as refleeted 
in its name). Its two nucleotide ehains are held together by 
hydrogen bonds between the bases, so that a ladderlike mol- 
ecule is formed. Alternating sugar and phosphate eompo- 
nents of eaeh ehain form the baekbones or “uprights” of the 
“ladder,” and the joined bases form the “rungs.” The whole 


molecule is eoiled into a spiral stairease-like structure ealled 

a double helix. 

Bonding of the bases is very speeifie: A always bonds to T, 
and G always bonds to C. A and T are therefore ealled eomple- 
mentary bases, as are C and G. Aeeording to these base-pairing 
mles, ATGA on one DNA nucleotide strand would neeessarily 
be bonded to TACT (a eomplementary base sequence) on the 
other strand. 
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Table 2.4 Comparison of DNA and RNA 

CHARACTERISTIC 

DNA 

RNA 

Major cellular site 

Nucleus 

Cytoplasm (eell area outside the nucleus) 

Major functions 

Is the genetie material; direets protein synthesis; 
replieates itself before eell division 

Carries out the genetie instructions for protein synthesis 

Sugar 

Deoxyribose 

Ribose 

Bases 

Adenine, guanine, eytosine, thymine 

Adenine, guanine, eytosine, uracil 

Structure 

Double strand eoiled into a double helix 

Single strand, straight or folded 


RNA is loeated ehiefly outside the nucleus and ean be eon- 
sidered a a molecular slave” of DNA. That is, RNA earries out the 
orders for protein synthesis issued by DNA. [Vimses in which 
RNA (rather than DNA) is the genetie material are an exception 
to this generalization.] 

RNA molecules are single strands of nucleotides. RNA bases 
include A, G, C, and U (U replaees the T found in DNA), and its 
sugar is ribose instead of deoxyribose. The three major varieties 
of RNA (messenger RNA, ribosomal RNA, and transfer RNA) 
are distinguished by their relative size and shape, and eaeh has a 
speeifie role to play in earrying out DNAs instructions for pro- 
tein synthesis. In addition to these three RNAs, small RNA mol- 
ecules ealled mieroRNAs ( miRNAs ) appear to eontrol genetie 
expression by shutting down genes or altering their expression. 
We discuss DNA replieation and the relative roles of DNA and 
RNA in protein synthesis in Chapter 3. 


eaeh other. When its terminal high-energy phosphate bonds 



are broken (hydrolyzed), the ehemieal “spring” relaxes and the 
molecule as a whole beeomes more stable. 

Cells tap ATPs bond energy during coupled reaetions by us- 
ing enzymes to transfer the terminal phosphate groups from ATP 
to other compounds. These newly phosphorylated molecules are 


said to be “primed” and temporarily beeome more energetie and 
eapable of performing some type of eelhilar work. In the proeess 
of doing their work, they lose the phosphate group. The amount 
of energy released and transferred during ATP hydrolysis eorre- 
sponds elosely to that needed to drive most bioehemieal reaetions. 
As a result, eells are proteeted from excessive energy release that 
might be damaging, and energy squandering is kept to a minimum. 

Cleaving the terminal phosphate bond of ATP yields a 
molecule with two phosphate groups —adenosine diphosphate 



Check Your IJnderstanding 


29. Hovv do DNA and RNA differ in the bases and sugars they 
eontain? 

30. What are tvvo important roles of DNA? 

_ For answers, see Appendix H. 


AdenosineTriphosphate (ATP) 

S Explain the role of ATP in eell metabolism. 

Ghieose is the most important eelhilar fuel, but none of the 
ehemieal energy eontained in its bonds is used direetly to power 
cellular work. Instead, energy released during glucose eatab- 
olism is coupled to the synthesis of adenosine triphosphate 
(ATP). In other words, some of this energy is captured and 
stored as small paekets of energy in the bonds of ATP. ATP is the 
primary energy-transferring molecule in eells and it provides a 
form of energy that is immediately usable by all body eells. 

Structurally, ATP is an adenine-eontaining RNA nucleotide 
to which two additional phosphate groups have been added 
gure 2.23] . Chemically, the triphosphate tail of ATP ean be 
eompared to a tightly eoiled spring ready to uncoil with tre- 
mendous energy when the eateh is released. Actually, ATP is a 
very unstable energy-storing molecule because its three nega- 
tively eharged phosphate groups are elosely paeked and repel 


y\-\ High-energy phosphate 

l\l bonds ean be hydrolyzed 

to release energy. 



HO OH 
Ribose 


i-Adenosine- 1 

1 -Adenosine monophosphate (AMP)- 1 

1 -Adenosine diphosphate (ADP)- 1 

1 -Adenosine triphosphate (ATP)- 1 

Figure 2.23 Structure of ATP (adenosine triphosphate). ATP 

is an adenine nucleotide to vvhieh tvvo additional phosphate groups 
have been attaehed during breakdovvn of food fuels. When the 
terminal phosphate group is eleaved off, energy is released to do 
useful vvork and ADP (adenosine diphosphate) is formed. When the 
terminal phosphate group is eleaved off ADP, a similar amount of 
energy is released and AMP (adenosine monophosphate) is formed. 
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ADP 

+ 


P i 




protein 


(a) Transport work: ATP phosphorylates transport 
proteins, aetivating them to transport solutes 
(ions, for example) aeross eell membranes. 



Relaxed smooth 
muscle eell 




Oontraeted smooth 
muscle eell 




(b) Meehanieal work: ATP phosphorylates 

eontraetile proteins in muscle eells so the eells 
ean shorten. 


C ADP )—and an inorganie phosphate group, indieated by , 
aeeompanied by a transfer of energy: 



ADP + 



+ energy 



As ATP is hydrolyzed to provide energy for cellular needs, ADP 
accumulates. Cleavage of the terminal phosphate bond of ADP 
liberates a similar amount of energy and produces adenosine 
monophosphate (AMP). 

The eells ATP supplies are replenished as glucose and other 
fuel molecules are oxidized and their bond energy is released. 
The same amount of energy that is liberated when ATP s ter- 
minal phosphates are eleaved oíf must be captured and used 
to reverse the reaetion to reattaeh phosphates and re-form the 
energy-transferring phosphate bonds. Without ATP, molecules 
eannot be made or degraded, eells eannot transport substances 
aeross their membrane boundaries, muscles eannot shorten to 
tug on other structures, and life proeesses eease i fure 2.24). 






ADP 





Check Your IJnderstanding 


31. Glucose is an energy-rieh molecule. So vvhy do body eells 
need ATP? 

32. What ehange occurs in ATP vvhen it releases energy? 

_ For ansvvers, see Appendix H. 


(e) ehemieal work: ATP phosphorylates key 
reaetants, providing energy to drive energy- 
absorbing ehemieal reaetions. 


gure 2.24 Three examples of cellular work driven by 
energy from ATP. 


Chapter Summary 



For more ehapter study tools, go to the Study Area of 
MasteringA&P at www.masteringaandp.com 

There you vvill find: 

■ interaetive Physiology ÌP 

■ A&PFIix A&PFHx 

■ Praetiee Anatomy Lab PAL 


PhysioEx 


PEx 


Videos, Praetiee Quizzes and Tests, MP3 Tutor Sessions, Case 
Studies, and much more! 


Energy (pp. 24-25) 

2. Energy is the eapaeity to do work or put matter into motion. 

3. Energy exists as potential energy (stored energy or 
energy of position) and kinetie energy (aetive or working 
energy). 

4. Forms of energy involved in body functioning are ehemieal, 
eleetrieal, radiant, and meehanieal. Of these, ehemieal (bond) 
energy is most important. 

5. Energy may be eonverted from one form to another, but 
some energy is always unusable (lost as heat) in such 
transformations. 


part 1 Basie ehemistry 

Definition of Concepts: Matter and Energy (pp. 23-25) 

Matter (p. 24) 

1. Matter is anything that takes up spaee and has mass. 


Composition of Matter: Atoms and Elements 

(pp. 25-28) 

1. Elements are unique substances that eannot be deeomposed into 
simpler substances by ordinary ehemieal methods. Four elements 
(earbon, hydrogen, oxygen, and nitrogen) make up 96% of body 
weight. 
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Atomie Structure (pp. 25-26) 

2. The building bloeks of elements are atoms. 

3. Atoms are eomposed of positively eharged protons, negatively 
eharged eleetrons, and uncharged neutrons. Protons and 
neutrons are loeated in the atomie nucleus, constituting 
essentially the atoms total mass. Eleetrons are outside the nucleus 
in the eleetron shells. In any atom, the nrnnber of eleetrons equals 
the nrnnber of protons. 

Identifying Elements (pp. 27-28) 

4. Atoms may be identified by their atomie nrnnber (p + ) and mass 
number (p + + n°). Tbe notation ^He means that helium (He) has 
an atomie number of 2 and a mass number of 4. 

5. Isotopes of an element diífer in the number of neutrons they 
eontain. Tbe atomie weight of any element is approximately equal 
to the mass nrnnber of its most abundant isotope. 

Radioisotopes (p. 28) 

6. Many heavy isotopes are unstable (radioaetive). These so- 
ealled radioisotopes deeompose to more stable forms by 
emitting alpha or beta partieles or gamma rays. Radioisotopes 
are useful in medieal diagnosis and treatment and in 
bioehemieal researeh. 

How Matter Is Combined: Molecules and Mixtures 

(pp. 28-30) 

Molecules and Compounds (pp. 28-29) 

1 . A molecule is the smallest unit resulting from the ehemieal 
bonding of two or more atoms. If the atoms are diíferent, they 
form a molecule of a compound. 

Mixtures (pp. 29-30) 

2. Mixtures are physieal eombinations of sohites in a solvent. 
Mixture eomponents retain their individual properties. 

3. The types of mixtures, in order of inereasing solute size, are 
solutions, eolloids, and suspensions. 

4. Solution eoneentrations are typieally designated in terms of 
pereent or molarity. 

Distinguishing Mixtures from Compounds (p. 30) 

5. Compounds are homogeneous; their elements are ehemieally 
bonded. Mixtures may be homogeneous or heterogeneous; their 
eomponents are physieally eombined and separable. 

Chemical Bonds (pp. 30-35) 

The Role of Eleetrons in ehemieal Bonding (p. 31) 

1. Eleetrons of an atom occupy areas of spaee ealled eleetron shells 
or energy levels. Eleetrons in the shell farthest from the nucleus 
(valenee shell) are most energetie. 

2. Chemical bonds are energy relationships between valenee shell 
eleetrons of the reaeting atoms. Atoms with a full valenee shell 
or eight valenee shell eleetrons are ehemieally unreactive (inert). 
Those with an ineomplete valenee shell interaet with other atoms 
to aehieve stability. 

Types of ehemieal Bonds (pp. 31-35) 

3. ionie bonds are formed when valenee shell eleetrons are 
eompletely transferred from one atom to another. 

4. Covalent bonds are formed when atoms share eleetron pairs. If 
the eleetron pairs are shared equally, the molecule is nonpolar. If 
they are shared unequally, it is polar (a dipole). 


5. Hydrogen bonds are weak bonds formed between one hydrogen 
atom, already eovalently linked to an eleetronegative atom, and 
another eleetronegative atom (such as nitrogen or oxygen). They 
bind together different molecules (e.g., water molecules) or 
different parts of the same molecule (as in protein molecules). 

Chemical Reaetions (pp. 35-38) 

ehemieal Equations (pp. 35-36) 

1 . Chemical reaetions involve the formation, breaking, or 
rearrangement of ehemieal bonds. 

Patterns of ehemieal Reaetions (pp. 36-37) 

2. Chemical reaetions are either anabolie (eonstmetive) or 
eatabolie (destmetive). They include synthesis, deeomposition, 
and exchange reaetions. Oxidation-reduction reaetions may 
be eonsidered a speeial type of exchange (or deeomposition) 
reaetion. 

Energy Flow in ehemieal Reaetions (p. 37) 

3. Bonds are energy relationships and there is a net loss or gain of 
energy in every ehemieal reaetion. 

4. In exergonic reaetions, energy is liberated. In endergonie 
reaetions, energy is absorbed. 

Reversibility of ehemieal Reaetions (p. 37) 

5. If reaetion eonditions remain unchanged, all ehemieal reaetions 
eventually reaeh a state of ehemieal equilibrium in which the 
reaetion proeeeds in both direetions at the same rate. 

6. All ehemieal reaetions are theoretieally reversible, but many 
biologieal reaetions go in only one direetion because of energy 
requirements or the removal of reaetion products. 

Faetors lnfluencing the Rate of ehemieal Reaetions (pp. 37-38) 

7. ehemieal reaetions occur only when partieles eollide and valenee 
shell eleetrons interaet. 

8. The smaller the reaeting partieles, the greater their kinetie energy 
and the faster the reaetion rate. Higher temperature or reaetant 
eoneentration, as well as the presenee of eatalysts, inereases 
ehemieal reaetion rates. 

PART 2 Bioehemistry 

inorganie Compounds (pp. 38-41) 

1. Most inorganie compounds do not eontain earbon. Those found 
in the body inehide water, salts, and inorganie aeids and bases. 

Water (pp. 38-39) 

2. Water is the single most abundant compound in the body. It 
absorbs and releases heat slowly, aets as a universal solvent, 
partieipates in ehemieal reaetions, and cushions body organs. 

Salts (p. 39) 

3. Salts are ionie compounds that dissolve in water and aet as 
eleetrolytes. Calcium and phosphoms salts contribute to the 
hardness of bones and teeth. Ions of salts are involved in many 
physiologieal proeesses. 

Aeids and Bases (pp. 39-41) 

4. Aeids are proton donors; in water, they ionize and dissoeiate, 
releasing hydrogen ions (which account for their properties) 
and anions. 
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iP Fluid r Eleetrolyte and Aeid/Base Balanee; Topie: Aeid Base 
Homeostasis, pp. 1-1 2 , 16 f 17. 

5. Bases are proton aeeeptors. The most eommon inorganie bases 
are the hydroxides; biearbonate ion and ammonia are important 
bases in the body. 

6. pH is a measure of hydrogen ion eoneentration of a solution (in 
moles per liter). A pH of 7 is neutral; a higher pH is alkaline, and 
a lower pH is aeidie. Normal blood pH is 7.35-7.45. Buffers help 
to prevent excessive ehanges in the pH of body fhiids. 

ÌP Fluid f Eleetrolyte and Aeid/Base Balanee; Topie: lntroduction to 
Body Fluids f pp. 1-8. 

Organie Compounds (pp. 41-56) 

1. Organie compounds eontain earbon. Those found in the body 
inehide earbohydrates, lipids, proteins, and nucleic aeids, all of 
which are synthesized by dehydration synthesis and digested by 
hydrolysis. All of these biologieal molecules eontain C, H, and O. 
Proteins and mieleie aeids also eontain N. 

Carbohydrates (p. 43) 

2. Carbohydrate building bloeks are monosaeeharides, the most 
important of which are hexoses (glucose, fmetose, galaetose) and 
pentoses (ribose, deoxyribose). 

3. Disaeeharides (sucrose, laetose, maltose) and polysaeeharides 
(stareh, glyeogen) are eomposed of linked monosaeeharide units. 

4. Carbohydrates, particularly glucose, are the major energy fuel 
for forming ATP. Excess earbohydrates are stored as glyeogen or 
eonverted to fat for storage. 

Lipids (pp. 43-47) 

5. Lipids dissolve in fats or organie solvents, but not in water. 

6. Triglyeerides are eomposed of fatty aeid ehains and glyeerol. They 
are found ehiefly in fatty tissue where they provide insulation 
and reserve body fuel. Unsaturated fatty aeid ehains produce oils. 
Saturated fatty aeids produce solid fats typieal of animal fats. 

7. Phospholipids are modified phosphoms-eontaining triglyeerides 
that have polar and nonpolar portions. Tbey are found in all 
plasma membranes. 

8. Tbe steroid eholesterol is found in eell membranes and is the 
basis of steroid hormones, bile salts, and vitamin D. 

Proteins (pp. 47-53) 

9. The unit of proteins is the amino aeid, and 20 eommon amino 
aeids are found in the body. 


10. Many amino aeids joined by peptide bonds form a polypeptide. 

A protein (one or more polypeptides) is distinguished by the 
nrnnber and sequence of amino aeids in its ehain(s) and by the 
complexity of its three-dimensional structure. 

11. Fibrous proteins, such as keratin and eollagen, have seeondary 
(a-helix or (3-pleated sheet) and perhaps tertiary and quaternary 
structure. Fibrous proteins are used as structural materials. 

12. Globular proteins aehieve tertiary and sometimes quaternary 
structure and are generally spherieal, soluble molecules. Globular 
proteins (e.g., enzymes, some hormones, antibodies, hemoglobin) 
perform speeial functional roles for the eell (e.g., eatalysis, 
molecule transport). 

13. Proteins are denatured by extremes of temperature or pH. 
Denatured globular proteins are unable to perform their usual 
hmetion. 

14. Molecular ehaperones assist in folding proteins into their 
hmetional 3-D shape. They are synthesized in greater amounts 
when eells are stressed by environmental faetors. 

15. Enzymes are biologieal eatalysts. They inerease the rate of 
ehemieal reaetions by deereasing the amount of aetivation 
energy needed. They do this by eombining with the reaetants and 
holding them in the proper position to interaet. Many enzymes 
require eofaetors to hmetion. 

Nucleic Aeids (DNA and RNA) (pp. 53-55) 

16. Nucleic aeids include deoxyribonucleic aeid (DNA) and 
ribonucleic aeid (RNA). The structural unit of nucleic aeids is 
the nucleotide, which eonsists of a nitrogenous base (adenine, 
guanine, eytosine, thymine, or uracil), a sugar (ribose or 
deoxyribose), and a phosphate group. 

17. DNA is a double-stranded helix. It eontains deoxyribose and 
the bases A, G, C, and T. DNA speeihes protein structure and 
replieates itself exactly before eell division. 

18. RNA is single stranded. It eontains ribose and the bases A, G, 

C, and U. RNAs involved in earrying out DNAs instraetions for 
protein synthesis include messenger, ribosomal, and transfer 
RNA. 

Adenosine Triphosphate (ATP) (pp. 55-56) 

19. ATP is the mhversal energy compound of body eells. Some of 
the energy liberated by the breakdown of glucose and other food 
hiels is captured in the bonds of ATP molecules and transferred 
via coupled reaetions to energy-consuming reaetions. 


Review Questions 


Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. Which of the following forms of energy is the stimulus for vision? 
(a) ehemieal, (b) eleetrieal, (e) meehanieal, (d) radiant. 

2. All of the following are examples of the four major elements 
contributing to body mass except (a) hydrogen, (b) earbon, 

(e) nitrogen, (d) sodium, (e) oxygen. 

3. The mass nrnnber of an atom is (a) equal to the number of 
protons it eontains, (b) the sum of its protons and neutrons, 


(e) the sum of all of its subatomic partieles, (d) the average of the 
mass numbers of all of its isotopes. 

4. A deheieney in this element ean be expected to reduce the 
hemoglobin eontent of blood: (a) Fe, (b) I, (e) F, (d) Ca, (e) K. 

5. Which set of terms best deseribes a proton? (a) negative eharge, 
massless, in the orbital; (b) positive eharge, 1 amu, in the nucleus; 
(e) uncharged, 1 amu, in the nucleus. 

6. The subatomic partieles responsible for the ehemieal behavior of 
atoms are (a) eleetrons, (b) ions, (e) neutrons, (d) protons. 

7. In the body, earbohydrates are stored in the form of (a) glyeogen, 
(b) stareh, (e) eholesterol, (d) polypeptides. 
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8. Which of the following does not deseribe a mixture? 

(a) properties of its eomponents are retained, (b) ehemieal 
bonds are formed, (e) eomponents ean be separated physieally, 

(d) includes both heterogeneous and homogeneous examples. 

9. In a beaker of water, the water-water bonds ean properly be ealled 
(a) ionie bonds, (b) polar eovalent bonds, (e) nonpolar eovalent 
bonds, (d) hydrogen bonds. 

10. When a pair of eleetrons is shared between two atoms, the bond 
formed is ealled (a) a single eovalent bond, (b) a double eovalent 
bond, (e) a triple eovalent bond, (d) an ionie bond. 

11. Molecules formed when eleetrons are shared unequally are 
(a) salts, (b) polar molecules, (e) nonpolar molecules. 

12. Which of the following eovalently bonded molecules are polar? 

H H 

H — Cl H — C — H Cl—C—Cl N = N 

H Cl 

(a) (b) (e) (d) 

13. Identify eaeh reaetion as one of the following: (a) a synthesis 
reaetion, (b) a deeomposition reaetion, (e) an exchange reaetion. 

_(1) 2Hg + 0 2 2HgO 

_(2) HC1 + NaOH -> NaCl + H 2 0 

14. Faetors that aeeelerate the rate of ehemieal reaetions include all 
but (a) the presenee of eatalysts, (b) inereasing the temperature, 

(e) inereasing the partiele size, (d) inereasing the eoneentration of 
the reaetants. 

15. Which of the following molecules is an inorganie molecule? 

(a) sucrose, (b) eholesterol, (e) eollagen, (d) sodium ehloride. 

16. Water’s importanee to living systems refleets (a) its polarity 
and solvent properties, (b) its high heat eapaeity, (e) its high 
heat of vaporization, (d) its ehemieal reaetivity, (e) all of 
these. 

17. Aeids (a) release hydroxyl ions when dissolved in water, (b) are 
proton aeeeptors, (e) cause the pH of a solution to rise, (d) release 
protons when dissolved in water. 

18. A ehemist, during the course of an analysis, mns aeross a 
ehemieal eomposed of earbon, hydrogen, and oxygen in the 
proportion 1:2:1 and having a six-sided moleailar shape. It is 
probably (a) a pentose, (b) an amino aeid, (e) a fatty aeid, 

(d) a monosaeeharide, (e) a nucleic aeid. 

19. A triglyeeride eonsists of (a) glyeerol plus three fatty aeids, 

(b) a sugar-phosphate baekbone to which two amino groups are 
attaehed, (e) two to several hexoses, (d) amino aeids that have 
been thoroughly saturated with hydrogen. 

20. A ehemieal has an amine group and an organie aeid group. 

It does not, however, have any peptide bonds. It is (a) a 
monosaeeharide, (b) an amino aeid, (e) a protein, (d) a fat. 

21. The lipid(s) used as the basis of vitamin D, sex hormones, and 
bile salts is/are (a) triglyeerides, (b) eholesterol, (e) phospholipids, 
(d) prostaglandin. 

22. Enzymes are organie eatalysts that (a) alter the direetion in 
which a ehemieal reaetion proeeeds, (b) determine the nature of 
the products of a reaetion, (e) inerease the speed of a ehemieal 
reaetion, (d) are essential raw materials for a ehemieal reaetion 
that are eonverted into some of its products. 

Short Ansvver Essay Questions 

23. Define or deseribe energy, and explain the relationship between 
potential and kinetie energy. 


24. Some energy is lost in every energy eonversion. Explain the 
meaning of this statement. (Direet your response to answering 
the question: Is it really lost? If not, what then?) 

25. Provide the atomie symbol for eaeh of the following elements: 

(a) calcium, (b) earbon, (e) hydrogen, (d) iron, (e) nitrogen, 

(f) oxygen, (g) potassium, (h) sodium. 

26. Consider the following information about three atoms: 

12 r 13^ 14^ 

6 ^ 

(a) How are they similar to one another? (b) How do they diífer 
from one another? (e) What are the members of such a group of 
atoms ealled? (d) Using the planetary model, draw the atomie 
configuration of ^C showing the relative position and numbers of 
its subatomic partieles. 

27. How many moles of aspirin, C 9 H 8 0 4 , are in a bottle eontaining 
450 g by weight? (Note: The approximate atomie weights of its 
atoms are C = 12 , H = 1 , and O = 16.) 

28. Given the following types of atoms, deeide which type of 
bonding, ionie or eovalent, is most likely to occur: (a) two oxygen 
atoms; (b) four hydrogen atoms and one earbon atom; (e) a 
potassium atom ( 19 K) and a fhiorine atom (^F). 

29. What are hydrogen bonds and how are they important in the body? 

30. The following equation, which represents the oxidative 
breakdown of glucose by body eells, is a reversible reaetion. 

Glucose + oxygen —> earbon dioxide + water + ATP 

(a) How ean you indieate that the reaetion is reversible? (b) How 
ean you indieate that the reaetion is in ehemieal equilibrium? 

(e) Define ehemieal equilibrium. 

31. Differentiate elearly between primary, seeondary, and tertiary 
protein structure. 

32. Dehydration and hydrolysis reaetions are essentially opposite 
reaetions. How are they related to the synthesis and degradation 
(breakdown) of biologieal molecules? 

33. Deseribe the meehanism of enzyme aetion. 

34. Explain the importanee of molecular ehaperones. 

35. Explain why, if you pour water into a glass very earefidly, you ean 
“staek” the water slightly above the rim of the glass. 

Critical Thinking 
and eiinieal Applieation 
Questions 

1. As Ben jumped on his bike and headed for the freshvvater lake, 
his mother ealled after him, “Dont swim if we have an eleetrieal 
storm—it looks threatening.” This was a valid request. Why? 

2 . Some antibioties aet by binding to eertain essential enzymes in the 
target baeteria. (a) How might these antibioties influence the ehemieal 
reaetions eontrolled by the enzymes? (b) What is the antieipated effeet 
on the baeteria? On the person taking the antibiotie preseription? 

3. Mrs. Roberts, in a diabetie eoma, has just been admitted to Noble 
Hospital. Her blood pH indieates that she is in severe aeidosis, 
and measures are quickly instituted to bring her blood pH baek 
within normal limits. (a) Define pH and note the normal pH of 
blood. (b) Why is severe aeidosis a problem? 

4. Jimmy, a 12-year-old boy, was awakened suddenly by a loud 
erash. As he sat up in bed, straining to listen, his fright was 
revealed by his rapid breathing (hyperventilation), a breathing 
pattern effeetive in ridding the blood of C0 2 . At this point, was 
his blood pH rising or falling? 

5. After you eat a protein bar, which ehemieal reaetions introduced 
in this ehapter must occur for the amino aeids in the protein bar 
to be eonverted into proteins in your body eells? 
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UNIT 1 Organization of the Body 


AT THE C L I N I C 


Related Clinical Terms 

Aeidosis (as"í-do'sis; aeid = sour, sharp) A eondition of aeidity 
or low pH (below 7.35) of the blood; high hydrogen ion 
eoneentration. 

Alkalosis (afkah-lo'sis) A eondition of basieity or high pH (above 
7.45) of the blood; low hydrogen ion eoneentration. 

Heavy metals Metals with toxic eífeets on the body, including arsenie, 
mercury, and lead. Iron, also included in this group, is toxic in 
high eoneentrations. 


Ionizing radiation Radiation that causes atoms to ionize; for 
example, radioisotope emissions and X rays. 

Ketosis (ke-to'sis) A eondition resulting from excessive ketones 
(breakdown products of fats) in the blood; eommon during 
starvation and acute attaeks of diabetes mellitus. 

Radiation siekness Disease resulting from exposure of the body to 
radioaetivity; digestive system organs are most affeeted. 





The Cellular Basis of Life (p. 62) 

The Plasma Membrane: Structure 

(pp. 63-67) 

The Fluid Mosaie Model (pp. 63-65) 

The Glycocalyx (pp. 65-66) 

Cell Junctions (pp. 66-67) 

The Plasma Membrane: Membrane 
Transport (pp. 67-79) 

Passive Proeesses (pp. 68-72) 

Aetive Proeesses (pp. 72-79) 

The Plasma Membrane: Generation of a 
Resting Membrane Potential (pp. 79-80) 

Seleetive Diffusion Establishes Membrane 
Potential (pp. 79-80) 


Aetive Transport Maintains Eleetroehemieal 
Gradients (p. 80) 

The Plasma Membrane: Cell-Environment 
interaetions (pp. 80-81) 

Roles of Cell Adhesion Molecules 
(CAMs) (p. 80) 

Roles of Plasma Membrane Reeeptors 
(P- 81) 

Role of Voltage-Gated Membrane ehannel 
Proteins: Eleetrieal Signaling (p. 81) 

The Cytoplasm (pp. 81-91) 

Cytoplasmic Organelles (pp. 83-89) 

Cellular Extensions (pp. 89-91) 

The Nucleus (pp. 91-96) 

The Nuclear Envelope (pp. 92-93) 


Nucleoli (p. 93) 
ehromatin (pp. 93-96) 

Cell Grovvth and Reproduction (pp. 96-110) 

The Cell Cycle (pp. 96-99) 

Protein Synthesis (pp. 99-105) 

Other Roles of DNA (pp. 105-109) 

Degradation of Organelles and Cytosolic 
Proteins (pp. 109-110) 

Extracellular Materials (p. 110) 
Developmental Aspeets of Cells 

(pp. 110-111) 

Apoptosis and Modified Rates of Cell 
Division (p. 110) 

Cell Aging (p. 111) 


J ust as brieks and timbers are the structural units of a house, eells are 

the structural units of all living things, from one-eelled c generalists” like amoebas to 
complex multicellular organisms such as humans, dogs, and trees. The human body 
has 50 to 100 trillion of these tiny building bloeks. 

This ehapter focuses on structures and functions shared by all eells. We address spe- 
eialized eells and their unique functions in later ehapters. 
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62 UNIT 1 Organization of the Body 

The Cellular Basis of Life 

Define eell. 

✓ List the three major regions of a generalized eell and their 
functions. 

I The English seientist Robert Hooke first observed plant eells 

with a crude mieroseope in the late 1600s. Then, in the 1830s 
two German seientists, Matthias Sehleiden and Theodor 
Sdrvvann, proposed that all living things are eomposed of eells. 
German pathologist Rudolf Virchow extended this idea by eon- 
tending that eells arise only from other eells. 

Sinee the late 1800s, eell researeh has been exceptionally 
fruitful and provided us with four eoneepts eolleetively known 
as the eell theory: 

■ A eell is the basie structural and fimetional unit of living 
organisms. When you define eell properties, you define the 
properties of life. 

■ The aetivity of an organism depends on both the individual 
and the eolleetive aetivities of its eells. 

■ Aeeording to the prineiple of eomplementarity of structure 
and function , the bioehemieal aetivities of eells are dietated 
by their shapes or forms, and by the relative number of their 
speeifie subcellular structures. 

■ Continuity of life from one generation to another has a eel- 
lular basis. 

We will expand on all of these eoneepts as we progress. Let us 
begin with the idea that the eell is the smallest living unit. What- 
ever its form, however it behaves, the eell is the mieroseopie 
paekage that eontains all the parts neeessary to survive in an 
ever-ehanging world. It follows then that loss of cellular homeo- 
stasis underlies virtually every disease. 

The trillions of eells in the human body include over 200 
different eell types that vary greatly in shape, size, and fimetion 
gure 3.1 . The dise-shaped red blood eells, branehing nerve 
eells, and cubelike eells of kidney tubules are just a few examples 
of the shapes eells take. Cells also vary in length—ranging from 
2 mierometers (1/12,000 of an ineh) in the smallest eells to over 
a meter in the nerve eells that cause you to wiggle your toes. A 
eells shape refleets its fimetion. For example, the flat, tilelike 
epithelial eells that line the inside of your eheek fit elosely to- 
gether, forming a living barrier that proteets underlying tissues 
from baeterial invasion. 

Regardless of type, all eells are eomposed ehiefly of earbon, 
hydrogen, nitrogen, oxygen, and traee amounts of several other 
elements. In addition, all eells have the same basie parts and 
some eommon functions. For this reason, it is possible to speak 
of a generalized, or eomposite, eell gure 3.2) . 

A human eell has three main parts: 

■ The plasma membrane : the outer boundary of the eell. 

■ The eytoplasm (si' to-plazm): the intracellular fluid paeked with 
organelles , small structures that perform speeifie eell fimetions. 

■ The nucleus (nu'kle-us): an organelle that eontrols cellular 
aetivities. Typieally the nucleus lies near the eells eenter. 






Fibroblasts 


Epithelial 


Erythroeytes 



(a) Cells that eonneet body parts, form linings, or transport 
gases 


muscle 


Smooth 



muscle eells 


(b) Cells that move organs and body parts 



Fat eell 


(e) Cell that stores nutrients 



(d) Cell that fights disease 



(e) Cell that gathers information and eontrols body functions 



(f) Cell of reproduction 


gure 3.1 Cell diversity. (Note that eells are not dravvn to the 
same seale.) 



Check Your IJnderstanding: 


1. Summarize the four key points of the eell theory. 

2. Hovv would you explain the meaning of a "generalized eell" 
to a elassmate? 


For ansvvers, see Appendix H. 


Next, let’s examine the three main parts of the eell in greater 
detail. 
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Chromatin 


Nuclear envelope 


Plasma 

membrane 


Smooth endoplasmie 
reticulum 


Oytosol 


Lysosome 


Oentrioles 


Rough 

endoplasmie 

reticulum 


Centrosome 

matrix 


Ribosomes 


Golgi apparatus 


Seeretion being released 
from eell by exocytosis 


Oytoskeletal 

elements 

• Microtubule 


Intermediate 

filaments 


Peroxisome 



Figure 3.2 Structure of the generalized eell. No eell is exactly like this one, but this eomposite 
illustrates features eommon to many human eells. Note that not all of the organelles are dravvn to 
the same seale in this illustration. 


The Plasma Membrane: 

Stmetiire 

✓ Deseribe the ehemieal eomposition of the plasma 
membrane and relate it to membrane functions. 

Compare the structure and function of tight junctions # 
desmosomes, and gap junctions. 

The flexible plasma membrane defìnes the extent of a eell, 
thereby separating two of the body s major fluid eompartments— 
the intracellular fluid within eells and the extracellular fluid (ECF) 
outside eells. The term eell membrane is eommonly used as a 
synonym for plasma membrane, but because nearly all cellular 
organelles are enelosed in a membrane, in this book we will al- 
ways refer to the eells surface, or outer limiting membrane, as the 
plasma membrane. The plasma membrane is much more than a 


passive envelope. As you will see, its unique structure allows it to 
play a dynamie role in eelhilar aetivities. 

The Fluid Mosaie Model 

The fluid mosaie model of membrane structure depiets the plasma 
membrane as an exceedingly thin (7-10 nm) structure eomposed of 
a double layer, or bilayer, of lipid molecules with protein molecules 
c plugged into” or dispersed in it gure 3.3) . The proteins, many 
of which float in the fluid lipid bilayer , form a eonstantly ehanging 
mosaie pattern. The model is named for this eharaeteristie. 

Membrane Lipids 

The lipid bilayer forms the basie cc fabric” of the membrane. It is 
eonstmeted largely of phospholipids , with smaller amounts of 
glyeolipids , eholesterol , and areas ealled lipid rafts. 
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Oytoplasm 
(watery environment 
inside eell) 


Integral Filament of 

proteins eytoskeleton 


Peripheral 

proteins 


Lipid bilayer 
eontaining proteins 


Outward-facing laye 
of phospholipids 

lnward- 
of phosp 


Extracellular fluid 
(watery environment 
outside eell) 


Glycocalyx^g 

(earbohydrates) 


Polar head of 

phospholipid 

molecule 


Nonpolar tail 
of phospholipid 
molecule 


Figiire 3.3 The plasma membrane. The lipid bilayer forms the basie structure of the membrane. 
The assoeiated proteins are involved in membrane functions such as membrane transport, eatalysis, 
and eell-to-eell reeognition. 
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Phospholipids Eaeh lollipop-shaped phospholipid molecule 
has a polar “head” that is eharged and is hydrophilie ( hydro — 
water, philie — loving), and an uncharged, nonpolar “tail” that 
is made of two fatty aeid ehains and is hydrophobie ( phobia = 
fear). The polar heads are attraeted to water—the main eonstit- 
uent of both the intracellular and extracellular fluids—and so 
they lie on both the inner and outer surfaces of the membrane. 
The nonpolar tails, being hydrophobie, avoid water and line up 
in the eenter of the membrane. 

The result is that all plasma membranes, indeed all biologi- 
eal membranes, share a sandwich-like structure: They are eom- 
posed of two parallel sheets of phospholipid molecules lying 
tail to tail, with their polar heads exposed to water on either 
side of the membrane or organelle. This self-orienting prop- 
erty of phospholipids encourages biologieal membranes to self- 
assemble into elosed, generally spherieal, structures and to re- 
seal themselves when torn. 

With a eonsisteney similar to olive oil, the plasma mem- 
brane is a dynamie fluid structure in eonstant flux. Its lipid 
molecules move freely from side to side, parallel to the mem- 
brane surface, but their polar-nonpolar interaetions prevent 
them from flip-flopping or moving from one half of the bilayer 
to the other half. The inward-facing and outward-facing sur- 
faees of the plasma membrane differ in the kinds and amounts 
of lipids they eontain, and these variations are important in de- 
termining loeal membrane structure and hmetion. Most mem- 
brane phospholipids are unsaturated, a eondition which kinks 
their tails (inereasing the spaee between them) and inereases 
membrane fluidity. (See the illustration of phosphatidyleholine 
in Figure 2.16b, p. 45.) 

Glyeolipids Glyeolipids (gli"ko-lip'idz) are lipids with at- 
taehed sugar groups. Found only on the outer plasma membrane 
surface, glyeolipids account for about 5% of total membrane lip- 
ids. Their sugar groups, like the phosphate-eontaining groups of 
phospholipids, make that end of the glyeolipid molecule polar, 
whereas the fatty aeid tails are nonpolar. 

eholesterol Some 20% of membrane lipid is eholesterol. Fike 
phospholipids, eholesterol has a polar region (its hydroxyl 
group) and a nonpolar region (its fused ring system). It wedges 
its platelike hydroearbon rings between the phospholipid tails, 
stabilizing the membrane, while deereasing the mobility of the 
phospholipids and the flmdity of the membrane. 

Membrane Proteins 

A eells plasma membrane bristles with proteins that allow it to 
communicate with its environment. Proteins make up about half 
of the plasma membrane by mass and are responsible for most of 
the speeialized membrane flmetions. Some membrane proteins 
float freely. Others are “tethered” to intracellular structures that 
make up the eytoskeleton and are restrieted in their movement. 

There are two distinet populations of membrane proteins, 
integral and peripheral (Figure 3.3). 

Integral Proteins Integral proteins are firmly inserted into 
the lipid bilayer. Some protmde from one membrane faee only, 


but most are transmembrane proteins that span the entire mem- 
brane and protmde on both sides. Whether transmembrane 
or not, all integral proteins have both hydrophobie and hy- 
drophilie regions. This structural feature allows them to interaet 
with both the nonpolar lipid tails buried in the membrane and 
the water inside and outside the eell. 

Some transmembrane proteins are involved in transport, and 
cluster together to form ehannels , or pores, through which small, 
water-soluble molecules or ions ean move, thus bypassing the lipid 
part of the membrane. Others aet as earriers that bind to a sub- 
stanee and then move it through the membrane Figure 3Aà . 
Some transmembrane proteins are enzymes (Figure 3.4d). Still oth- 
ers are reeeptors for hormones or other ehemieal messengers and 
relay messages to the eell interior—a proeess ealled signal transduc- 
tion (Figure 3.4b). 

Peripheral Proteins Unlike integral proteins, peripheral 
proteins (Figure 3.3) are not embedded in the lipid bilayer. 
Instead, they attaeh loosely to integral proteins and are easily 
removed without disrupting the membrane. Peripheral pro- 
teins include a network of filaments that helps support the 
membrane from its eytoplasmie side (Figure 3.4c). Some pe- 
ripheral proteins are enzymes. Others are motor proteins in- 
volved in meehanieal functions, such as ehanging eell shape 
during eell division and muscle eell eontraetion. Still others 
link eells together. 

Lipid Rafts 

About 20% of the outer membrane surface eontains lipid 
rafts, dynamie assemblies of saturated phospholipids (which 
paek together tightly) assoeiated with unique lipids ealled 
sphingolipids and lots of eholesterol. The quiltlike lipid rafts 
are more stable and less fluid than the rest of the membrane, 
and they ean include or exclude speeifie proteins to various 
extents. Because of these qualities, lipid rafts are assumed to 
be eoneentrating platforms for eertain reeeptor molecules or 
for protein molecules needed for eell signaling (discussed on 
p. 81), membrane invagination (see endoeytosis, p. 77), or 
other functions. 

The GIycocalyx 

Many of the proteins that abut the extracellular fluid are gly- 
eoproteins with branehing sugar groups. The term glycocalyx 
(gli"ko-kal'iks; “sugar eovering”) deseribes the fuzzy, stieky, 
earbohydrate-rieh area at the eell surface. Quite honestly, you 
ean think of your eells as sugar-coated. The glycocalyx on eaeh 
eells surface is enriehed both by glyeolipids and by glyeopro- 
teins seereted by the eell. 

Because every eell type has a different pattern of sugars in 
its glycocalyx, the glycocalyx provides highly speeifie biologieal 
markers by which approaehing eells reeognize eaeh other (Fig- 
ure 3.4f). For example, a sperm reeognizes an ovum (egg eell) 
by the ovums unique glycocalyx. Cells of the immune system 
identify a bacterium by binding to eertain membrane glyeopro- 
teins in the baeterial glycocalyx. 
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(a)Transport 

• A protein (left) that spans the membrane 
may provide a hydrophilie ehannel aeross 
the membrane that is seleetive for a 
particular solute. 

• Some transport proteins (right) hydrolyze 
ATP as an energy source to aetively pump 
substances aeross the membrane. 



(b) Reeeptors for signal transduction 

• A membrane protein exposed to the 
outside of the eell may have a binding site 
that fits the shape of a speeifie ehemieal 
messenger, such as a hormone. 

• When bound, the ehemieal messenger may 
cause a ehange in shape in the protein that 
initiates a ehain of ehemieal reaetions in the 
eell. 



(e) Attaehment to the eytoskeleton and 
extracellular matrix 

• Elements of the eytoskeleton (eell’s internal 
supports) and the extracellular matrix 
(fibers and other substances outside the 
eell) may anehor to membrane proteins, 
which helps maintain eell shape and fix the 
loeation of eertain membrane proteins. 

• Others play a role in eell movement or bind 
adjaeent eells together. 


(d) Enzymatie aetivity 


Enzymes 



• A membrane protein may be an enzyme 
with its aetive site exposed to substances in 
the adjaeent solution. 

• A team of several enzymes in a membrane 
may eatalyze sequential steps of a 
metabolie pathway as indieated (left to 
right) here. 



(e) lntercellular joining 

• Membrane proteins of adjaeent eells may 
be hooked together in various kinds of 
intercellular junctions. 

• Some membrane proteins (eell adhesion 
molecules or CAMs) of this group provide 
temporary binding sites that guide eell 
migration and other eell-to-eell interaetions. 



Glyeoprotein 


(f) Cell-cell reeognition 

• Some glyeoproteins (proteins bonded to 
short ehains of sugars) serve as 
identifieation tags that are speeifieally 
reeognized by other eells. 


Figure 3.4 Membrane proteins perform 
many tasks. A single protein may perform a 
eombination of these functions. 



Homeostatie imbalanee 3.1 


Definite ehanges occur in the glycocalyx of a eell that is be- 
eoming cancerous. In faet, a eaneer eells glycocalyx may ehange 
almost continuously, allowing it to keep ahead of immune sys- 
tem reeognition meehanisms and avoid destmetion. (Cancer is 
discussed on pp. 145-146.) + 



Check Your Llnderstanding' 


3. What basie structure do all cellular membranes share? 

4. Why do phospholipids, vvhieh form the greater part of 
membranes, organize into a bilayer—tail-to-tail—in a vvatery 
environment? 

5. What is the importanee of the glycocalyx in eell interaetions? 

_ For ansvvers, see Appendix H. 


Cell Junctions 

Although eertain eell types—blood eells, sperm eells, and some 
immune system eells—are “footloose” in the body, many other 
types are knit into tight eomimmities. Typieally, three faetors aet 
to bind eells together: 

■ Glyeoproteins in the glycocalyx aet as an adhesive. 

■ Wavy contours of the membranes of adjaeent eells fit to- 
gether in a tongue-and-groove fashion. 

■ Speeial eell junctions form Figure 3.5). 

Because junctions are the most important faetor securing eells 
together, let s look more elosely at the various types. 

Tight Jiinetions 

In a tight junction, a series of integral protein molecules in the 
plasma membranes of adjaeent eells fuse together, forming an 
impermeable junction that eneireles the eell (Figure 3.5a). Tight 
junctions help prevent molecules from passing through the extra- 
cellular spaee between adjaeent eells. For example, tight junctions 
between epithelial eells lining the digestive traet keep digestive en- 
zymes and mieroorganisms in the intestine from seeping into the 
bloodstream. (Although ealled “impermeable ’ junctions, some 
tight junctions are leaky and may allow eertain ions to pass.) 

Desmosomes 

Desmosomes (des'muh-sòmz; cc binding bodies”) are anehoring 
junctions —meehanieal couplings seattered like rivets along the sides 
of abutting eells to prevent their separation (Figure 3.5b). On the ey- 
toplasmie faee of eaeh plasma membrane is a buttonlike thiekening 
ealled a plaque. Adjaeent eells are held together by thin linker protein 
filaments (eadherins) that extend from the plaques and fit together 
like the teeth of a zipper in the intercellular spaee. Thieker keratin 
filaments (intermediate filaments, which form part of the eytoskele- 
ton) extend from the eytoplasmie side of the plaque aeross the width 
of the eell to anehor to the plaque on the eells opposite side. In this 
way, desmosomes bind neighboring eells together and also eontrib- 
ute to a continuous internal network of strong cc guy-wires.” 

This arrangement distributes tension throughout a cellular 
sheet and reduces the ehanee of tearing when it is subjected to 
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Plasma membranes 
of adjaeent eells 
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Interloeking 

junctional 

proteins 
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spaee 




lntercellular 
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(a)Tight jiinetions: Impermeable junctions 
prevent molecules from passing through 
the intercellular spaee. 


Intermediate 
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(b) Desmosomes: Anehoring junctions bind 
adjaeent eells together like a molecular 
“Velero” and help form an internal tension- 
reducing network of fibers. 



Intercellular 

spaee 


Channel 
between eells 
(formed by 
connexons) 


(e) Gap jiinetions: Communicating junctions 
allow ions and small molecules to pass 
for intercellular communication. 


Figure 3.5 Cell junctions. An epithelial eell is shovvn joined to adjaeent eells by three eommon 
types of eell jiinetions. (Note: Except for epithelia, it is unlikely that a single eell vvill have all three 
junction types.) 


pulling forees. Desmosomes are abundant in tissues subjected 
to great meehanieal stress, such as skin and heart muscle. 

Gap Jiinetions 

A gap junction, or nexus (nek'sus; “bond”), is a communicat- 
ing junction between adjaeent eells. At gap junctions the adjaeent 
plasma membranes are very elose, and the eells are eonneeted 
by hollow eylinders ealled connexons (kò-nek'sonz), eomposed 
of transmembrane proteins. The many different types of eon- 
nexon proteins vary the seleetivity of the gap junction ehannels. 
Ions, simple sugars, and other small molecules pass through these 
water-fìlled ehannels from one eell to the next (Figure 3.5c). 

Gap junctions are present in eleetrieally excitable tissues, such 
as the heart and smooth muscle, where ion passage from eell to 
eell helps synehronize their eleetrieal aetivity and eontraetion. 



Check Your Understanding 


6. VVhieh tvvo types of eell junctions would you expect to find 
between muscle eells of the heart? 


For ansvver, see Appendix Fi. 


The Plasma Membrane: 

Membrane Transport 

s Relate plasma membrane structure to aetive and passive 
transport proeesses. 

s Compare and eontrast simple diffosion, faeilitated 

difhjsion, and osmosis relative to substances transported, 
direetion, and meehanism. 
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Figure 3.6 Diffusion. Molecules in solution move continuously and eollide eonstantly vvith other 
molecules, causing them to move avvay from areas of their highest eoneentration and beeome 
evenly distributed. From left to right, molecules from a dye pellet diffuse into the surrounding vvater 
dovvn their eoneentration gradient. 


Our eells are bathed in an extracellular fluid ealled interstitial 
fluid (in'ter-stish'al) that is derived from the blood. Like a rieh, 
nutritious cc soup” interstitial fluid eontains thousands of in- 
gredients, including amino aeids, sugars, fatty aeids, vitamins, 
regulatory substances such as hormones and neurotransmitters, 
salts, and waste products. To remain healthy, eaeh eell must ex- 
traet from this mix the exact amounts of the substances it needs 
at speeifie times. 

Although there is continuous traffie aeross the plasma mem- 
brane, it is a seleetively, or differentially, permeable barrier: 
It allows some substances to pass while excluding others. It al- 
lows nutrients to enter the eell, but keeps many undesirable sub- 
stanees out. At the same time, it keeps valuable eell proteins and 
other neeessary substances in the eell, but allows wastes to exit. 

Substances move through the plasma membrane in essen- 
tially two ways—passively or aetively. In passive proeesses, sub- 
stanees eross the membrane without any energy input from the 
eell. In aetive proeesses, the eell provides the metabolie energy 
(usually ATP) needed to move substances aeross the membrane. 
Table 3.1 on p. 72 summarizes passive transport proeesses, and 
Table 3.2 on p. 78 summarizes aetive transport. 



Homeostatie imbalanee 3.2 


Seleetive permeability is a eharaeteristie of healthy, intaet eells. 
When a eell (or its plasma membrane) is severely damaged, the 
membrane beeomes permeable to virtually everything, and 
substances flow into and out of the eell freely. This phenomenon 
is evident when someone has been severely burned. Precious 
flmds, proteins, and ions cc weep” from the damaged eells. + 


Passive Proeesses 

The two main types ofpassive transport are diffusion (dì-fu'zhun) 
and filtration. Diffhsion is an important means of passive mem- 
brane transport for every eell of the body. Because filtration gen- 
erally occurs only aeross eapillary walls, we will discuss it later in 
conjunction with eapillary transport. 

Diffusion 


eoneentration gradient. The eonstant random and high-speed 
motion of molecules and ions (a result of their intrinsie kinetie 
energy) results in eollisions. With eaeh eollision, the partieles 
rieoehet off one another and ehange direetion. The overall effeet 
of this erratie movement is to seatter or disperse the partieles 
throughout the environment 'igure 3.6' . The greater the dif- 
ferenee in eoneentration of the diffhsing molecules and ions 
between the two areas, the more eollisions occur and the faster 
the net diffhsion of the partieles. 

Because the driving foree for diffhsion is the kinetie energy 
of the molecules themselves, the speed of diffhsion is influenced 
by molecular size (the smaller, the faster) and by temperatme 
(the warmer, the faster). In a elosed eontainer, diffhsion eventu- 
ally produces a uniform mixture of molecules. In other words, 
the system reaehes equilibrium, with molecules moving equally 
in all direetions (no net movement). 

Diffiision is immensely important in physiologieal systems 
and it occurs rapidly because the distanees molecules are mov- 
ing are very short, perhaps 1/1000 (or less) the thiekness of this 
page! Examples include the movement of ions aeross eell mem- 
branes and the movement of neurotransmitters between two 
nerve eells. 

The plasma membrane is a physieal barrier to free diffhsion 
because of its hydrophobie eore. However, a molecule or ion 
will diffiise through the membrane if the molecule is (1) lipid 
soluble, (2) small enough to pass through membrane ehannels, 
or (3) assisted by a earrier molecule. 

The unassisted diffiision of lipid-soluble or very small par- 
tieles is ealled simple diffusion. Assisted diffiision is known as 
faeilitated diffusion. A speeial name, osmosis , is given to the dif- 
fusion of a solvent (usually water) through a membrane. 

Simple Diffusion In simple diffusion, nonpolar and lipid- 
soluble substances diffiise direetly through the lipid bilayer 
(Fi ure 3.7a) . Such substances include oxygen, earbon diox- 
ide, and fat-soluble vitamins. Because oxygen eoneentration is 
always higher in the blood than in tissue eells, oxygen continu- 
ously diffiises from the blood into the eells. Carbon dioxide, on 
the other hand, is in higher eoneentration within the eells, so it 
diffhses from tissue eells into the blood. 


Diffusion is the tendeney of molecules or ions to move from an Faeilitated Diffusion Certain molecules, notably glucose 

area where they are in higher eoneentration to an area where and other sugars, some amino aeids, and ions are transported 

they are in lower eoneentration, that is, down or along their 
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direetly through the 
phospholipid bilayer 


(b) Carrier-mediated faeilitated diffusion 

via protein earrier speeifie for one 
ehemieal; binding of substrate causes 
transport protein to ehange shape 


(e) Channel-mediated 
faeilitated diffiision 

through a ehannel 
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seleeted on basis of 
size and eharge 


(d) Osmosis, diffusion of a 
solvent such as water 
through a speeifie 
ehannel protein 
(aquaporin) orthrough 
the lipid bilayer 


Figure 3.7 Diffusion through the plasma membrane. 


passively even though they are unable to pass through the li- 
pid bilayer. Instead they move through the membrane by a pas- 
sive transport proeess ealled faeilitated diffusion in which the 
transported substance either (1) binds to protein earriers in the 
membrane and is ferried aeross or (2) moves through water- 
filled protein ehannels. 

■ Carrier-mediated faeilitated diffusion. Carriers are trans- 
membrane integral proteins that are speeifie for transporting 
eertain polar molecules or elasses of molecules, such as sug- 
ars and amino aeids, that are too large to pass through mem- 
brane ehannels. Alterations in the shape of the earrier allow 
it to first envelop and then release the transported substance, 
shielding it en route from the nonpolar regions of the mem- 
brane. Essentially, ehanges in the eonformation of the earrier 
protein move the binding site from one faee of the mem- 
brane to the other (Figure 3.7b and Table 3.1). 

Note that a substance transported by earrier-mediated 
faeilitated diífusion, such as glucose, moves down its eon- 
eentration gradient, just as in simple diffiision. Glucose is 
normally in higher eoneentrations in the blood than in the 
eells, where it is rapidly used for ATP synthesis. So, glucose 
transport within the body is typieally unidirectional—into 
the eells. However, earrier-mediated transport is limited by 
the number of protein earriers present. For example, when 
all the glucose earriers are “engaged,” they are said to be 
satmated , and ghieose transport is occurring at its maxi- 
mum rate. 

■ ehannel-mediated faeilitated diffusion. Channels are trans- 
membrane proteins that transport substances, usually ions or 
water, through aqueous ehannels from one side of the mem- 
brane to the other (Figure 3.7c and d). Channels are seleetive 


due to pore size and the eharges of the amino aeids lining the 
ehannel. Leakage ehannels are always open and simply allow 
ions or water to move aeeording to eoneentration gradients. 
Gated ehannels are eontrolled (opened or elosed) by ehemieal 
or eleetrieal signals. 

Fike earriers, many ehannels ean be inhibited by eer- 
tain molecules, show saturation, and tend to be speeifie. 
Substances moving through them also follow the eon- 
eentration gradient (always moving down the gradient). 
When a substance erosses the membrane by simple dif- 
fusion, the rate of diffiision is not eontrollable because 
the lipid sohibility of the membrane is not immediately 
ehangeable. By eontrast, the rate of faeilitated diffusion 
is eontrollable because the permeability of the membrane 
ean be altered by regulating the aetivity or number of in- 
dividual earriers or ehannels. 

Oxygen, water, glucose, and various ions are vitally impor- 
tant to cellular homeostasis. Their passive transport by diffhsion 
(either simple or faeilitated) represents a tremendous saving of 
cellular energy. Indeed, if these substances had to be transported 
aetively, eell expenditures of ATP would inerease exponentially! 

Osmosis The diffiision of a solvent, such as water, through a 
seleetively permeable membrane is osmosis (oz-mo'sis; osmos 
= pushing). Even though water is highly polar, it passes via os- 
mosis through the lipid bilayer (Figure 3.7d). This is surprising 
because youd expect water to be repelled by the hydrophobie 
lipid tails. One hypothesis is that random movements of the 
membrane lipids open small gaps between their wiggling tails, 
allowing water to slip and slide its way through the membrane 
by moving from gap to gap. 
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(a) Membrane permeable to both solutes and water 


Solute and water molecules move down their eoneentration gradients 
in opposite direetions. Fluid volume remains the same in both eompartments. 


Left 

eompartment: 

Solution with 
lower osmolarity 


Right 

eompartment: 

Solution with 
greater osmolarity 


Both solutions have the 
same osmolarity: volume 
unchanged 


H 2 0 



permeable molecules 

membrane (sugar) 


(b) Membrane permeable to water, impermeable to solutes 


Solute molecules are prevented from moving but water moves by osmosis. 
Volume inereases in the eompartment with the higher osmolarity. 


Left Right 

eompartment eompartment 


H 2 0 


Seleetively 

permeable 

membrane 



Solute 

molecules 

(sugar) 


Both solutions have identieal 
osmolarity, but volume of the 
solution on the right is greater 
because only water is 
free to move 




gure 3.8 lnfluence of membrane permeability on diffusion and osmosis. 


Water also moves freely and reversibly through water- 
speeifie ehannels eonstmeted by transmembrane proteins 
ealled aquaporins (AQPs), which allow single-file diffhsion 
of water molecules. Although water-filled aquaporin ehannels 
are believed to be present in all eell types, they are particularly 
abundant in red blood eells and in eells involved in water bal- 
anee such as kidney tubule eells. 

Osmosis occurs whenever the water eoneentration differs on 
the two sides of a membrane. If distilled water is present on both 
sides of a seleetively permeable membrane, no net osmosis occurs, 
even though water molecules move in both direetions through 


the membrane. If the solute eoneentration on the two sides of the 
membrane differs, water eoneentration differs as well (as solute 
eoneentration inereases, water eoneentration deereases). 

The extent to which solutes deerease water s eoneentration 
depends on the niimber —not the type —of solute partieles, be- 
cause one molecule or one ion of solute (theoretieally) displaees 
one water molecule. The total eoneentration of all solute par- 
tieles in a solution is referred to as the solutions osmolarity 
(oz"mo-lar'ì-te). When equal volmnes of aqueous solutions of 
different osmolarity are separated by a membrane that is perme- 
able to all molecules in the system, net diffhsion of both solute 
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(a) isotonie solutions 


Cells retain their normal size and 
shape in isotonie solutions (same 
solute/water eoneentration as inside 
eells; water moves in and out). 







(b) Hypertonie solutions 


Cells lose water by osmosis and shrink 
in a hypertonie solution (eontains a 
higher eoneentration of solutes 
than are present inside the eells). 



(e) Hypotonie solutions 


Cells take on water by osmosis until they 
beeome bloated and burst (lyse) in a 
hypotonie solution (eontains a lower 
eoneentration of solutes than are 

present inside eells). 



gure 3.9 The effeet of solutions of varying tonieities on living red blood eells. 


and water occurs, eaeh moving down its own eoneentration 
gradient. Equilibrium is reaehed when the water (and solute) 
eoneentration on both sides of the membrane is the same 

(Figure 3.8a). 

If we eonsider the same system, but make the membrane imper- 
meable to solute partieles, we see quite a diíferent result (Figure 3.8b). 
Water quickly diíhises from the left to the right eompartment and 
continues to do so until its eoneentration is the same on the two 
sides of the membrane. Notiee that in this ease equilibrium results 
from the movement of water alone (the solutes are prevented from 
moving). Notiee also that the movement of water leads to dramatie 
ehanges in the volumes of the two eompartments. 

The last situation mimies osmosis aeross plasma membranes 
of living eells, with one major diíferenee. In our examples, the 
volumes of the eompartments are infinitely expandable and the 
efiFeet of pressure exerted by the added weight of the higher fluid 
column is not eonsidered. In living plant eells, which have rigid 
eell walls external to their plasma membranes, this is not the 
ease. As water diffiises into the eell, the point is finally reaehed 
where the hydrostatie pressure (the baek pressure exerted by 
water against the membrane) within the eell is equal to its os- 
motie pressure (the tendeney of water to move into the eell by 
osmosis). At this point, there is no further (net) water entry. As a 
rale, the higher the amount of nondiffiisible, or nonpenetrating , 
sokites in a eell, the higher the osmotie pressure and the greater 
the hydrostatie pressure must be to resist further net water entry. 
In our plant eell, hydrostatie pressure is pushing water out, and 
osmotie pressure is pulling water in; therefore, you could think 
of the osmotie pressure as an osmotie “suck.” 


However, such major ehanges in hydrostatie (and osmotie) 
pressures do not occur in living animal eells, which laek rigid 
eell walls. Osmotie imbalanees cause animal eells to swell or 
shrink (due to net water gain or loss) until either (1) the solute 
eoneentration is the same on both sides of the plasma mem- 
brane, or (2) the membrane stretehes to its breaking point. 

Tonieity Such ehanges in animal eells lead us to the important 
eoneept of tonieity (to-nis'ì-te). As noted, many solutes, par- 
ticularly intraeelMar proteins and seleeted ions, eannot diffiise 
through the plasma membrane. Consequently, any ehange in 
their eoneentration alters the water eoneentration on the two 
sides of the membrane and results in a net loss or gain of water 
by the eell. 

Tonieity refers to the ability of a solution to ehange the shape 
or tone of eells by altering the eells internal water volume (tono 
— tension). 

■ isotonie ( cc the same tonieity’) solutions have the same eon- 
eentrations of nonpenetrating solutes as those found in eells 
(0.9% saline or 5% ghieose). Cells exposed to isotonie solu- 
tions retain their normal shape, and exhibit no net loss or 
gain of water Fi ure 3.9a] . As you might expect, the bodys 
extracellular fluids and most intravenous soMions (solu- 
tions infised into the body via a vein) are isotonie. 

■ Hypertonie solutions have a higher eoneentration of non- 
penetrating sofites than seen in the eell (for example, a strong 
saline sofition). Cells immersed in hypertonie sofitions lose 
water and shrink, or erenate (kre'nat) (Figure 3.9b). 
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Table 3.1 Passive Membrane Transport Proeesses 

PROCESS 

ENERGY SOURCE 

DESCRIPTION 

EXAMPLES 

Diffusion 

Simple diffusion 

Kinetie energy 

Net movement of molecules from an area 
of their higher eoneentration to an area 
of their lower eoneentration, that is, along 
their eoneentration gradient 

Fats, oxygen, earbon dioxide move 
through the lipid bilayer of the membrane 

Faeilitated diffusion 

Kinetie energy 

Same as simple diffusion, but the diffusing 
substance is attaehed to a lipid-soluble 
membrane earrier protein (earrier- 
mediated faeilitated diffusion) or moves 
through a membrane ehannel (ehannel- 
mediated faeilitated diffusion) 

Glucose and some ions move into eells 

Osmosis 

Kinetie energy 

Diffusion of water through a seleetively 
permeable membrane 

Movement of water into and out of eells 
direetly through the lipid bilayer of the 
membrane or via membrane ehannels 
(aquaporins) 


■ Hypotonie solutions are more dilute (eontain a lower eon- 
eentration of nonpenetrating solutes) than eells. Cells plaeed 
in a hypotonie solution plump up rapidly as water rushes into 
them (Figure 3.9c). Distilled water represents the most extreme 
example of hypotonieity. Because it eontains no solutes, water 
continues to enter eells until they finally burst, or lyse. 

Notiee that osmolarity and tonieity are not the same. A solu- 
tions osmolarity is based solely on its total solute eoneentra- 
tion. In eontrast, its tonieity is based on how the solution aífeets 
eell volume, which depends on (1) solute eoneentration and 
(2) solute permeability of the plasma membrane. Osmolarity is 
expressed as osmoles per liter (osmol/L) where 1 osmol is equal 
to 1 mole of nonionizing molecules.* A 0.3 osmol/L solution 
of NaCl is isotonie because sodium ions are usually prevented 
from diífusing through the plasma membrane. But if the eell is 
immersed in a 0.3 osmol/L solution of a penetrating solute, the 
solute will enter the eell and water will follow. The eell will swell 
and burst, just as if it had been plaeed in pure water. 

Osmosis is extremely important in determining distribution 
of water in the various fluid-containing eompartments of the 
body (eells, blood, and so on). In general, osmosis continues 
until osmotie and hydrostatie pressures aeting at the membrane 
are equal. For example, the hydrostatie pressure of blood against 
the eapillary wall forees water out of eapillary blood, but the sol- 
utes in blood that are too large to eross the eapillary membrane 
draw water baek into the bloodstream. As a result, very little net 
loss of plasma flmd occurs. 

Simple diffusion and osmosis occurring direetly through 
the plasma membrane are not seleetive proeesses. In those 


*Osmolarity (Osm) is determined by multiplying molarity (moles per liter, or M) 
by the number of partieles resulting from ionization. For example, sinee NaCl 
ionizes to Na + + Cl _ , a 1 M solution of NaCl is a 2 Osm solution. For substances 
that do not ionize (e.g., glucose), molarity and osmolarity are the same. More 
preeisely, the term osmolality is used, which is equal to the number of partieles 
mixed into a kilogram of water. 


proeesses, whether a molecule ean pass through the mem- 
brane depends ehiefly on its size or its solubility in lipid, not 
on its structure. Faeilitated diffusion, on the other hand, is 
often highly seleetive. The earrier for ghieose, for example, 
eombines speeifieally with glucose, in much the same way an 
enzyme binds to its speeifie substrate and ion ehannels allow 
only seleeted ions to pass. 



Homeostatie imbalanee 3.3 


Hypertonie solutions are sometimes infused intravenously into 
the bloodstream of patients who are edematous (swollen be- 
cause their tissues retain water). This is done to draw excess 
water out of the extracellular spaee and move it into the blood- 
stream so the kidneys ean eliminate it. Hypotonie solutions 
may be used (with eare) to rehydrate the tissues of extremely 
dehydrated patients. In mild eases of dehydration, drinking 
hypotonie flmds (such as apple juice and sports drinks) usually 
does the triek. + 


Table 3.1 smnmarizes passive membrane transport 
proeesses. 



Check Your IJnderstanding 


7. What is the energy source for all types of diffusion? 

8 . What determines the direetion of any diffusion proeess? 

9. What are the two types of faeilitated diffusion and how do 
they differ? 

_ For ansvvers, see Appendix Fi. 


Aetive Proeesses 

Differentiate between primary and seeondary aetive transport. 

Compare and eontrast endoeytosis and exocytosis in terms 
of fiinetion and direetion. 

Compare and eontrast pinoeytosis, phagoeytosis, and 
reeeptor-mediated endoeytosis. 
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Whenever a eell uses energy to move solutes aeross the mem- 
brane, the proeess is referred to as aetive. Substances moved 
aetively aeross the plasma membrane are usually unable to pass 
in the neeessary direetion by passive transport proeesses. The 
substance may be too large to pass through the ehannels, inea- 
pable of dissolving in the lipid bilayer, or unable to move down 
its eoneentration gradient. 

There are two major means of aetive membrane transport: 
aetive transport and vesicular transport. 

Aetive Transport 

Like earrier-mediated faeilitated diffusion, aetive transport 
requires earrier proteins that eombine speeifieally and revers- 
ibly with the transported substances. However, faeilitated diffii- 
sion always follows eoneentration gradients because its driving 
foree is kinetie energy. In eontrast, aetive transporters or solute 
pumps move solutes, most importantly ions, c uphill” against 
a eoneentration gradient. To do this work, eells must expend 
energy. 

Aetive transport proeesses are distinguished aeeording to 
their source of energy: 

■ In primary aetive transport , the energy to do work eomes 
direetlyfrom hydrolysis ofATP. 

■ In seeondary aetive transport , transport is driven indireetly by 
energy stored in ionie gradients ereated by primary aetive trans- 
port pumps. Seeondary aetive transport systems are all coupled 
systems ; that is, they move more than one substance at a time. 

In a symport system, the two transported substances move 
in the same direetion (. sym = same). In an antiport system (anti 
= opposite, against), the transported substances cc wave to eaeh 
other” as they eross the membrane in opposite direetions. 

Primary Aetive Transport In primary aetive transport, hy- 

drolysis of ATP results in the phosphorylation of the transport 
protein. This step causes the protein to ehange its shape in such a 
manner that it cc pumps” the bound solute aeross the membrane. 

Primary aetive transport systems include calcium and hy- 
drogen pumps, but the most investigated example of a pri- 
mary aetive transport system is the sodium-potassium pump, 
for which the earrier, or cc pump,” is an enzyme ealled Na + -K + 
ATPase. In the body, the eoneentration of K + inside the eell is 
some 10 times higher than that outside, and the reverse is tme 
of Na + . These ionie eoneentration differenees are essential for 
excitable eells like muscle and nerve eells to ffmetion normally 
and for all body eells to maintain their normal fluid volume. 
Because Na + and K + leak slowly but continuously through leak- 
age ehannels in the plasma membrane along their eoneentra- 
tion gradient (and eross more rapidly in stimulated muscle and 
nerve eells), the Na + -K + pump operates almost continuously 
as an antiporter. It simultaneously drives Na + out of the eell 
against a steep eoneentration gradient and pumps K + baek in. 

Earlier we said that solutes diffffse down their eoneentration 
gradients. This is true for uncharged solutes, but only partially 
tme for ions. The negatively and positively eharged faees of the 
plasma membrane ean help or hinder diffffsion of ions driven 
by a eoneentration gradient. It is more eorreet to say that ions 


diffffse aeeording to eleetroehemieal gradients, thereby reeog- 
nizing the effeet of both eleetrieal and eoneentration (ehemieal) 
forees. Henee, the eleetroehemieal gradients maintained by the 
Na + -K + pump underlie most seeondary aetive transport of nu- 
trients and ions, and are emeial for eardiae, skeletal muscle, and 
neuron ffmetion. 

Figure 3.10 on p. 74, Focus on Primary Aetive Transport: The 
Na + -K + Pump , deseribes the operation of the Na + -K + pump. 
Make sure you understand this proeess thoroughly before mov- 
ing on to the topie of seeondary aetive transport. 

Seeondary Aetive Transport A single ATP-powered pump, 
such as the Na + -K + pump, ean indireetly drive the seeondary 
aetive transport of several other solutes. By moving sodium 
aeross the plasma membrane against its eoneentration gradient, 
the pump stores energy (in the ion gradient). Then, just as water 
pumped uphill ean do work as it flows baek down (to turn a 
water wheel, for instanee), a substance pumped aeross a mem- 
brane ean do work as it leaks baek, propelled cc downhill” along 
its eoneentration gradient. In this way, as sodium moves baek 
into the eell with the help of a earrier protein, other substances 
are cc dragged along,” or eotransported, by the same earrier pro- 
tein Figure 3.11. This is a symport system. 

For example, some sugars, amino aeids, and many ions are 
eotransported via seeondary aetive transport into eells lining 
the small intestine. Because the energy for this type of transport 
is the eoneentration gradient of the ion (in this ease Na + ), Na + 
has to be pumped baek out of the eell to maintain its diffffsion 
gradient. Ion gradients ean also drive antiport systems such as 
those that help regulate intracellular pH by using the sodium 
gradient to expel hydrogen ions. 

Regardless of whether the energy is provided direetly (pri- 
mary aetive transport) or indireetly (seeondary aetive trans- 
port), eaeh membrane pump or eotransporter transports only 
speeifie substances. Aetive transport systems provide a way for 
the eell to be very seleetive in eases where substances eannot 
pass by diffiision. No pump—no transport. 

VesicularTransport 

In vesicular transport, fluids eontaining large partieles and 
macromolecules are transported aeross eelhilar membranes in- 
side membranous saes ealled vesieles. Like aetive transport, ve- 
sicular transport moves substances into the eell (endoeytosis) 
and out of the eell (exocytosis). It is also used for eombination 
proeesses such as transeytosis , moving substances into, aeross, 
and then out of the eell, and vesicular traffieking , moving sub- 
stanees from one area (or membranous organelle) in the eell 
to another. Vesicular transport proeesses are energized by 
ATP (or in some eases another energy-rieh compound, GTP — 
guanosine triphosphate). 

Endoeytosis, Transeytosis, and Vesicular Traffieking Virtu- 
ally all forms of vesicular transport involve an assortment of 
protein-eoated vesieles of three types and, with some excep- 
tions, all are mediated by membrane reeeptors. Before we get 
speeifie about eaeh type of eoated vesicular transport, lets look 
at the general seheme of endoeytosis. 




F O C U S Primary Aetive Transport: The Na + -K + Pump 


Figure 3.10 Primary aetive transport is the proeess in which solutes are moved 
aeross eell membranes against eleetroehemieal gradients using energy supplied 
direetly by ATP. The aetion of the Na + -K+ pump is an important example of 

primary aetive transport. A&PFHx Avaiiabie at www.masteringaandp.com 



Extracellular fluid 



ATP-binding site 


Cytoplasm 


(X)Three eytoplasmie Na + bind to pump 


protein. 


Pump protein binds ATP; releases K + to 
the inside, and Na + sites are ready to bind 
Na + again. The eyele repeats. 

i 


Na + binding promotes hydrolysis of ATP. 
The energy released during this reaetion 
phosphorylates the pump. 

1 





(5) K + binding triggers release of the 
phosphate. The dephosphorylated pump 
resumes its original eonformation. 




Phosphorylation causes the pump to 
ehange shape, expelling Na + to the outside. 




Two extracellular K + bind to 


pump. 
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Extracellular fluid 


Na+ 


Glucose 


Cytoplasm 


(l) Primary aetive transport 

The ATP-driven Na + -K + pump 
stores energy by ereating a steep 
eoneentration gradient for Na + 
entry into the eell. 


Na + -glucose 
symport transporter 
releases glucose 
into the eytoplasm 




© Seeondary aetive transport 

As Na + diffuses baek aeross the membrane 
through a membrane eotransporter protein, it 
drives glucose against its eoneentration gradient 
into the eell. 


Figure 3.11 Seeondary aetive transport is driven by the eoneentration gradient ereated 
by primary aetive transport. 


Protein-eoated vesieles provide the main route for endoey- 
tosis and transeytosis of bulk solids, most macromolecules, and 
fluids. On oeeasion, these vesieles are also hijaeked by patho- 
gens seeking entry into a eell. 

Figure 3.12 shows the basie steps in endoeytosis and trans- 
eytosis. © An infblding portion of the plasma membrane, 
ealled a eoated pit , progressively eneloses the substance to be 
taken into the eell. The eoating found on the eytoplasmie faee of 
the pit is most often the bristlelike protein elathrin (klà'thrin; 
“lattiee elad”). The elathrin eoat (elathrin and some aeeessory 
proteins) aets in both seleeting the eargo and deforming the 
membrane to produce the vesiele. © The vesiele detaehes, and 
© the eoat proteins are reeyeled baek to the plasma membrane. 

© The uncoated vesiele then typieally fuses with a sorting 
vesiele ealled an endosome. © Some membrane eomponents 
and reeeptors of the fused vesiele may be reeyeled baek to the 
plasma membrane in a transport vesiele. © The remaining 
eontents of the vesiele may (a) eombine with a lysosome (li'so- 
sòm), a speeialized eell structure eontaining digestive enzymes, 
where the ingested substance is degraded or released (if iron or 
eholesterol), or (b) be transported eompletely aeross the eell and 
released by exocytosis on the opposite side ( transeytosis ). Trans- 
eytosis is eommon in the endothelial eells lining blood vessels 
because it provides a quick means to get substances from the 
blood to the interstitial flmd. 

Based on the nature and quantity of material taken up and 
the means of uptake, three types of endoeytosis that use elathrin- 
eoated vesieles are reeognized: phagoeytosis, pinoeytosis, and 
reeeptor-mediated endoeytosis. 

■ Phagoeytosis. In phagoeytosis (fag"o-si-to'sis; “eell eating”), 
the eell engulfs some relatively large or solid material, such 
as a ehimp of baeteria, eell debris, or inanimate partieles 


(asbestos fibers or glass, for example) gure 3.13a) . When 
a partiele binds to reeeptors on the eells smfaee, eytoplas- 
mie extensions ealled pseudopods (soo'do-pahdz; pseudo — 
false, pod — foot) form and flow around the partiele. This 
forms an endoeytotie vesiele ealled a phagosome (fag'o- 
sòm; “eaten body”). In most eases, the phagosome then fuses 
with a lysosome and its eontents are digested. Any indigest- 
ible eontents are ejeeted from the eell by exocytosis. 

In the human body, only maerophages and eertain white 
blood eells are “experts” at phagoeytosis. Commonly referred 
to as phagoeytes , these eells help proteet the body by ingest- 
ing and disposing of baeteria, other foreign substances, and 
dead tissue eells. The disposal of dying eells is emeial, because 
dead eell remnants trigger inflammation in the surrounding 
area or may stimulate an undesirable immune response. Most 
phagoeytes move about by amoeboid motion (ah-me'boyd; 
“ehanging shape”); that is, the flowing of their eytoplasm into 
temporary extensions allows them to ereep along. 

■ Pinoeytosis. In pinoeytosis (“eell drinking”), also ealled fluid- 
phase endoeytosis, a bit of infolding plasma membrane (which 
begins as a protein-eoated pit) surrounds a very small volume of 
extracellular fluid eontaining dissolved molecules (Figure 3.13b). 
This droplet enters the eell and fhses with an endosome. Unlike 
phagoeytosis, pinoeytosis is a routine aetivity of most eells, af- 
fording them a nonseleetive way of sampling the extracellular 
fluid. It is particularly important in eells that absorb nutrients, 
such as eells that line the intestines. 

As mentioned, bits of the plasma membrane are removed 
when the membranous saes are internalized. However, these 
membranes are reeyeled baek to the plasma membrane by ex- 
oeytosis as deseribed shortly, so the surface area of the plasma 
membrane remains remarkably eonstant. 
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(T) Coated pit 
ingests substance. 


Extracellular fluid 



Plasma membrane 



Protein eoat 
(typieally elathrin) 


(2) Protein-eoated 
vesiele 



Cytoplasm 




(5) Coat proteins are reeyeled 
to plasma membrane. 


Transport 

vesiele 


Llneoated 

endoeytie 

vesiele 



Endosome 



(?) Llneoated vesiele fuses with a 
sorting vesiele ealled an endosome 



Lysosome 






@ Transport vesiele 
eontaining membrane 
eomponents moves to 
the plasma membrane 
for reeyeling. 


(a) 




(§) Fused vesiele may (a) fuse with 
lysosome for digestion of its eontents, 
or (b) deliver its eontents to the 
plasma membrane on the opposite 
side of the eell (transeytosis). 




Figure 3.12 Events of endoeytosis mediated by protein-eoated pits. Note the three possible 
fates for a vesiele and its eontents, shown in @ and @. 


■ Reeeptor-mediated endoeytosis. The main meehanism for the 
speeifie endoeytosis and transeytosis of most maeromoleeiiles 
by body eells is reeeptor-mediated endoeytosis (Figure 3.13c). 
This exquisitely seleetive meehanism allows eells to eoneentrate 
material that is present only in small amounts in the extracel- 
lular fluid. The reeeptors for this proeess are plasma membrane 
proteins that bind only eertain substances. Both the reeeptors 
and attaehed molecules are internalized in a elathrin-eoated 
pit and then dealt with in one of the ways discussed above. 
Substances taken up by reeeptor-mediated endoeytosis include 
enzymes, insulin (and some other hormones), low-density li- 
poproteins (such as eholesterol attaehed to a transport protein), 
and iron. Unfortunately, flu viruses, diphtheria, and eholera 
toxins also use this route to enter our eells. 

Different eoat proteins are used for eertain other types of 
vesicular transport. For example, eaveolae (ka"ve-o'le; “little 


eaves”), tubular or flask-shaped inpoeketings of the plasma 
membrane seen in many eell types, are involved in a unique 
kind of reeeptor-mediated endoeytosis. Like elathrin-eoated 
pits, eaveolae capture speeifie molecules (folie aeid, tetanus 
toxin) from the extracellular fluid in eoated vesieles and par- 
tieipate in some forms of transeytosis. However, eaveolae are 
smaller than elathrin-eoated vesieles. Additionally, their eage- 
like protein eoat is thinner. 

Caveolae are elosely assoeiated with lipid rafts that are plat- 
forms for G proteins, reeeptors for hormones (for example, in- 
sulin), and enzymes involved in eell regulation. These vesieles 
appear to provide sites for eell signaling and eross talk between 
signaling pathways. Their preeise role in the eell is still being 
worked out. 

Vesieles eoated with still another eoat protein (eoatomer) 
function in most types of intraeelMar vesicular traffieking. 
Perhaps the most important thing to remember about the eoat 
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(a) Phagoeytosis 

The eell engulfs a large 
partiele by forming pro- 
jeeting pseudopods (”false 
feet”) around it and en- 
elosing it within a membrane 
sae ealled a phagosome. 
The phagosome is 
eombined with a lysosome. 
Llndigested eontents remain 
in the vesiele (now ealled a 
residual body) or are ejeeted 
by exocytosis. Vesiele may 
or may not be protein- 
eoated but has reeeptors 
eapable of binding to 
mieroorganisms or solid 
partieles. 




(b) Pinoeytosis 

The eell “gulps” a drop of 
extracellular fluid eontaining 
solutes into tiny vesieles. No 
reeeptors are used, so the 
proeess is nonspeeifie. Most 
vesieles are protein-eoated. 



(e) Reeeptor-mediated 
endoeytosis 

Extracellular substances 
bind to speeifie reeeptor 
proteins, enabling the eell to 
ingest and eoneentrate 
speeifie substances 
(ligands) in protein-eoated 
vesieles. Ligands may 
simply be released inside 
the eell, or eombined with a 
lysosome to digest eontents. 
Reeeptors are reeyeled to 
the plasma membrane in 
vesieles. 


gure 3.13 Comparison of three types of endoeytosis. 



Plasma membrane 
SNARE (t-SNARE) 


Extracellular 

fluid 


Seeretory 

vesiele 


Vesiele SNARE 
(v-SNARE) 


Molecule to 
be seereted 


Cytoplasm 


(a) The proeess of 
exocytosis 


LlyThe membrane- 
bound vesiele migrates 
to the plasma 
membrane. 



Fused 
v- and 
t-SNAREs 


L^JThere, proteins at 
the vesiele surface 
(v-SNAREs) bind vvith 
t-SNAREs (plasma 
membrane proteins). 


Fusion pore formed 



The vesiele and 
plasma membrane fuse 
and a pore opens up. 



Vesiele eontents are 
released to the eell 
exterior. 


proteins in general is that they play a signifieant role in all forms 
of endoeytosis. 

Exocytosis Vesicular transport proeesses that ejeet substances 
from the eell interior into the extracellular fluid are ealled exo- 
eytosis (ek"so-si-to'sis; “out of the eell”). Typieally stimulated 
by a cell-surface signal such as binding of a hormone to a mem- 
brane reeeptor or a ehange in membrane voltage, exocytosis ae- 
counts for hormone seeretion, neurotransmitter release, mucus 
seeretion, and in some eases, ejeetion of wastes. The substance 
to be removed from the eell is first enelosed in a protein-eoated 
membranous sae ealled a seeretory vesiele. In most eases, the 
vesiele migrates to the plasma membrane, fuses with it, and then 
ruptures, spilling the sae eontents out of the eell gure 3.14] . 



(b) Photomierograph 
of a seeretory 
vesiele releasing 
its eontents 
by exocytosis 
(100,000x) 


Figure 3.14 

Exocytosis. 
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Table 3.2 Aetive Membrane Transport Proeesses 


PROCESS 


ENERGY SOURCE 


DESCRIPTION 


EXAMPLES 


Aetive Transport 


Primary aetive transport 


ATP 


Seeondary aetive transport 


lon eoneentration 
gradient maintained 
vvith ATP 


Transport of substances against a eoneentration 
(or eleetroehemieal) gradient. Performed aeross 
the plasma membrane by a solute pump, direetly 
using energy of ATP hydrolysis. 

Cotransport (coupled transport) of two solutes 
aeross the membrane. Energy is supplied 
indireetly by the ion gradient ereated by 
primary aetive transport. Symporters move the 
transported substances in the same direetion; 
antiporters move transported substances in 
opposite direetions aeross the membrane. 


lons (Na + , K + , H + , Ca 2+ , and 
others) 


Movement of polar or eharged 
solutes, e.g., amino aeids (into 
eell by symporters); Ca 2+ , H + (out 
of eells via antiporters) 


Vesicular Transport 


Endoeytosis 


Via elathrin-eoated 
vesieles 


Phagoeytosis 


ATP 


Pinoeytosis (fluid-phase 
endoeytosis) 


ATP 


Reeeptor-mediated 

endoeytosis 


ATP 


Via eaveolin-eoated 
vesieles (eaveolae) 


ATP 


Vesicular traffieking 

■ Via eoatomer-eoated 
vesieles 


ATP 


Exocytosis 


ATP 


"Cell eating": A large external partiele (proteins, 
baeteria, dead eell debris) is surrounded by a 


In the human body, occurs 
primarily in proteetive 


#/ 


seizing foot" and beeomes enelosed in a vesiele phagoeytes (some white blood 


(phagosome). 

Plasma membrane sinks beneath an external 


eells and maerophages) 

Occurs in most eells; important 


fluid droplet eontaining small solutes. Membrane for taking in dissolved solutes 


edges fuse, forming a fluid-filled vesiele. 


Seleetive endoeytosis and transeytosis. External 
substance binds to membrane reeeptors. 


Seleetive endoeytosis (and transeytosis). External 
substance binds to membrane reeeptors (often 
assoeiated with lipid rafts). 


Vesieles pineh off from organelles and travel to 
other organelles to deliver their eargo. 


Seeretion or ejeetion of substances from a eell. 
The substance is enelosed in a membranous 
vesiele, which fuses with the plasma membrane 
and ruptures, releasing the substance to the 
exterior. 


by absorptive eells of the kidney 
and intestine 

Means of intake of some 
hormones, eholesterol, iron, 
and most macromolecules 

Roles not fully known; proposed 
roles include eholesterol 
regulation and traffieking, and 
platforms for signal transduction 


Accounts for nearly all 
intraeellular traffieking between 
eertain organelles (endoplasmie 
reticulum and Golgi apparatus). 
Exceptions include vesieles 
budding from the trans faee of 
the Golgi apparatus, which are 
elathrin-eoated. 

Seeretion of neurotransmitters, 
hormones, mucus, ete; ejeetion 
of eell wastes 


Exocytosis, like other meehanisms in which vesieles are 
targeted to their destinations, involves a “doeking” proeess in 
which transmembrane proteins on the vesieles, fancifully ealled 
v-SNAREs (v for vesiele), reeognize eertain plasma membrane 
proteins, ealled t-SNAREs (t for target), and bind with them. 


This binding causes the membranes to “corkscrew” together 
and fuse, rearranging the lipid monolayers without mixing 
them (Figure 3.14a). As deseribed, membrane material added 
by exocytosis is removed by endoeytosis—the reverse proeess. 

Table 3.2 summarizes aetive membrane transport proeesses. 
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Extracellular fluid 


Potassium 

leakage 

ehannels 


Protein anion (unable to 
follovv K + through the 
membrane) 


Cytoplasm 


{J) K + diffuse down their steep 


eoneentration gradient (out of the eell) 
via leakage ehannels. Loss of K + results 
in a negative eharge on the inner 
plasma membrane faee. 


{2) K + also move into the eell 
because they are attraeted to the 
negative eharge established on the 
inner plasma membrane faee. 


(3)a negative membrane potential 


(-90 mV) is established when the 
movement of K + out of the eell equals 
K + movement into the eell. At this 
point, the eoneentration gradient 
promoting K + exit exactly opposes the 
eleetrieal gradient for K + entry. 



Figure 3.15 The key role of K + in generating the resting membrane potential. The 

resting membrane potential is largely determined by K + because at rest, the membrane is much 
more permeable to K + than Na + . The aetive transport of sodium and potassium ions (in a ratio 
of 3:2) by the Na + -K + pump maintains these eonditions. 



Check Your Understanding 


10 . VVhat happens when the Na + -K + pump is phosphorylated? 
VVhen K + binds to the pump protein? 

11. As a eell grows, its plasma membrane expands. Does this 
membrane expansion involve endoeytosis or exocytosis? 

12 . Phagoeytie eells gather in the lungs, particularly in the lungs 
of smokers. VVhat is the eonneetion? 

13 . VVhieh vesicular transport proeess allows a eell to take in 
eholesterol from the extracellular fluid? 


For ansvvers, see Appendix H. 


The Plasma Membrane: 
Generation of a Resting 
Membrane Potential 

Define membrane potential and explain howthe resting 
membrane potential is established and maintained. 

As youre now aware, the seleetive permeability of the plasma 
membrane ean lead to dramatie osmotie flows, but that is not its 
only consequence. An equally important result is the generation 
of a membrane potential, or voltage, aeross the membrane. A 
voltage is eleetrieal potential energy resulting from the sepa- 
ration of oppositely eharged partieles. In eells, the oppositely 
eharged partieles are ions, and the barrier that keeps them apart 
is the plasma membrane. 

In their resting state, all body plasma membranes exhibit a 
resting membrane potential that typieally ranges from — 50 to 


— 100 millivolts (mV), depending on eell type. For this reason, 
all eells are said to be polarized. The minus sign before the volt- 
age indieates that the inside of the eell is negative eompared to 
its outside. This voltage (or eharge separation) exists only at the 
membrane. If we added up all the negative and positive eharges 
in the eytoplasm, we would find that the eell interior is eleetri- 
eally neutral. Likewise, the positive and negative eharges in the 
extracellular fluid balanee eaeh other exactly. 

So how does the resting membrane potential eome about, 
and how is it maintained? The short answer is that diffhsion 
causes ionie imbalanees that polarize the membrane, and aetive 
transport proeesses maintain that membrane potential. First, 
let s look at how diffiision polarizes the membrane. 

Seleetive Diffusion Establishes Membrane 
Potential 

Many kinds of ions are found both inside eells and in the extra- 
cellular flmd, but the resting membrane potential is determined 
mainly by the eoneentration gradient of potassium (K + ) and by 
the differential permeability of the plasma membrane to K + and 
other ions Figure 3.15). Reeall that K + and protein anions 
predominate inside body eells, and the extracellular flmd eon- 
tains relatively more Na + , which is largely balaneed by Cl - . The 
unstimulated plasma membrane is somewhat permeable to K + 
because of leakage ehannels, but impermeable to the protein 
anions. Consequently, K + diffhses out of the eell along its eon- 
eentration gradient but the protein anions are unable to follow, 
and this loss of positive eharges makes the membrane interior 
more negative (Figme 3.15 (T ). 
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As more and more K + leaves the eell, the negativity of the 
inner membrane faee beeomes great enough to attraet K + baek 
toward and even into the eell (Figure 3.15 (2)). At a membrane 
voltage of —90 mV, potassimns eoneentration gradient is ex- 
aetly balaneed by the eleetrieal gradient (membrane potential), 

I and one K + enters the eell as one leaves (Figure 3.15 (? ). 

In many eells, sodium (Na + ) also contributes to the resting 
membrane potential. Sodium is strongly attraeted to the eell in- 
terior by its eoneentration gradient, bringing the resting mem- 
brane potential to —70 mV. However, potassium still largely 
determines the resting membrane potential because the mem- 
brane is much more permeable to K + than to Na + . Even though 
the membrane is permeable to Cl _ , in most eells Cl _ does not 
contribute to the resting membrane potential, because its eon- 
eentration and eleetrieal gradients exactly balanee eaeh other. 

We may be tempted to believe that massive flows of K + ions 
are needed to generate the resting potential, but this is not the 
ease. Surprisingly, the number of ions producing the membrane 
potential is so small that it does not ehange ion eoneentrations 
in any signifieant way. 

In a eell at rest, very few ions eross its plasma membrane. 
However, Na + and K + are not at equilibrium and there is some 
net movement of K + out of the eell and of Na + into the eell. Na + 
is strongly pulled into the eell by both its eoneentration gradient 
and the interior negative eharge. If only passive forees were at 
work, these ion eoneentrations would eventually beeome equal 
inside and outside the eell. 


AetiveTransport Maintains Eleetroehemieal 
Gradients 

Now lets look at how aetive transport proeesses maintain the 
membrane potential that dififiision has established, with the re- 
sult that the eell exhibits a steady state. The rate of aetive trans- 
port is equal to, and depends on, the rate of Na + diffhsion into 
the eell. If more Na + enters, more is pumped out. (This is like 
being in a leaky boat. The more water that eomes in, the faster 
you bail!) The Na + -K + pump couples sodium and potassium 
transport and, on average, eaeh a turn” of the pump ejeets 3Na + 
out of the eell and earries 2K + baek in (see Figure 3.10). Because 
the membrane is always 50 to 100 times more permeable to K + , 
the ATP-dependent Na + -K + pump maintains both the mem- 
brane potential (the eharge separation) and the osmotie bal- 
anee. Indeed, if Na + was not continuously removed from eells, 
so much would accumulate intracellularly that the osmotie gra- 
dient would draw water into the eells, causing them to burst. 

As we deseribed on p. 73, diffbsion of eharged partieles 
aeross the membrane is affeeted not only by eoneentration gra- 
dients, but by the eleetrieal eharge on the inner and outer faees 
of the membrane. Together these gradients make up the eleetro- 
ehemieal gradient. The diffhsion of K + aeross the plasma mem- 
brane is aided by the membranes greater permeability to it and 
by the ions eoneentration gradient, but the negative eharges on 
the eell interior resist K + diffhsion. In eontrast, a steep eleetro- 
ehemieal gradient draws Na + into the eell, but the membranes 
relative impermeability to it limits Na + diffhsion. 

The transient opening of gated Na + and K + ehannels in the 


plasma membrane c upsets” the resting membrane potential. As 
we deseribe in later ehapters, this is a normal means of aetivat- 
ing neurons and muscle eells. 



Check Your Understanding 


14 . What proeess establishes the resting membrane potential? 

15 . Is the inside of the plasma membrane negative or positive 
relative to its oiitside in a polarized membrane? 

_ For ansvvers, see Appendix H. 


The Plasma Membrane: 

Cell-Environment interaetions 

Deseribe the role of the glycocalyx when eells interaet with 
their environment. 

List several roles of membrane reeeptors and that of 
voltage-gated membrane ehannel proteins. 

Cells are biologieal minifaetories and, like other faetories, they 
reeeive and send orders from and to the outside community. 
But how does a eell interaet with its environment, and what ae- 
tivates it to earry out its homeostatie fimetions? 

Sometimes eells interaet direetly with other eells. However, 
in many eases eells respond to extracellular ehemieals, such as 
hormones and neurotransmitters distributed in body fluids. 
Cells also interaet with extracellular molecules that aet as sign- 
posts to guide eell migration during development and repair. 

Whether eells interaet direetly or indireetly, however, the 
glycocalyx is always involved. The best-understood glycocalyx 
molecules fall into two large families—eell adhesion molecules 
and plasma membrane reeeptors (see Figure 3.4, p. 66). Another 
group of membrane proteins, voltage-gated ehannel proteins, 
are important in eells that respond to eleetrieal signals. 

Roles of Cell Adhesion Molecules (CAMs) 

Thousands of eell adhesion molecules (CAMs) are found on 
almost every eell in the body. CAMs play key roles in embryonie 
development and wound repair (situations where eell mobility 
is important) and in immunity. These stieky glyeoproteins (ead- 
herins and integrins) aet as 

■ The molecular cc Velcro” that eells use to anehor themselves 
to molecules in the extracellular spaee and to eaeh other (see 
desmosome discussion on pp. 66-67) 

■ The “arms” that migrating eells use to haul themselves past 
one another 

■ SOS signals stieking out from the blood vessel lining that 
rally proteetive white blood eells to a nearby infeeted or in- 
jured area 

■ Meehanieal sensors that respond to ehanges in loeal tension 
or fluid movement at the eell surface by stimulating synthesis 
or degradation of adhesive membrane (tight) junctions 

■ Transmitters of intraeelMar signals that direet eell migra- 
tion, proliferation, and speeialization 
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Roles of Plasma Membrane Reeeptors 

A huge and diverse group of integral proteins and glyeoproteins 
that serve as binding sites are eolleetively known as membrane 
reeeptors. Some function in eontaet signaling, and others in 
ehemieal signaling. Lets take a look. 

Contact Signaling 

Contact signaling , in which eells eome together and touch, is the 
means by which eells reeognize one another. It is particularly 
important for normal development and immunity. Some baete- 
ria and other infectious agents use eontaet signaling to identify 
their “preferred” target tissues. 

Chemical Signaling 

Most plasma membrane reeeptors are involved in ehemieal sig- 
naling. Ligands are ehemieals that bind speeifieally to plasma 
membrane reeeptors. Ligands include most nemotransmitters 
(nervous system signals), hormones (endoerine system sig- 
nals), and paraerines (ehemieals that aet loeally and are rapidly 
destroyed). 

Different eells respond in different ways to the same ligand. 
Aeetyleholine, for instanee, stimulates skeletal muscle eells to 
eontraet, but inhibits heart muscle. Why do different eells re- 
spond so differently? The reason is that a target eells response 
depends on the internal maehinery that the reeeptor is linked 
to, not the speeifie ligand that binds to it. 

Though eell responses to reeeptor binding vary widely, there 
is a fimdamental similarity: When a ligand binds to a mem- 
brane reeeptor, the reeeptor s structure ehanges, and eell pro- 
teins are altered in some way. For example: 

■ Catalytic reeeptor proteins are membrane proteins that re- 
spond to ligands by beeoming aetivated enzymes. 

■ ehemieally gated ehannel-linked reeeptors , eommon in mus- 
ele and nerve eells, respond by transiently opening or elosing 
ion gates, which in turn ehanges the excitability of the eell. 

■ G protein-linked reeeptors exert their effeet indireetly 
through a G protein, a regulatory molecule that aets as a 
middleman or relay to aetivate (or inaetivate) a membrane- 
bound enzyme or ion ehannel. This in turn generates one 
or more intraeelhilar ehemieal signals, eommonly ealled 
seeond messengers, which eonneet plasma membrane 
events to the internal metabolie maehinery of the eell. 
Two important seeond messengers are eyelie AMP and 
ionie calcium, both of which typieally aetivate protein 
kinase enzymes , which transfer phosphate groups from 
ATP to other proteins. In this way, the protein kinases ean 
aetivate a whole series of enzymes that bring about the 
desired cellular aetivity. Because a single enzyme ean eata- 
lyze hundreds of reaetions, the amplifieation effeet of such 
a ehain of events is tremendous, much like that stirred 
up by a ehain letter. Focus on G Proteins jgure 3.16) 
on p. 82 deseribes a G protein signaling system. Take a 
moment to study this earefiilly because this key signaling 
pathway is involved in neurotransmission, smell, vision, 
and hormone aetion (Chapters 11, 15, and 16). 


Nitrie oxide ( NO ) is an important signaling molecule even 
though it doesnt aet in any of the ways we have already de- 
seribed. One of natures simplest molecules, NO is made of a 
single atom of nitrogen and one of oxygen. It is also an environ- 
mental pollutant and the first gas known to aet as a biologieal 
messenger. Because of its tiny size, it slips into and out of eells 
easily. Its unpaired eleetron makes it highly reaetive and it reaets 
with head-spinning speed with other key molecules to spur eells 
into a broad array of aetivities. You will hear more about NO in 
the neural, cardiovascular, and immune system ehapters. 

Role of Voltage-Gated Membrane Ghannel 
Proteins: Eleetrieal Signaling 

In eleetrieal signaling , eertain plasma membrane proteins are 
ehannel proteins that respond to ehanges in membrane poten- 
tial by opening or elosing the ehannel. Such voltage-gated ehan- 
nels are eommon in excitable tissues like neural and muscle 
tissues, and are emeial to their normal function. 



Check Your Understanding 


16 . What term is used to indieate signaling ehemieals that 
bind to membrane reeeptors? Which type of membrane 
reeeptor is most important in direeting intracellular events by 
promoting formation of seeond messengers? 

_ For ansvver, see Appendix H. 


The Cytoplasm 

✓ Deseribe the eomposition of the eytosol. 

s Discuss the structure and function of mitoehondria. 

s Discuss the structure and function of ribosomes, the 

endoplasmie retieolom, and the Golgi apparatus # including 
functional interrelationships among these organelles. 

Compare the functions of lysosomes and peroxisomes. 

Cytoplasm (“eell-forming material”), the cellular material be- 
tween the plasma membrane and the nucleus, is the site of most 
eelhilar aetivities. Although early mieroseopists thought that 
the eytoplasm was a structureless gel, the eleetron mieroseope 
reveals that it eonsists of three major elements: the eytosol, or- 
ganelles, and inclusions. 

The eytosol (si'to-sol) is the viscous, semitransparent fluid 
in which the other eytoplasmie elements are suspended. It is a 
complex mixture with properties of both a eolloid and a tme 
sohition. Dissolved in the eytosol, which is largely water, are 
proteins, salts, sugars, and a variety of other solutes. 

The organelles are the metabolie maehinery of the eell. Eaeh 
type of organelle earries out a speeifie fiinetion for the eell—some 
synthesize proteins, others paekage those proteins, and so on. 

Inclusions are ehemieal substances that may or may not be 
present, depending on eell type. Examples inehide stored nu- 
trients, such as the glyeogen granules in liver and muscle eells; 
lipid droplets in fat eells; pigment (melanin) granules in eertain 
skin and hair eells; and erystals of various types. 






FOCUS 


G Proteins 


Fie ure 3.16 G proteins aet as middlemen or relays between 
extracellular first messengers and intracellular seeond messengers 
that cause responses within the eell. 


The sequence deseribed here is like a molecular 
relay raee. Instead of a baton passed from runner 
to runner, the message (a shape ehange) is 
passed from molecule to molecule as it makes its 
way aeross the eell membrane from outside to 
inside the eell. 



Ligand (1 st Reeeptor G protein Enzyme 
messenger) 


2nd 

messenger 


(T) Ligand* (1 st messenger) 
binds to the reeeptor. The 

reeeptor ehanges shape and 
aetivates. 


L£jThe aetivated reeeptor binds to a G protein 
and aetivates it. The G protein ehanges shape 
(turns "on"), causing it to release GDP and 
bind GTP (an energy source). 


L^yAetivated G protein 
aetivates (or inaetivates) an 
effeetor protein by causing 
its shape to ehange. 


Extracellular fluid 



messenger 


/i\ 


© 


other enzymes or ion ehannels. 

Tvrlir AMP t\/nirPill\/ PirtivPitpe 


* Ligands include 
hormones and 
neurotransmitters. 


Aetivated 

kinase 

enzymes 



Cascade of cellular responses 
(The amplifieation effeet is 
tremendous. Eaeh enzyme 
eatalyzes hundreds of reaetions.) 


Kinase enzymes aetivate other 
enzymes. Kinase enzymes transfer 
phosphate groups from ATP to 
speeifie proteins and aetivate a 
series of other enzymes that 
trigger various metabolie and 
structural ehanges in the eell. 


Intracellular fluid 
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Cytoplasmic Organelles 

The organelles (“little organs”) are speeialized cellular eompart- 
ments or structures, eaeh performing its own job to maintain 
the life of the eell. Some organelles, the nonmembranous or- 
ganelles , laek membranes. Examples are the eytoskeleton, een- 
trioles, and ribosomes. 

Most organelles, however, are bounded by a membrane 
similar in eomposition to the plasma membrane. This mem- 
brane enables the membranous organelles (such as peroxisomes, 
lysosomes, endoplasmie reticulum, and Golgi apparatus) to 
maintain an internal environment different from that of the 
surrounding eytosol. This eompartmentalization is emeial to 
eell functioning. Without it, thousands of enzymes would be 
randomly mixed and bioehemieal aetivity would be ehaotie. 
Besides providing splendid isolation for an organelle, its mem- 
brane often unites it with the rest of an interaetive intraeelMar 
system ealled the endomembrane system (see p.87), and the lipid 
and protein makeup of the membrane allows it to reeognize and 
interaet with other organelles. Now lets eonsider what goes on 
in eaeh of the workshops of our cellular faetory. 

Mitoehondria 

Mitoehondria (mi"to-kon'dre-ah) are threadlike ( mitos = 
thread) or lozenge-shaped membranous organelles. In living 
eells they squirm, elongate, and ehange shape almost continu- 
ously. They are the power plants of a eell, providing most of its 
ATP supply. The density of mitoehondria in a particular eell 
refleets that eells energy requirements, and mitoehondria gen- 
erally cluster where the aetion is. Busy eells like kidney and liver 
eells have hundreds of mitoehondria, whereas relatively inaetive 
eells (such as unchallenged lymphoeytes) have just a few. 

A mitoehondrion is enelosed by two membranes, eaeh with 
the general structure of the plasma membrane Figure 3.1 i . 
The outer membrane is smooth and featureless, but the in- 
ner membrane folds inward, forming shelflike eristae (krì'ste; 
C crests”) that protmde into the matrix , the gel-like substance 
within the mitoehondrion. Intermediate products of food fu- 
els (glucose and others) are broken down to water and earbon 
dioxide by teams of enzymes, some dissolved in the mitoehon- 
drial matrix and others forming part of the erista membrane. 

As the metabolites are broken down and oxidized, some of 
the energy released is captured and used to attaeh phosphate 
groups to ADP molecules to form ATP. This multistep mito- 
ehondrial proeess (deseribed in Chapter 24) is ealled aerobie 
cellular respiration (a-er-o'bik) because it requires oxygen. 

Mitoehondria are complex organelles: They eontain their 
own DNA, RNA, and ribosomes and are able to reproduce 
themselves. Mitoehondrial genes (some 37 of them) direet the 
synthesis of 1 % of the proteins required for mitoehondrial func- 
tion, and the DNA of the eells nucleus eneodes the remaining 
proteins needed to earry out eelMar respiration. When cellular 
requirements for ATP inerease, the mitoehondria synthesize 
more eristae or simply pineh in half (a proeess ealled fission) to 
inerease their number, then grow to their former size. 

Intriguingly, mitoehondria are similar to baeteria in the pur- 
ple baeteria phylum, and mitoehondrial DNA is baeteria-like. 



Mitoehondrial 
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Outer 
mitoehondrial 
membrane 


Oristae 


Matrix 



Inner 


mitoehondrial 

membrane 


(e) 



£ 

* 


Enzymes 


(b) 

gure 3.1Ì Mitoehondrion. (a) Diagram of a longitudinally 
seetioned mitoehondrion. (b) Close-up of a erista shovving enzymes 
(stalked partieles). (e) Eleetron mierograph of a mitoehondrion 
(50,000x). 


It is widely believed that mitoehondria arose from baeteria that 
invaded the aneient aneestors of plant and animal eells, and that 
this unique merger gave rise to all complex eells. 

Ribosomes 

Ribosomes (ri'bo-sòmz) are small, dark-staining granules 
eomposed of proteins and a variety of RNAs ealled ribosomal 
RNAs. Eaeh ribosome has two globular subunits that fit to- 
gether like the body and eap of an aeorn. Ribosomes are sites 
of protein synthesis, a function we discuss in detail later in this 
ehapter. 

Some ribosomes float freely in the eytoplasm. Others are 
attaehed to membranes, forming a complex ealled the rough 
endoplasmie reticulum (see p. 84). These two ribosomal popula- 
tions appear to divide the ehore of protein synthesis. 

■ Free ribosomes float freely in the eytoplasm. They make solu- 
ble proteins that function in the eytosol, as well as those im- 
ported into mitoehondria and some other organelles. 
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(a) Diagrammatie view of smooth and rough ER 


(b) Eleetron mierograph of smooth and rough ER (25,000x) 


gure 3.18 The endoplasmie reticulum. 


■ Membrane-bound ribosomes are attaehed to membranes, 
forming a complex ealled the rough endoplasmie reticulum 
gure 3.18]. They synthesize proteins destined either for 
ineorporation into eell membranes or lysosomes, or for ex- 
port from the eell. 

Ribosome subunits ean switch baek and forth between these 
two functions, attaehing to and detaehing from the membranes 
of the endoplasmie reticulum, aeeording to the type of protein 
they are making at a given time. 

Endoplasmie Reticulum (ER) 

The endoplasmie reticulum (ER) (en"do-plaz'mik ré-tik'u- 
lum; <c network within the eytoplasm”) is an extensive system of 
intereonneeted tubes and parallel membranes enelosing fluid- 
filled eavities, or eisterns (sis-ternz) as shown in Figure 3.18. 
Coiling and twisting through the eytosol, the ER is continu- 
ous with the outer nuclear membrane and accounts for about 
half of the eells membranes. There are two distinet varieties: 
rough ER and smooth ER. 

Rough Endoplasmie Reticulum The external surface of 
the rough ER is studded with ribosomes, henee the name 
<c rough” (see Figures 3.2 and 3.18a, b). Proteins assembled on 
these ribosomes thread their way into the fluid-filled interior 
of the ER eisterns (as deseribed on pp. 105 and 108). When 
eomplete, the newly made proteins are enelosed in vesieles 
for their journey to the Golgi apparatus where they undergo 
further proeessing. 


The rough ER has several fimetions. Its ribosomes manu- 
facture all proteins seereted from eells. For this reason, the 
rough ER is particularly abundant and well developed in most 
seeretory eells, antibody-producing plasma eells, and liver eells, 
which produce most blood proteins. It is also the eells “mem- 
brane faetory” where integral proteins and phospholipids that 
form part of all cellular membranes are manufactured. The en- 
zymes needed to eatalyze lipid synthesis have their aetive sites 
on the external (eytosolie) faee of the ER membrane, where the 
needed substrates are readily available. 

Smooth Endoplasmie Reticulum The smooth ER (see Fig- 
ures 3.2 and 3.18) is continuous with the rough ER and eon- 
sists of tubules arranged in a looping network. Its enzymes (all 
integral proteins forming part of its membranes) play no role 
in protein synthesis. Instead, the enzymes eatalyze reaetions 
involved with the following tasks: 

■ Metabolize lipids, synthesize eholesterol, and synthesize the 
lipid eomponents of lipoproteins (in liver eells) 

■ Synthesize steroid-based hormones such as sex hormones 
(testosterone-synthesizing eells of the testes are fiill of 
smooth ER) 

■ Absorb, synthesize, and transport fats (in intestinal eells) 

■ Detoxify dmgs, eertain pestieides, and cancer-causing ehem- 
ieals (in liver and kidneys) 

■ Break down stored glyeogen to form free ghieose (in liver 
eells espeeially) 
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Cis faee 


Transport vesiele 
from rough ER 


“reeeiving” side of 
Golgi apparatus 




Seeretory vesiele 


Cisterns 



New vesieles 
forming 


Transport 

vesiele 

from 

trans faee 


Trans faee 
“shipping” side of 
Golgi apparatus 


(a) Many vesieles in the proeess of pinehing off from the Golgi 
apparatus. 


New vesieles forming 



Golgi apparatus 


Transport vesiele at 
the trans faee 


(b) Eleetron mierograph of the Golgi apparatus (90,000x) 



gure 3.19 Golgi apparatus. Note: In (a), the vesieles shovvn in the proeess of pinehing off 
from the membranous Golgi apparatus would have a protein eoating on their external surfaces. 
The diagram omits these proteins for simplieity. 


Additionally, skeletal and eardiae muscle eells have an elabo- 
rate smooth ER (ealled the sareoplasmie reticulum) that plays 
an important role in storing and releasing calcium ions during 
muscle eontraetion. Except for the examples given above, most 
body eells eontain relatively little, if any, smooth ER. 

Golgi Apparatus 

The Golgi apparatus (gol'je) eonsists of staeked and flattened 
membranous saes, shaped like hollow dinner plates, assoeiated 
with swarms of tiny membranous vesieles Figure 3.19 . The 
Golgi apparatus is the prineipal “trafhe direetor” for cellular 
proteins. Its major function is to modify, eoneentrate, and paek- 
age the proteins and lipids made at the rough ER and destined 
for export from the eell. 

The Golgis odd shape is a side effeet of its job. A protein eom- 
plex pulls membranous saes eontaining newly synthesized pro- 
teins off the Golgi and in the proeess, the membranes are flattened 
like mbber bands. Transport vesieles that bud off from the rough 
ER move to and fuse with the membranes at the convex eis faee, 
the “reeeiving” side, of the Golgi apparatus. Inside the apparatus, 
the proteins are modifìed: Some sugar groups are trimmed while 
others are added, and in some eases, phosphate groups are added. 

The various proteins are “tagged” for delivery to a speeifìe 
address, sorted, and paekaged in at least three types of vesieles 


that bud from the eoneave transfaee (the “shipping” side) of the 
Golgi staek: 

■ Vesieles eontaining proteins destined for export pineh off 
from the trans faee as seeretory vesieles, or granules, which 
migrate to the plasma membrane and diseharge their eon- 
tents from the eell by exocytosis ( igure 3.20, pathway A). 
Speeialized seeretory eells, such as the enzyme-producing 
eells of the panereas, have a prominent Golgi apparatus. 

■ The Golgi apparatus pinehes off other vesieles eontaining 
lipids and transmembrane proteins destined for the plasma 
membrane (Figure 3.20, pathway B) or for other membra- 
nous organelles. 

■ The Golgi apparatus also paekages digestive enzymes into 
membranous lysosomes that remain in the eell (Figure 3.20, 
pathvvay C), as discussed shortly. 

Peroxisomes 

Peroxisomes (pé-roks'i-sòmz; “peroxide bodies”) are spherieal 
membranous saes eontaining a variety of powerful enzymes, the 
most important of which are oxidases and eatalases. 

Oxidases use molecular oxygen (0 2 ) to detoxify harmful sub- 
stanees, including aleohol and formaldehyde. Their most im- 
portant function is to neutralize free radieals, highly reaetive 
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@ Protein-eontaining 
vesieles pineh off rough 
ER and migrate to fuse 
with membranes of 
Golgi apparatus. 


@ Proteins are 
modified within the 
Golgi eompartments. 


@ Proteins are then 
paekaged within 
different vesiele types, 
depending on their 
ultimate destination. 
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Figure 3.20 The sequence of events from protein synthesis on the rough ER to the final 
distribution of those proteins. The protein eoats on the transport vesieles are not illustrated. 



Lysosomes 


Light green areas are 
regions where materials 
are being digested. 


Figure 3.21 Eleetron mierograph of lysosomes (20,000x). 


ehemieals with impaired eleetrons that ean seramble the strae- 
ture of biologieal molecules. Oxidases eonvert free radieals to hy- 
drogen peroxide, which is also reaetive and dangerous but which 
the eatalases quickly eonvert to water. Free radieals and hydrogen 
peroxide are normal by-products of cellular metabolism, but they 
have devastating effeets on eells if allowed to accumulate. 

Peroxisomes are espeeially numerous in liver and kidney 
eells, which are very aetive in detoxification. They also play a role 
in energy metabolism by breaking down and synthesizing fatty 
aeids. Peroxisomes look like small lysosomes (see Figure 3.2), 
and for many years it was thought that they were self-replieating 
organelles formed when existing peroxisomes simply pineh in 
half. Reeent evidenee, however, suggests that most new peroxi- 
somes form by budding off of the endoplasmie reticulum via 
a speeial ER maehinery that differs from that used for vesieles 
destined for modifieation in the Golgi apparatus. 

Lysosomes 

Born as endosomes which eontain inaetive enzymes, lysosomes 
(“disintegrator bodies”) are spherieal membranous organelles 
eontaining aetivated digestive enzymes Figure 3.21]. As 
you might guess, lysosomes are large and abundant in phago- 
eytes, the eells that dispose of invading baeteria and eell debris. 
Lysosomal enzymes ean digest almost all kinds of biologieal 
molecules. They workbest in aeidie eonditions and so are ealled 
aeid hydrolases. 

The lysosomal membrane is adapted to serve lysosomal 
fimetions in two important ways. First, it eontains H + (proton) 


























ehapter 3 Cells: The Living Llnits 


87 


“pumps” which are ATPases that gather hydrogen ions from 
the surrounding eytosol to maintain the organelles aeidie pH. 
Seeond, it retains the dangerous aeid hydrolases while permit- 
ting the final products of digestion to eseape so that they ean be 
used by the eell or excreted. In this way, lysosomes provide sites 
where digestion ean proeeed safely within a eell. 

Lysosomes function as a eells “demolition crew” by 

■ Digesting partieles taken in by endoeytosis, particularly in- 
gested baeteria, vimses, and toxins 

■ Degrading worn-out or nonfimetional organelles 

■ Performing metabolie fimetions, such as glyeogen break- 
down and release 

■ Breaking down nonuseful tissues, such as the webs between 
the fingers and toes of a developing fetus and the uterine lin- 
ing during menstmation 

■ Breaking down bone to release calcium ions into the blood 

The lysosomal membrane is ordinarily quite stable, but it be- 
eomes fragile when the eell is injured or deprived of oxygen and 
when excessive amounts of vitamin A are present. When lyso- 
somes rupture, the eell digests itself, a proeess ealled autolysis 
(aw"tol'ì-sis). Autolysis is the basis for desirable destruction of 
eells, as in the fourth list item above. 
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gure 3.22 The endomembrane system. 



Homeostatie imbalanee 3.4 


Lysosomes degrade glyeogen and eertain lipids in the brain at a 
relatively eonstant rate. In Tay-Saehs disease , an inherited eon- 
dition seen mostly in Jews from Central Europe, the lysosomes 
laek an enzyme needed to break down a glyeolipid abundant 
in nerve eell membranes. As a result, the nerve eell lysosomes 
swell with undigested lipids, which interfere with nervous sys- 
tem fimetioning. Affeeted infants typieally have doll-like fea- 
tures and pink transhieent skin. At 3 to 6 months of age, the first 
signs of disease appear (listlessness, motor weakness). These 
symptoms progress to mental retardation, seizures, blindness, 
and ultimately death within 18 months. + 


The Endomembrane System 

The endomembrane system is a system of organelles (most de- 
seribed above) that work together mainly to (1) produce, de- 
grade, store, and export biologieal molecules, and (2) degrade 
potentially harmful substances. It includes the ER, Golgi ap- 
paratus, seeretory vesieles, and lysosomes, as well as the nu- 
elear membrane—that is, all of the membranous organelles or 
elements that are either structurally continuous or arise via 
forming or fusing transport vesieles Figure 3.22] . There are 
continuities between the nuclear envelope (itself an extension of 
the rough ER) and the rough and smooth ER (Figure 3.18). The 
plasma membrane, though not actually an endomembrane, is 
also functionally part of this system. 

Besides these direet structural relationships, a wide variety 
of indireet interaetions (indieated by arrows in Figure 3.22) oe- 
cur among the members of the system. Some of the vesieles 
“born” in the ER migrate to and fiise with the Golgi apparatus 
or the plasma membrane, and vesieles arising from the Golgi 


apparatus ean beeome part of the plasma membrane, seeretory 
vesieles, or lysosomes. 



Check Your IJnderstanding 


17. Which organelle is the major site of ATP synthesis? 

18. What are three organelles involved in protein synthesis and 
hovv do these organelles interaet in that proeess? 

19. Compare the functions of lysosomes and peroxisomes. 

_ For ansvvers, see Appendix H. 


Cytoskeleton 

Name and deseribe the structure and function of 
eytoskeletal elements. 

The eytoskeleton, literally, C cell skeleton,” is an elaborate net- 
work of rods mnning through the eytosol and hundreds of ae- 
eessory proteins that link these rods to other eell structures. It 
aets as a eells cc bones,” cc muscles,” and cc ligaments” by supporting 
cellular structures and providing the maehinery to generate var- 
ious eell movements. The three types of rods in the eytoskeleton 
are mierofilaments , intermediate filaments , and microtubules. 
None of these is membrane eovered. 

Mierofilaments The thinnest elements of the eytoskeleton, 
mierofilaments (mi"kro-fiTah-ments), are semiflexible strands 
of the protein aetin (“ray”) ure 3.23a . Eaeh eell has its 
own unique arrangement of mierofilaments, so no two eells are 
alike. However, nearly all eells have a fairly dense eross-linked 
network of mierofilaments, ealled the terminal web , attaehed to 













88 


UNIT 1 Organization of the Body 


1 


3 




(a) Mierofilaments 


Strands made of spherieal protein 

subunits ealled aetins 


Aetin subunit 




Mierofilaments form the blue network 
surrounding the pink nucleus in this photo. 


(b) Intermediate filaments 


Tough, insoluble protein fibers 
eonstmeted like woven ropes 
eomposed of tetramer (4) fibrils 



Tetramer subunits 


10 nm 



Intermediate filaments form the purple 
batlike network in this photo. 


(e) Microtubules 


Hollow tubes of spherieal protein 
subunits ealled tubulins 



Tubulin subunits 


25 nm 



Microtubules appear as gold networks 
surrounding the eells’ pink nuclei in this photo. 


Figure 3.23 Cytoskeletal elements support the eell and help to generate movement. 

Diagrams (above) and photos (belovv). The photos are of fibroblasts treated to fluorescently tag 
the structure of interest. 


the eytoplasmie side of their plasma membrane (see Figure 3.28 
on p. 91). The web strengthens the eell surface, resists eompres- 
sion, and transmits foree during cellular movements and shape 
ehanges. 

Most mierofilaments are involved in eell motility (movement) 
or ehanges in eell shape. You could say that eells move “when 
they get their aet(in) together.” For example, aetin filaments in- 
teraet with another protein, unconventional myosin (mi'o-sin), 
to generate eontraetile forees in a eell Figure 3.24b). This inter- 
aetion also forms the eleavage furrow that pinehes one eell into 
two during eell division. Mierofilaments attaehed to eell adhe- 
sion molecules (see Figure 3.4e) are responsible for the crawl- 
ing movements of amoeboid motion, and for the membrane 
ehanges that aeeompany endoeytosis and exocytosis. Except 
in muscle eells, where they are highly developed, stable, and 
long-lived, aetin filaments are eonstantly breaking down and 
re-forming from smaller subunits whenever and wherever 
their serviees are needed. 

Intermediate Filaments Intermediate filaments are tough, 
insoluble protein fibers that resemble woven ropes. Made of 
twisted units of tetramer (4) fibrils , they have a diameter be- 
tween those of mierofilaments and microtubules (Figure 3.23b). 
Intermediate filaments are the most stable and permanent of 
the eytoskeletal elements and have high tensile strength. They 


attaeh to desmosomes, and their main job is to aet as internal 
guy-wires to resist pulling forees exerted on the eell. Because the 
protein eomposition of intermediate filaments varies in differ- 
ent eell types, there are numerous names for these eytoskeletal 
elements—for example, they are ealled neurofilaments in nerve 
eells and keratin filaments in epithelial eells. 

Microtubules The elements with the largest diameter, miero- 
tubules (mi"kro-tu'bulz), are hollow tubes made of spherieal 
protein subunits ealled tubulins (Figure 3.23c). Most miero- 
tubules radiate from a small region of eytoplasm near the nu- 
cleus ealled the eentrosome or eell eenter (see Figures 3.2, 3.25). 
Microtubules are remarkably dynamie organelles, eonstantly 
growing out from the eentrosome, disassembling, and then re- 
assembling at the same or different sites. The stiff but bendable 
microtubules determine the overall shape of the eell, as well as 
the distribution of cellular organelles. 

Mitoehondria, lysosomes, and seeretory vesieles attaeh to the 
microtubules like ornaments hanging from tree branehes. Tiny 
protein maehines ealled motor proteins ( kinesins , dyneins , and 
others) continually move and reposition the organelles along 
the microtubules. 

Motor proteins work by ehanging their shapes. Powered 
by ATP, some motor proteins appear to aet like train engines 
moving substances along on the microtubular “railroad traeks.” 
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Microtubule 
of eytoskeleton 


(a) Motor molecules ean attaeh to reeeptors on 
vesieles or organelles, and earry the organelles 
along the microtubule “traeks” of the eytoskeleton. 




Motor molecule 


(ATP powered) 


Cytoskeletal elements 
(microtubules or mierofilaments) 


(b) In some types of eell motility, motor molecules attaehed to one 
element of the eytoskeleton ean cause it to slide over another 
element, which the motor molecules grip, release, and grip at a 
new site. Muscle eontraetion and eilia movement work this way. 


gure 3.24 Microtubules and mierofilaments function in 
eell motility by interaeting with motor molecules powered 
by ATP. 


Others move “hand over hand” somewhat like an orangutan— 
gripping, releasing, and then gripping again at a new site further 
along the microtubule (Figure 3.24). 

Centrosome and Centrioles 

✓ Deseribe the roles of eentrioles in eell division and in 
formation of eilia and flagella. 




Centrosome matrix 


Oentrioles 



gure 3.2* Centrioles. (a) Three-dimensional vievv of a eentriole 
pair oriented at right angles, as they are usually seen in the eell. 

The eentrioles are loeated in an inconspicuous region to one side of 
the nucleus ealled the eentrosome, or eell eenter. (b) An eleetron 
mierograph shovving a eross seetion of a eentriole (190,000x). 
Notiee that it is eomposed of nine microtubule triplets. 


As mentioned, microtubules are anehored at one end in an 
inconspicuous region near the nucleus ealled the eentrosome 
or eell eenter. The eentrosome aets as a microtubule organizing 
eenter. It has few distinguishing marks other than a gramilar- 
looking matrix that eontains paired eentrioles, small, bar- 
rel-shaped organelles oriented at right angles to eaeh other 
gure 3.2! . The eentrosome matrix is best known for 
generating microtubules and organizing the mitotie spindle 
in eell division (see Figure 3.33). Eaeh eentriole eonsists of 


a pimvheel array of nine triplets of microtubules, eaeh eon- 
neeted to the next by nontubulin proteins and arranged to 
form a hollow tube. Centrioles also form the bases of eilia and 
flagella, our next topies. 

Cellular Extensìons 

Deseribe how the two main types of eell extensions, eilia 
and mierovi11i, differ in stmetiire and function. 
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Microtubules 


Plasma 

membrane 


TEM 


A eross seetion through the 
cilium shovvs the "9 + 2" 
arrangement of microtubules. 




A longitudinal seetion of a 
cilium shovvs microtubules 
running the length of the 
structure. 


(a) 


A eross seetion through the 
basal body. The nine outer 
doublets of a cilium extend into 
a basal body vvhere eaeh 
doublet joins another 
microtubule to form a ring of 
nine triplets. 



Outer microtubule 
doublet 


Dynein arms 


Oentral 
microtubule 


Cross-linking 
proteins betvveen 
outer doublets 


Radial spoke 


Cross-linking — 
proteins betvveen 
outer doublets 

Radial spoke — 

Plasma- 

membrane 

Triplet- 




The doublets also 
have attaehed 
motor proteins, 
the dynein arms. 


The outer 
microtubule 
doublets and the 
tvvo eentral 
microtubules are 
held together by 
eross-linking 
proteins and 
radial spokes. 


Cilium 


Basal body 
(eentriole) 


gure 3.26 Structure of a cilium. (TEM = transmission eleetron mierograph.) 


Cilia and Flagella 

Cilia (sil'e-ah; “eyelashes”) are whiplike, motile eelliilar exten- 
sions Figure 3.26] that occur, typieally in large mimbers, on 
the exposed surfaces of eertain eells. Ciliary aetion moves sub- 
stanees in one direetion aeross eell surfaces. For example, eili- 
ated eells that line the respiratory traet propel mucus laden with 
dust partieles and baeteria upward away from the hrngs. 

When a eell is about to form eilia, the eentrioles multiply 
and line up beneath the plasma membrane at the eells free (ex- 
posed) surface. Microtubules then cc sprout” from eaeh eentri- 
ole, forming the eiliary projeetions by exerting pressure on the 
plasma membrane. 

Flagella (flah-jel'ah) are also projeetions formed by eentri- 
oles, but are substantially longer than eilia. The only flagellated 
eell in the human body is a sperm, which has one propulsive 
flagellum, eommonly ealled a tail. Notiee that eilia propel other 
siibstanees aeross a eells surface, whereas a flagellum propels the 
eell itself. 

Centrioles forming the bases of eilia and flagella are eom- 
monly referred to as basal bodies (ba'sal) (Figure 3.26a). The 
cc 9 + 2” pattern of microtubules in the cilium or flagellum itself 
(nine doublets , or pairs, of microtubules eneireling one eentral 
pair) differs slightly from that of a eentriole (nine microtubule 


triplets ). Additionally, the cilium has flexible cc wagon wheels” of 
eross-linking proteins (purple in Figure 3.26b), and motor pro- 
teins (green dynein arms in Figure 3.26b) that promote move- 
ment of the cilium or flagellum. 

Just how eiliary aetivity is eoordinated is not fully under- 
stood, but microtubules are definitely involved. Extending from 
the microtubule doublets are arms eomposed of the motor pro- 
tein dynein (Figure 3.26). The dynein side arms of one doublet 
grip the adjaeent doublet, and powered by ATP, push it up, re- 
lease, and then grip again. Because the doublets are physieally 
restrieted by other proteins, they eannot slide far and instead are 
foreed to bend. The eolleetive bending aetion of all the doublets 
causes the cilium to bend. 

As a cilium moves, it alternates rhythmieally between a pro- 
pulsive power stroke , when it is nearly straight and moves in an 
are, and a reeovery stroke , when it bends and returns to its ini- 
tial position Figure 3.2Ta . With these two strokes, the cilium 
produces a pushing motion in a single direetion that repeats 
some 10 to 20 times per seeond. The bending of one cilium is 
quickly followed by the bending of the next and then the next, 
ereating a current at the eell surface that brings to mind the 
traveling waves that pass aeross a field of grass on a windy day 
(Figure 3.27b). 
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Power, or Reeovery stroke, when cilium 

propulsive, stroke is returning to its initial position 


II 



1 2 3 4 5 6 7 


(a) Phases of eiliary motion. 

Layer of mucus 




Microvillus 


Aetin 

filaments 


Terminal 

web 



Figure 3.28 Mierovilli. 


21. Of mierofilaments, microtubules, or intermediate filaments, 
vvhieh is most important in maintaining eell shape? 

22. The major function of eilia is to move substances aeross the 
free eell surface. What is the major role of mierovilli? 

_ For ansvvers, see Appendix Fi. 


The Nucleus 


(b) Traveling wave ereated by the aetivity of Oiitline the structure and function of the nuclear envelope, 

many eilia aeting together propels mucus noeleolos, and ehromatin. 

aeross eell surfaces. 


Figure 3.27 Gliary function. 


The motile eilia just discussed are familiar to most biology 
students, but many have not heard of primary eilia , their non- 
motile cousins. Present as a single cilium on the surface of most 
body eells, primary eilia function as antennae that probe the ex- 
ternal environment for molecules their reeeptors ean reeognize. 
Because of this ability, primary eilia ean eoordinate several in- 
tracellular pathways that regulate embryonie development and 
maintain healthy tissues later in life. 

Mierovilli 

Mierovilli (mi"kro-vil'i; “little shaggy hairs”) are minute, fìn- 
gerlike extensions of the plasma membrane that projeet from 
an exposed eell surface (Figure 3.5 top and Figure 3.28). They 
inerease the plasma membrane surface area tremendously and 
are most often found on the surface of absorptive eells such as 
intestinal and kidney tubule eells. Mierovilli have a eore of bun- 
dled aetin filaments that extend into the so-ealled terminal web 
of the eytoskeleton of the eell. Aetin is sometimes a eontraetile 
protein, but in mierovilli it appears to function as a meehanieal 
“stiffener.” 



Check Your Understanding 


20. Hovv are microtubules and mierofilaments related 
functionally? 


Anything that works, works best when it is eontrolled. For 
eells, the eontrol eenter is the gene-eontaining nucleus ( nu- 
ele = pit, kernel). The nucleus ean be eompared to a eom- 
puter, design department, construction boss, and board of 
direetors—all rolled into one. As the genetie library, it eon- 
tains the instmetions needed to build nearly all the body s 
proteins. Additionally, it dietates the kinds and amounts of 
proteins to be synthesized at any one time in response to 
signals aeting on the eell. 

Most eells have only one nucleus, but some, including skel- 
etal muscle eells, bone destmetion eells, and some liver eells, 
are multinucleate (mul"tì-nu'kle-àt), that is, they have many 
nuclei. The presenee of more than one nucleus usually signifìes 
that a larger-than-usual eytoplasmie mass must be regulated. 

Except for mature red blood eells, whose nuclei are ejeeted 
before the eells enter the bloodstream, all of our body eells are 
nucleated. Anucleate (a-nu'kle-àt; a = without) eells eannot 
reproduce and therefore live in the bloodstream for only three 
to four months before they deteriorate. Without a nucleus, a eell 
eannot produce mRNA to make proteins, and when its enzymes 
and eell structures start to break down (as all eventually do), 
they eannot be replaeed. 

The nucleus, averaging 5 pm in diameter, is larger than any 
of the eytoplasmie organelles. Although most often spherieal 
or oval, its shape usually eonforms to the shape of the eell. 
The nucleus has three reeognizable regions or structures: 
the niielear envelope ( membrane ), nucleoli , and ehromatin 
(Figiire 3.29a). 
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Surface of nuclear envelope 





Fracture 
line of outer 
membrane 


Nuclear envelope 


ehromatin (eondensed) 


Nucleolus 


Oisterns of rough ER 


Nuclear 

pores 


Nucleus 


(a) 



Nuclear pore complexes. Eaeh pore is ringed 
by protein partieles. 



Nuclear lamina. The netlike lamina 
eomposed of intermediate filaments formed by 
lamins lines the inner surface of the nuclear 
envelope. 


(b) 


Figure 3.29 The nudeus. (a) Three-dimensional diagram of the nucleus, shovving the continuity 
of its double membrane vvith the ER. (b) Freeze-fracture transmission eleetron mierographs (TEMs). 


The Nuclear Envelope 

The nucleus is bounded by the nuclear envelope, a double 
membrane barrier separated by a fluid-filled spaee (similar to 
the mitoehondrial membrane). The outer nuclear membrane is 
continuous with the rough ER of the eytoplasm and is studded 


with ribosomes on its external faee. The inner nuclear mem- 
brane is lined by the rmelear lamina , a network of lamins (rod- 
shaped proteins that assemble to form intermediate filaments) 
that maintains the shape of the nucleus and aets as a seaffold to 
organize DNA in the nucleus (Figure 3.29b, bottom). 
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At various points, the mielear envelope is punctuated by 
nuclear pores. An intrieate complex of proteins, ealled a 
rmelear pore complex , lines eaeh pore, forming an aqueous 
transport ehannel and regulating entry and exit of molecules 
(e.g., mRNAs) and large partieles into and out of the nucleus 
(Figure 3.29b, middle). 

Like other eell membranes, the nuclear envelope is selee- 
tively permeable, but here substances pass much more freely 
than elsewhere. Small molecules pass through the relatively 
large mielear pore complexes unhindered. Protein molecules 
imported from the eytoplasm and RNA molecules exported 
from the nucleus are transported through the eentral ehannel of 
the pores in an energy-dependent proeess by sokible transport 
proteins (importins and others). Such large molecules must dis- 
play speeifie signals to enter or exit the nucleus. 

The nuclear envelope eneloses a jellylike fluid ealled nucleo- 
plasm (nu'kle-o-plazm) in which other mielear elements are 
suspended. Like the eytosol, the nucleoplasm eontains dissolved 
salts, nutrients, and other essential solutes. 

Nucleoli 

Nucleoli (nu-kle'o-li; “little nuclei”) are the dark-staining 
spherieal bodies found within the nucleus where ribosomal 
subunits are assembled. They are not membrane bounded. 
Typieally, there are one or two nucleoli per nucleus, but there 
may be more. Nucleoli are usually large in growing eells that are 
making large amounts of tissue proteins. 

Nucleoli are assoeiated with rmeleolar organizer regions , 
which eontain the DNA that issues genetie instmetions for syn- 
thesizing ribosomal RNA (rRNA). As molecules of rRNA are 
synthesized, they are eombined with proteins to form the two 
kinds of ribosomal subunits. (The proteins are manufactured on 
ribosomes in the eytoplasm and “imported” into the nucleus.) 
Most of these subunits leave the nucleus through the nuclear 
pores and enter the eytoplasm, where they join to form func- 
tional ribosomes. 

Chromatin 

Seen through a light mieroseope, ehromatin (kro'mah-tin) ap- 
pears as a fine, unevenly stained network, but speeial techniques 
reveal it as a system of bumpy threads weaving through the nu- 
eleoplasm. Chromatin is eomposed of approximately 

■ 30% DNA, our genetie material 

■ 60% globular histone proteins (his'tón), which paekage and 
regulate the DNA 

■ 10% RNA ehains, newly formed or forming 

The fimdamental units of ehromatin are nucleosomes (nu'kle- 
o-sòmz; “mielear bodies”), which eonsist of flattened dise- 
shaped eores or clusters of eight histone proteins eonneeted like 
beads on a string by a DNA molecule. The DNA winds (like a 
ribbon of Velero) twice around eaeh nucleosome and continues 
on to the next cluster via linker DNA segments ( igure 3.30 
® and@). 



Histones 


(jyehromatin 
(“beads on a string”) 
structure with 

/ 

nucleosomes 


Linker DNA 


Nucleosome (10-nm diameter; 
eight histone proteins wrapped 
by two winds of the DNA double 
helix) 


LojTight helieal fiber 
(30-nm diameter) 


Looped domain 
structure (300-nm 
diameter) 


foy Chromatid 
(700-nm diameter) 


®DNA — 
double 
helix (2-nm 
diameter) 


® Metaphase 
ehromosome 
(at midpoint 
of eell division) 
eonsists of two 
sister 

ehromatids 


(b) 

Figure 3.30 (Zhromatin and ehromosome structure. 

(a) Eleetron mierograph of ehromatin fiber (125,000x). 

(b) DNA paeked in a ehromosome. The levels of inereasing 
structural complexity (eoiling) from the DNA helix to the metaphase 
ehromosome are indieated in order from the smallest (@ DNA 
double helix) to the largest and most complex (@ ehromosome). 


Histones provide a physieal means for paeking the very long 
DNA molecules (some 2 meters worth per eell) in a eompaet, 
orderly way, but they also play an important role in gene regula- 
tion. In a nondividing eell, for example, the presenee of methyl 
groups on histone proteins shuts down the nearby DNA, and 
attaehment of a phosphate group to a particular histone protein 

(Text continues onp. 96) 
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UNIT 1 Organization of the Body 


Table 3.3 

Parts of the Cell: Structure and Function 


CELL PART* 

STRUCTURE 

FUNCTIONS 


Plasma Membrane (Figure 3.3) 



Membrane made of a double layer of lipids 
(phospholipids, eholesterol, and so on) within 
which proteins are embedded. Proteins may 
extend entirely through the lipid bilayer or 
protrude on only one faee. Most externally 
faeing proteins and some lipids have attaehed 
sugar groups. 


Serves as an external eell barrier, and aets in 
transport of substances into or out of the eell. 
Maintains a resting potential that is essential 
for functioning of excitable eells. Externally 
faeing proteins aet as reeeptors (for hormones, 
neurotransmitters, and so on), transport 
proteins, and in eell-to-eelI reeognition. 


Cytoplasm 


Cellular region between the nuclear and plasma membranes. Consists of fluid eytosol eontaining 
dissolved solutes, organelles (the metabolie maehinery of the eytoplasm), and inclusions (stored 
nutrients, seeretory products, pigment granules). 


Organelles 


■ Mitoehondria (Figure 3.17) 



■ Ribosomes (Figures 3.18, 3.37-3.39) 



■ Rough endoplasmie reticulum 
(Figures 3.18, 3.39) 



■ Smooth endoplasmie reticulum 
(Figure 3.18) 



Rodlike, double-membrane structures; inner 
membrane folded into projeetions ealled 
eristae. 


Dense partieles eonsisting of two subunits, eaeh 
eomposed of ribosomal RNA and protein. Free 
or attaehed to rough endoplasmie reticulum. 

Membranous system enelosing a eavity, the 
eistern, and eoiling through the eytoplasm. 
Externally studded with ribosomes. 


Membranous system of saes and tubules; free 
of ribosomes. 


Site of ATP synthesis; powerhouse of the eell. 


The sites of protein synthesis. 


Sugar groups are attaehed to proteins within 
the eisterns. Proteins are bound in vesieles for 
transport to the Golgi apparatus and other 
sites. External faee synthesizes phospholipids. 


Site of lipid and steroid (eholesterol) synthesis, 
lipid metabolism, and drug detoxification. 


■ Golgi apparatus (Figures 3.19, 3.20) 



A staek of flattened membranes and assoeiated Paekages, modifies, and segregates proteins 
vesieles elose to the nucleus. for seeretion from the eell, indusion in 

lysosomes, and ineorporation into the plasma 
membrane. 


■ Peroxisomes (Figure 3.2) 



Membranous saes of eatalase and oxidase 
enzymes. 


The enzymes detoxify a number of toxic 
substances. The most important enzyme, 
eatalase, breaks down hydrogen peroxide. 


* lndividual cellular structures are not drawn to seale. 
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Cytoplasm 


■ Lysosomes (Figure 3.21) 



■ Microtubules (Figures 3.23-3.25) 




■ Mierofilaments (Figures 3.23, 3.24) 


Membranous saes eontaining aeid hydrolases. Sites of intracellular digestion. 


Cylindrical structures made of tubulin proteins. Support the eell and give it shape. Involved 

in intracellular and cellular movements. Form 
eentrioles and eilia and flagella, if present. 


Fine filaments eomposed of the protein aetin. Involved in muscle eontraetion and other types 

of intracellular movement, help form the eell's 
eytoskeleton. 


■ Intermediate filaments (Figure 3.23) 



■ Centrioles (Figure 3.25) 



lnclusions 


Protein fibers; eomposition varies. 


Paired eylindrieal bodies, eaeh eomposed of 
nine triplets of microtubules. 


Varied; includes stored nutrients such as lipid 
droplets and glyeogen granules, protein 
erystals, pigment granules. 


The stable eytoskeletal elements; resist 
meehanieal forees aeting on the eell. 


Organize a microtubule netvvork during 
mitosis (eell division) to form the spindle and 
asters. Form the bases of eilia and flagella. 


Storage for nutrients, vvastes, and eell 
products. 


Cellular Extensions 


■ Cilia (Figures 3.26, 3.27) 



■ Flagellum 



■ Mierovilli (Figure 3.28) 



Short cell-surface projeetions; eaeh cilium 
eomposed of nine pairs of microtubules 
surrounding a eentral pair. 


Like a cilium, but longer; only example in 
humans is the sperm tail. 

Tubular extensions of the plasma membrane; 
eontain a bundle of aetin filaments. 


Coordinated movement ereates a 
unidirectional current that propels substances 
aeross eell surfaces. 


Propels the eell. 


inerease surface area for absorption. 


Nucleus (Figures 3.2 f 3.29) 



Control eenter of the eell; responsible 
for transmitting genetie information and 
providing the instructions for protein 
synthesis. 


Largest organelle. Surrounded by the nuclear 
envelope; eontains fluid nucleoplasm, nucleoli, 
and ehromatin. 
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UNIT 1 Organization of the Body 


Table 3.3 Parts of the Cell: Structure and Function 


[continued) 


CELL PART* 


STRUCTURE 


FUNCTIONS 


Nucleus (Figures 3.2, 3.29) 



■ Nuclear envelope (Figure 3.29) 



■ Nucleolus (Figure 3.29) 



■ ehromatin (Figure 3.30) 



Double-membrane structure piereed by 
pores. Outer membrane continuous vvith the 
endoplasmie reticulum. 


Dense spherieal (non-membrane-bounded) 
bodies, eomposed of ribosomal RNA and 
proteins. 


Granular, threadlike material eomposed of 
DNA and histone proteins. 


Separates the nucleoplasm from the eytoplasm 
and regulates passage of substances to and 
from the nucleus. 


Site of ribosome subunit manufacture. 


DNA constitutes the genes. 


may indieate that the eell is about to eommit suicide. On the 
other hand, addition of aeetyl groups to histone exposes differ- 
ent DNA segments, or genes, so that they ean dietate the speei- 
fieations for synthesizing proteins or various RNA speeies. Such 
aetive ehromatin segments, referred to as extended ehromatin , 
are not usually visible under the light mieroseope. The generally 
inaetive eondensed ehromatin segments are darker staining and 
more easily deteeted. Understandably, the most aetive body eells 
have much larger amounts of extended ehromatin. 

Interestingly, particular ehromatin strands occupy diserete 
regions in the nucleus ealled ehromosome territories. Depend- 
ing on the speeifie genes eontained, and the eell and tissue type, 
the ehromosome territory patterns ehange during development. 
At the simplest level, aetive and inaetive genetie regions ean be 
separated from eaeh other, which in turn would enhanee or re- 
press genetie expression. 

When a eell is preparing to divide, the ehromatin threads eoil 
and eondense enormously to form short, barlike bodies ealled 
ehromosomes (“eoloredbodies”) (Figure 3.30 (5) and (6)). Chro- 
mosome eompaetness prevents the delieate ehromatin strands 
from tangling and breaking during the movements that occur 
during eell division. Next, we deseribe the fimetions of DNA and 
the events of eell division. 

Table 3.3 summarizes the parts of the eell beginning on p. 94. 

Check Your IJnderstanding 

23. If a eell ejeets or loses its nucleus, vvhat is its fate and vvhy? 

24. What is the role of nucleoli? 

25. What is the importanee of the histone proteins present in the 
nucleus? 

_ For ansvvers, see Appendix Fi. 


Cell Growth and Reproduction 

The Cell Cycle 

List the phases of the eell eyele and deseribe the key events 
of eaeh phase. 

Deseribe the proeess of DNA replieation. 

The eell eyele is the series of ehanges a eell goes through from 
the time it is formed until it reproduces. The outer ring of 
Figure 3.31 shows the two major periods of the eell eyele: 

■ Interphase (in green), in which the eell grows and earries on 
its usual aetivities 

■ Cell division or the mitotie phase (in yellow), during which it 
divides into two eells 

Interphase 

Interphase is the period from eell formation to eell division. 
Early eytologists, unaware of the eonstant molecular aetivity in 
eells and impressed by the obvious movements of eell division, 
ealled interphase the resting phase of the eell eyele. (The term 
interphase refleets this idea of a stage between eell divisions.) 
However, this image is misleading because during interphase a 
eell is earrying out all its routine aetivities and is “resting” only 
from dividing. Perhaps a more accurate name for this phase 
would be metabolie phase or growth phase. 

Subphases In addition to earrying on its life-sustaining reae- 
tions, an interphase eell prepares for the next eell division. In- 
terphase is divided into G l5 S, and G 2 subphases (the Gs stand 
for gaps before and after the S phase, and S is for synthetie). In 
all three subphases, the eell grows by producing proteins and or- 
ganelles, but ehromatin is reproduced only during the S subphase. 
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interphase 


Growth and DNA 
synthesis 


Growth and final 
preparations for 
division 




G 0 eheekpoint 


G., eheekpoint 
(restrietion point) 


gure 3.31 The eell eyde. During G 1# eells grovv rapidly and earry 
out their routine functions. The S phase is the period of DNA syn- 
thesis. In G 2 , materials needed for eell division are synthesized and 
grovvth continues. During the M phase (eell division), mitosis and 
eytokinesis occur, producing tvvo daughter eells. Important eheek- 
points at vvhieh mitosis may be prevented from occurring are found 
throughout interphase; the diagram shovvs tvvo. 


■ Gj (gap 1 subphase): The eell is metabolieally aetive, synthesiz- 
ing proteins rapidly and growing vigorously (Figure 3.31, light 
green area). This is the most variable phase in terms of length. 
In eells that divide rapidly, G { typieally lasts several minutes to 
hours, but in those that divide slowly, may last for days or 
even years. Cells that permanently eease dividing are said to be 
in the G 0 phase. For most of G : , virtually no aetivities direetly 
related to eell division occur. However, as G^ ends, the eentri- 
oles start to replieate in preparation for eell division. 

■ S phase: DNA is replieated, ensuring that the two future eells 
being ereated will reeeive identieal eopies of the genetie ma- 
terial (Figure 3.31, blue area). New histones are made and as- 
sembled into ehromatin. One thing is sure, without a proper 
S phase, there ean be no eorreet mitotie phase. (We will de- 
seribe DNA replieation next.) 

■ G 2 (gap 2 subphase): The final phase of interphase is brief 
(Figure 3.31, dark green area). Enzymes and other proteins 
needed for division are synthesized and moved to their 
proper sites. By the end of G 2 , eentriole replieation (begun in 
G : ) is eomplete. The eell is now ready to divide. Throughout 
S and G 2 , the eell continues to grow and earries on with busi- 
ness as usual. 


DNA Replieation Before a eell ean divide, its DNA must be 
replieated exactly, so that identieal eopies of the eells genes ean 
be passed to eaeh of its offspring. During the S phase, repliea- 
tion begins simultaneously on several ehromatin threads and 
continues until all the DNA has been replieated. 

Human DNA molecules are very long. Replieation of a DNA 
molecule begins at several origins of replieation along its length 
that have a speeifie nucleotide sequence, a strategy that greatly 
inereases the speed of replieation. 

Replieation is still being studied but appears to involve sev- 
eral events: 

1. Enzymes attaeh to origins of replieation and separate the 
DNA strands so that replieation bubbles form. At eaeh end 
of a replieation bubble is a Y-shaped area, a replieation 
fork , where the helieal parental DNA strands are being un- 
wound (Figure 3.32). 

2. Onee the bubbles are formed, the parental DNA strands 
are ready to serve as templates for making eomplemen- 
tary DNA strands from free DNA precursors dissolved in 
the mieleoplasm (Figure 3.32). However, there is a prob- 
lem here because th e polymerase enzymes that synthesize 
DNA eannot start a new DNA strand from serateh. They 
ean only add new mieleotides to a strand that already 
exists. This problem is solved by formation of a short, 
eomplementary RNA primer, about 10 bases long, by a 
primase enzyme. 

3. Continuing from the primer, the enzyme DNA polymer- 
ase positions eomplementary nucleotides along the tem- 
plate strand and then eovalently links them together. DNA 
polymerase works only in one direetion. Consequently, 
one strand, the leading strand, is synthesized continu- 
ously onee primed, following the movement of the rep- 
lieation fork. The other strand, ealled the lagging strand, 
is eonstmeted in segments in the opposite direetion and 
requires that a primer initiate replieation of eaeh segment. 

4. Ligase enzymes spliee the short segments of DNA to- 
gether. Eventually DNA polymerases replaee the primers 
with DNA nucleotides. 

The end result is that two DNA molecules are formed from the 
original DNA helix (the template strands) and are identieal to 
it. Because eaeh new molecule eonsists of one old and one new 
nucleotide strand, this meehanism of DNA replieation is ealled 
semieonservative replieation (Figure 3.32). 

As soon as replieation ends, histones (synthesized in the 
eytoplasm and imported into the nucleus) assoeiate with the 
DNA, eompleting the formation of two new ehromatin strands. 
The ehromatin strands, united by a buttonlike eentromere (a 
streteh of repetitive DNA), remain held together by the eentro- 
mere and a protein complex ealled eohesin , until the eell enters 
the anaphase stage of mitotie eell division (see p. 101). They are 
then distributed to the daughter eells as deseribed next, ensur- 
ing that eaeh eell has identieal genetie information. 

The progression from DNA replieation into eell division pre- 
sumes that the newly synthesized DNA is not damaged in any 
way. If damage occurs, the eell eyele stops until the DNA repair 
meehanism has fixed the problem. 
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Figure 3.32 Replieation of DNA: siimmary. Onee the DNA helix is uncoiled, and the hydrogen 
bonds between its base pairs are broken, eaeh nucleotide strand of the DNA aets as a template for 
eonstmeting a eomplementary strand, as illustrated on the right-hand side of the diagram. (The step 
in which RNA primers are formed to start the proeess at replieation bubbles is not shown.) DNA 
polymerases work in one direetion only, so the two new strands (leading and lagging) are synthesized in 
opposite direetions. (The DNA ligase enzymes that join the DNA fragments on the lagging strand are 
not illustrated.) Eaeh DNA molecule formed eonsists of one old (template) strand and one newly 
assembled strand and constitutes a ehromatid of a ehromosome. 


Cell Division 

Cell division is essential for body growth and tissue repair. Cells 
that continually wear away, such as eells of the skin and intesti- 
nal lining, reproduce themselves almost continuously. Others, 
such as liver eells, divide more slowly (to maintain the size of the 
organ they eompose) but retain the ability to reproduce quickly 
if the organ is damaged. Most eells of nervous tissue, skeletal 
muscle, and heart muscle lose their ability to divide when they 
are fully mature, and repairs are made with sear tissue (a fibrous 
type of eonneetive tissue). 

Events of Cell Division In most body eells, eell division, which 
is ealled the M (mitotie) phase of the eell eyele, involves two 
distinet events (Figure 3.31, yellow area): 

■ Mitosis (mi-to'sis; mit — thread; osis = proeess), the divi- 
sion of the nucleus 

■ Cytokinesis (si-to-ki-ne'sis; kines = movement), the divi- 
sion of the eytoplasm 

A diíferent proeess of nuclear division ealled meiosis (mi- 
o'sis) produces sex eells (ova and sperm) with only half the 
number of genes found in other body eells. We discuss the 


details of meiosis in Chapter 27. Here we eoneentrate on mi- 
totie eell division. 

Mitosis Mitosis is the series of events that pareels out the repli- 
eated DNA of the mother eell to two daughter eells. Deseribed as 
four phases— prophase, metaphase, anaphase, and telophase— 
mitosis is actually a continuous proeess, with one phase merging 
smoothly into the next. Its duration varies aeeording to eell type, 
but in human eells it typieally lasts about an hour or less. Focus 
on Mitosis Figure 3.33 , pp. 100-101, deseribes the phases of 
mitosis in detail. 

Cytokinesis Cytokinesis, or the division of the eytoplasm, 
begins during late anaphase and is eompleted after mitosis 
ends. A eontraetile ring made of aetin filaments (Figure 3.33) 
draws the plasma membrane inward to form a eleavage fur- 
row over the eenter of the eell. The furrow deepens until it 
pinehes the eytoplasmie mass into two parts, yielding two 
daughter eells. Eaeh is smaller and has less eytoplasm than 
the mother eell, but is genetieally identieal to it. The daughter 
eells then enter the interphase portion of the life eyele until it 
is their turn to divide. 
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Control of Cell Division The signals that prod eells to divide 
are ineompletely understood, but we know that the ratio of eell 
surface area to eell volume is important. The amount of nutri- 
ents a growing eell requires is direetly related to its volume. Vol- 
ume inereases with the cube of eell radius, whereas surface area 
inereases more slowly with the square of the radius. 

For example, a 64-fold (4 3 ) inerease in eell volrnne is ae- 
eompanied by only a 16-fold (4 2 ) inerease in surface area. Con- 
sequently, the surface area of the plasma membrane beeomes 
inadequate for nutrient and waste exchange when a eell reaehes 
a eertain eritieal size. Cell division solves this problem because 
the smaller daughter eells have a favorable ratio of surface area 
to vohmie. These surface-volume relationships help explain why 
most eells are mieroseopie in size. 

Two other faetors that influence when eells divide are ehemi- 
eal signals (growth faetors, hormones, and others) released by 
other eells and the availability of spaee. Normal eells stop pro- 
liferating when they begin touching, a phenomenon ealled eon- 
taet inhibition. The system that eontrols the eell eyele has been 
eompared to the timer on a washing maehine. Like that timer, 
the eontrol system for the eell eyele is driven by a built-in eloek. 
However, just as the washers eyele is subject to adjustments 
(by regulating the flow from the faucet, say, or by an internal 
water-level sensor), the eell eyele is regulated by both internal 
and external faetors. 

Two groups of proteins are emeial to the ability of a eell to 
aeeomplish the S phase and enter mitosis: 

■ Cyclins, regulatory proteins whose levels rise and fall during 
eaeh eell eyele 

■ Cdks (eyelin-dependent kinases), which are present in a 
eonstant eoneentration in the eell and are aetivated by bind- 
ing to particular eyelins 

A new bateh of eyelins accumulates during eaeh interphase. 
Subsequent joining of speeifie Cdk and eyelin proteins initi- 
ates enzymatie easeades that phosphorylate histones and other 
proteins needed for eell division. At the end of mitosis, enzymes 
destroy the eyelins. 

A number of a switches” and emeial eheekpoints for eell di- 
vision occur throughout interphase. These built-in stop sig- 
nals halt the eell eyele until overridden by internal or external 
go-ahead signals. In many eells, a G : eheekpoint, ealled the 
restrietionpoint, seems to be most important (see Figure 3.31). 
If the eell is prevented from progressing past this eheekpoint, 
it enters the nondividing state (G 0 ). Another important eheek- 
point, and the first to be understood, occurs late in G 2 , when a 
threshold amount of a protein complex ealled MPF (M-phase 
promoting faetor) is required to give the okay signal to pass 
the G 2 eheekpoint and enter M phase. Later in M phase, MPF 
is inaetivated. 

Besides these cc go” signals, there are a number of so-ealled 
repressor genes that inhibit eell division. One example is the 
p53 gene that initiates a series of enzymatie events that pro- 
duce growth-inhibiting faetors. Roughly half of all eaneers have 
abnormal p53 genes. Contact with other eells does not inhibit 
these cancerous eells and they divide wildly, making them dan- 
gerous to their host. 



Check Your Understanding 


26. If one of the DNA strands being replieated "reads" CGAATG, 
what will be the base sequence of the eorresponding DNA 
strand? 

27. During what phase of the eell eyele is DNA synthesized? 

28. What are three events occurring in prophase that are undone 
in telophase? 

_ For ansvvers, see Appendix Fi. 


Protein Synthesis 

Define gene and genetie eode and explain the function 
of genes. 

Name the two phases of protein synthesis and deseribe the 
roles of DNA, mRNA, tRNA, and rRNA in eaeh phase. 

s Contrast triplets, eodons, and antieodons. 



In addition to direeting its own replieation, DNA serves as the 
master blueprint for protein synthesis. Although eells also make 
lipids and earbohydrates, DNA does not dietate their structure. 
Historieally, DNA is said to speeify only the structure of protein 
molecules, including the enzymes that eatalyze the synthesis of 
all elasses of biologieal molecules. 

Much of the metabolie maehinery of the eell is eoneerned in 
some way with protein synthesis. This is not surprising, seeing 
as structural proteins constitute most of the dry eell material, 
and hmetional proteins direet almost all cellular aetivities. Es- 
sentially, eells are miniature protein faetories that synthesize the 
huge variety of proteins that determine the ehemieal and physi- 
eal nature of eells—and therefore of the whole body. 

Reeall from Chapter 2 that proteins are eomposed of 
polypeptide ehains, which in turn are made up of amino aeids. 
For purposes of this discussion, we define a gene as a segment 
of a DNA molecule that earries instructions for ereating one 
polypeptide ehain. Supposedly we humans have an estimated 
25,000 protein eoding genes. (Note, however, that some genes 
speeify the structure of eertain varieties of RNA as their final 
product.) 

The four nucleotide bases (A, G, T, and C) are the “letters” 
used in the genetie alphabet, and the information of DNA is 
found in the sequence of these bases. Eaeh sequence of three 
bases, ealled a triplet, ean be thought of as a cc word” that speei- 
fies a particular amino aeid. For example, the triplet AAA ealls 
for the amino aeid phenylalanine, and CCT ealls for glyeine. 
The sequence of triplets in eaeh gene forms a cc sentence” that 
tells exactly how a particular polypeptide is to be made: It spee- 
ifies the nrnnber, kinds, and order of amino aeids needed to 
build a particular polypeptide. 

Variations in the arrangement of A, T, C, and G allow our 
eells to make all the different kinds of proteins needed. Even a 
cc small” gene has an estimated 210 base pairs in sequence. The 
ratio between DNA bases in the gene and amino aeids in the 
polypeptide is 3:1 (because eaeh triplet stands for one amino 
aeid), so we would expect the polypeptide speeified by such a 
gene to eontain 70 amino aeids. 

(Text continues on p. 102.) 







FOeilS 


Mitosis 


Fi ure 3.3 Mitosis is the proeess of nuclear division in which the ehromosomes 
are distributed to two daughter nudei. Together with eytokinesis, it produces 

r.y 

two identieal daughter eells. A&PFlix Available at www.masteringaandp.com 
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Interphase 

Interphase is the period of a eell’s life when it 
earries out its normal metabolie aetivities and 
grows. Interphase is not part of mitosis. 

• During interphase, the DNA-eontaining 
material is in the form of ehromatin. The 
nuclear envelope and one or more nucleoli are 
intaet and visible. 

•There are three distinet periods of interphase: 
G-|:The eentrioles begin replieating. 

S: DNA is replieated. 

G 2 : Final preparations for mitosis are 
eompleted and eentrioles finish replieating. 


The light mierographs show dividing lung eells from 
a newt. The ehromosomes appear blue and the 
microtubules green. (The red fibers are intermediate 
filaments.) The sehematie drawings show details not 
visible in the mierographs. For simplieity, only four 
ehromosomes are drawn. 


Early Prophase 

•The ehromatin eondenses, forming barlike 
ehromosomes. 

• Eaeh duplicated ehromosome eonsists of two 
identieal threads, ealled sister ehromatids, held 
together at the eentromere. (Later when the 
ehromatids separate, eaeh will be a new 
ehromosome.) 

• As the ehromosomes appear, the nucleoli 
disappear, and the two eentrosomes separate 
from one another. 

• The eentrosomes aet as foeal points for 
growth of a microtubule assembly ealled the 
mitotie spindle. As the microtubules lengthen, 
they propel the eentrosomes toward opposite 
ends (poles) of the eell. 

• Microtubule arrays ealled asters (“stars”) 
extend from the eentrosome matrix. 


Late Prophase 

•The nuclear envelope breaks up, allowing the 
spindle to interaet with the ehromosomes. 

• Some of the growing spindle microtubules 
attaeh to kinetoehores (ki-ne'to-korz), speeial 
protein structures at eaeh ehromosome’s 
eentromere. Such microtubules are ealled 
kinetoehore microtubules. 

•The remaining spindle microtubules (not 
attaehed to any ehromosomes) are ealled polar 
microtubules. The microtubules slide past eaeh 
other, foreing the poles apart. 

•The kinetoehore microtubules pull on eaeh 
ehromosome from both poles in a tug-of-war 
that ultimately draws the ehromosomes to the 
eenter, or equator, of the eell. 
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Metaphase—seeond phase of mitosis 


• The two eentrosomes are at opposite poles of 
the eell. 

• The ehromosomes cluster at the midline of 
the eell, with their eentromeres preeisely 
aligned at the equator of the spindle. This 
imaginary plane midway between the poles is 
ealled the metaphase plate. 

• Enzymes aet to separate the ehromatids from 
eaeh other. 


Anaphase—third phase of mitosis 


The shortest phase of mitosis, anaphase 
begins abruptly as the eentromeres of the 
ehromosomes split simultaneously. Eaeh 
ehromatid now beeomes a ehromosome in its 
own right. 

•The kinetoehore microtubules, moved along 
by motor proteins in the kinetoehores, 
gradually pull eaeh ehromosome toward the 
pole it faees. 

• At the same time, the polar microtubules slide 
past eaeh other, lengthen, and push the two 
poles of the eell apart. 

•The moving ehromosomes lookV shaped. 
The eentromeres lead the way, and the 
ehromosomal “arms” dangle behind them. 

• Moving and separating the ehromosomes is 
helped by the faet that the ehromosomes are 
short, eompaet bodies. Diffuse threads of 
ehromatin would trail, tangle, and break, 
resulting in impreeise “pareeling out” to the 
daughter eells. 


Telophase—final phase of mitosis 


Telophase 

Telophase begins as soon as ehromosomal 
movement stops.This final phase is like 
prophase in reverse. 

• The identieal sets of ehromosomes at the 
opposite poles of the eell uncoil and resume 
their threadlike ehromatin form. 

• A new nuclear envelope forms around eaeh 
ehromatin mass, nucleoli reappear within the 
nuclei, and the spindle breaks down and 
disappears. 

• Mitosis is now ended.The eell, for just a brief 
period, is binucleate (has two nuclei) and eaeh 
new nucleus is identieal to the original mother 
nucleus. 


Cytokinesis—division of eytoplasm 


Cytokinesis begins during late anaphase and 
continues through and beyond telophase. A 
eontraetile ring of aetin mierofilaments forms 
the eleavage furrow and pinehes the eell apart. 
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Figiire 3.34 Simplified seheme of information flow from the 
DNA gene to mRNA to protein structure during transeription 
and translation. (Note that mRNA is first synthesized as pre-mRNA, 
vvhieh is proeessed by enzymes before leaving the nucleus.) 


Most genes of higher organisms eontain exons, which are 
amino aeid-speeifying informational sequences. Exons are of- 
ten separated by introns, which are noneoding, often repeti- 
tive, segments that range from 60 to 100,000 nucleotides. Onee 
eonsidered a type of “junk DNA,” intron DNA is believed to 
serve as a reservoir or serapyard of ready-to-use DNA segments 
for genome evolution, as well as a rieh source of small RNA 
molecules. The rest of the DNA (indeed, most of it) is essen- 
tially “dark matter” whose function is still a mystery. It is in 
these regions that pseudogenes (false genes) are found. Pseudo- 
genes are genetie fossils that are the remains of damaged genes. 
They “look like” real genes but have defieits that render them 
fimetionless. 

The Role of RNA 

By itself, DNA is like a CD reeording: The information it eon- 
tains eannot be used without a deeoding meehanism (a CD 
player). Furthermore, most polypeptides are manufactured at 
ribosomes in the eytoplasm, but in interphase eells, DNA never 
leaves the nucleus. So, DNA requires not only a deeoder, but a 
messenger as well. The deeoding and messenger functions are 
earried out by RNA, the seeond type of nucleic aeid. 

As you learned in Chapter 2, RNA differs from DNA: RNA 
is single stranded, and it has the sugar ribose instead of deoxy- 
ribose, and the base uracil (U) instead of thymine (T). Three 
forms of RNA typieally aet together to earry out DNAs instruc- 
tions for polypeptide synthesis: 


■ Messenger RNA (mRNA), relatively long nucleotide strands 
resembling “half-DNA” molecules (one of the two strands of 
a DNA molecule eoding for protein structure). mRNA ear- 
ries a transeript of the eode to the eytoplasm, where protein 
synthesis occurs. 

■ Ribosomal RNA (rRNA), along with proteins, forms the ri- 
bosomes, which eonsist of two subunits—one large and one 
small. The two subunit types eombine to form fimetional ri- 
bosomes, which are the sites of protein synthesis. 

■ Transfer RNA (tRNA), small, roughly L-shaped molecules 
that ferry amino aeids to the ribosomes. There they deeode 
mRNAs message for amino aeid sequence in the polypeptide 
to be built. 

All types of RNA are formed on the DNA in the nucleus in 
much the same way as DNA replieates itself: The DNA helix 
separates and one of its strands serves as a template for synthe- 
sizing a eomplementary RNA strand. Onee formed, the RNA 
molecule is released from the DNA template and migrates into 
the eytoplasm. Its job done, the DNA reeoils into its helieal, 
inaetive form. 

Approximately 2% of the nuclear DNA eodes for the synthe- 
sis of short-lived mRNA. DNA in the mieleolar organizer re- 
gions (mentioned previously) eodes for the synthesis of rRNA, 
which is long-lived and stable, as is tRNA eoded by other DNA 
sequences. Because rRNA and tRNA do not transport eodes 
for synthesizing other molecules, they are the final products of 
the genes that eode for them. Ribosomal RNA and tRNA aet 
together to “translate ’ the message earried by mRNA. 

Essentially, polypeptide synthesis involves two major steps: 

1. Transeription , in which DNAs information is eneoded in 
mRNA 

2. Translation , in which the information earried by mRNA is 
deeoded and used to assemble polypeptides 

Figure 3.34 summarizes the information flow in these two 
major steps. The figure also indieates the “RNA proeessing” that 
removes introns from mRNA before this molecule leaves the 
nucleus and moves into the eytoplasm. 

Transeription 

A transeriptionist eonverts a message from a reeording or short- 
hand notes into a written eopy. In other words, information is 
transferred from one form or format to another. 

In eells, transeription transfers information from a DNA 
base sequence to the eomplementary base sequence of an 
mRNA molecule. The form is different, but the same informa- 
tion is being eonveyed. Onee the mRNA molecule is made, it 
detaehes and leaves the nucleus via a nuclear pore, and heads for 
the protein synthesis maehinery, the ribosome. 

Transeription eannot begin until gene-aetivating ehemieals 
ealled transeription faetors stimulate histones at the site-to-be 
of gene transeription to loosen. The transeription faetors then 
bind to the promoter. The promoter is a speeial DNA sequence 
that eontains the start point (beginning of the gene to be tran- 
seribed). It speeifies where mRNA synthesis starts and which 
DNA strand is going to serve as the template strand (Figure 3.35, 
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(T) Initiation: With the help of transeription faetors, RNA polymerase 
binds to the promoter, pries apart the two DNA strands, and initiates 
mRNA synthesis at the start point on the template strand. 
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(2) Elongation: As the RNA polymerase moves along the template 
strand, elongating the mRNA transeript one base at a time, it unwinds 
the DNA double helix before it and rewinds the double helix behind it. 
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(3)Termination: mRNA synthesis ends when the termination signa 
reaehed. RNA polymerase and the eompleted mRNA transeript are 
released. 
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gure 3.35 Overvievv of stages of transeription 
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The DNA-RNA hybrid: At any given moment, 16-18 base pairs of 
DNA are unwound and the most reeently made RNA is still bound to 
DNA. This small region is ealled the DNA-RNA hybrid. 


RNA polymerase 


top). The imeoiled DNA strand not used as a template is ealled 
the eoding strand because it has the same (eoded) sequence as 
the mRNA to be built (except for the U in mRNA in plaee of 
T in DNA). The transeription faetors also help position RNA 
polymerase, the enzyme that oversees the synthesis of mRNA, 
eorreetly at the promoter. Onee these preparations are made, 
RNA polymerase ean initiate transeription. 

Transeription involves three basie phases: initiation, elonga- 
tion, and termination (Figure 3.35). 

® Initiation. Onee properly positioned, RNA polymerase 
pulls apart the strands of the DNA double helix so tran- 
seription ean begin at the start point in the promoter. 

( ) Elongation. Using ineoming RNA niieleotides as sub- 
strates, the RNA polymerase aligns them with eomplemen- 
tary DNA bases on the template strand and then links them 
together. As RNA polymerase elongates the mRNA strand 


one base at a time, it unwinds the DNA helix in front of it, 
and rewinds the helix behind it. At any given moment, 16 
to 18 base pairs of DNA are unwound and the most reeently 
made mRNA is still hydrogen-bonded (H-bonded) to the 
template DNA. This small region—ealled the DNA-RNA 
hybrid —is up to 12 base pairs long. 

@ Termination. When the polymerase reaehes a speeial base 
sequence ealled a termination signal, transeription ends 
and the newly formed mRNA separates from the DNA 
template. 

Proeessing of mRNA Before translation ean begin, edit- 
ing and further proeessing are needed to elean up the mRNA 
transeript. Reeall that mammalian DNA like ours has eoding 
regions (exons) separated by non-protein-eoding regions (in- 
trons). Because the DNA is transeribed sequentially, the mRNA 
initially made, ealled pre-mRNA or primary transeript , is still 
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gure 3.36 The genetie eode. The three bases in an mRNA 
eodon are designated as the first, seeond, and third. Eaeh set of 
three speeifies a particular amino aeid, represented here by an 
abbreviation (see list belovv). The eodon AUG (vvhieh speeifies 
the amino aeid methionine) is the usual start signal for protein 
synthesis. The vvord stop indieates the eodons that serve as signals 


to terminate 

protein synthesis. 



Abb.* 

Amino aeid 

Abb.* 

Amino aeid 

Ala 

alanine 

Leu 

leucine 

Arg 

arginine 

Lys 

lysine 

Asn 

asparagine 

Met 

methionine 

Asp 

aspartie aeid 

Phe 

phenylalanine 

Cys 

eysteine 

Pro 

proline 

Glu 

glutamic aeid 

Ser 

serine 

Gln 

glutamine 

Thr 

threonine 

Gly 

glyeine 

Trp 

tryptophan 

His 

histidine 

Tyr 

tyrosine 

lle 

isoleucine 

Val 

valine 

*Abbreviation for the amino aeid 



littered with introns. Before the newly formed RNA ean be used 
as a messenger, it must be proeessed, or edited—that is, seetions 
eorresponding to introns must be removed. Large RNA-protein 
complexes ealled splieeosomes snip out the introns and spliee to- 
gether the remaining exon-coded seetions in the order in which 
they occurred in the DNA, producing functional mRNA. 

Although many introns degrade naturally, some eontain ae- 
tive segments (such as mieroRNAs) that ean function to eontrol, 
interfere with, or silenee other genes. Additionally, a number of 


speeifie RNA-binding proteins, ealled mRNA complex proteins , 
must beeome assoeiated with the edited mRNA. These mRNA 
complex proteins guide the export of mRNA from the nucleus, 
determine its loealization, translation, and stability, and eheek it 
for premature termination eodons. 

Translation 

A translator takes a message in one language and restates it in 
another. In the translation step of protein synthesis, the lan- 
guage of mieleie aeids (base sequence) is translated into the lan- 
guage of proteins (amino aeid sequence). 

Genetie Code The rules by which the base sequence of a gene 
is translated into an amino aeid sequence are ealled the genetie 
eode. For eaeh triplet, or three-base sequence on DNA, the eor- 
responding three-base sequence on mRNA is ealled a eodon. 
Sinee there are four kinds of RNA (or DNA) nucleotides, there 
are 4 3 , or 64, possible eodons. Three of these 64 eodons are “stop 
signs” that eall for termination of polypeptide synthesis. All the 
rest eode for amino aeids. 

Because there are only about 20 amino aeids, some are speei- 
fied by more than one eodon. This redundancy in the genetie 
eode helps proteet against problems due to transeription (and 
translation) errors. : igure 3.36 shows the genetie eode and a 
eomplete eodon list. 

Role of tRNA Translation involves the mRNAs, tRNAs, and 
rRNAs mentioned above. Before we get into the actual details of 
the translation proeess, lets look at how the tRNAs are so well 
suited for their roles in translation. 

Shaped like a handheld drill, tRNA is well suited to its dual 
function of binding to both an amino aeid and an mRNA eo- 
don. The amino aeid (pieked up from the eytoplasmie pool) is 
bound to one end of tRNA, at a region ealled the stem. At the 
other end, the head, is its antieodon (an"ti-ko'don), a three- 
base sequence eomplementary to the mRNA eodon ealling for 
the amino aeid earried by that particular tRNA. Because an- 
tieodons form hydrogen bonds with eomplementary eodons, 
tRNA is the link between the language of nucleic aeids and the 
language of proteins. For example, if the mRNA eodon is AUA, 
which speeifies isoleucine, the tRNAs earrying isoleucine will 
have the antieodon UAU, which ean bind to the AUA eodons. 

There are approximately 45 types of tRNA, eaeh eapable of 
binding with a speeifie amino aeid. The attaehment proeess is 
eontrolled by an aminoaeyl-tRNA synthetase enzyme and is ae- 
tivated by ATR Onee its amino aeid is loaded, the tRNA (now 
ealled an aminoaeyl-tRNA because of its amino aeid eargo) 
migrates to the ribosome, where its amino aeid is maneuvered 
into the proper position, as speeified by the mRNA eodons and 
deseribed below. The ribosome is more than just a passive at- 
taehment site for mRNA and tRNA. Like a vise, the ribosome 
holds the tRNA and mRNA elose together to eoordinate the 
coupling of eodons and antieodons, and positions the next (in- 
eoming) amino aeid for addition to the growing polypeptide 
ehain. To do its job, the ribosome has a binding site for mRNA 
and three binding sites for tRNA: an A (aminoaeyl) site for an 
ineoming aminoaeyl-tRNA, a P (peptidyl) site for the tRNA 
holding the growing polypeptide ehain, and an E (exit) site for 
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an outgoing tRNA, as illustrated in Focus on Translation 
( i jure 3.3Ì , on pp. 106-107). Now we are ready to put the 
parts together—so lets go! 

Sequence of Events in Translation Translation entails a now 
familiar sequence of named events— initiation , elongation , and ter- 
mination —which occur in the eytoplasm. Eaeh of these phases 
requires energy in the form of ATP and a speeifie set of protein 
faetors and enzymes. Figure 3.37 summarizes these events. 

@ Initiation. A small ribosomal subunit binds to a speeial 
methionine-earrying initiator tRNA, and then to the “new” 
mRNA to be deeoded. With the initiator tRNA still in tow, 
the small ribosomal subunit seans along the mRNA until it 
encounters the start eodon —the first AUG triplet it meets. 
When the initiator tRNAs UAC antieodon “reeognizes” and 
binds to the start eodon, a large ribosomal subunit unites 
with the small one, forming a fimetional ribosome. 

At the end of this phase the mRNA is firmly positioned 
in the groove between the ribosomal subunits, the initiator 
tRNA is sitting in the P site, and the A site is vaeant, ready 
for the next aminoaeyl tRNA to deliver its eargo. The next 
phase, elongation of the polypeptide, now begins. 

@ Elongation. During the three-step eyele of elongation, 
the mRNA is moved through the ribosome in one diree- 
tion and one amino aeid at a time is added to the growing 
polypeptide (Figure 3.37). 

(§) Codon reeognition. The ineoming aminoaeyl- 
tRNA binds to a eomplementary eodon in the A site 
of a ribosome. 

@ Peptide bond formation. Onee the accuracy of the 
eodon-antieodon binding is eheeked, an enzymatie 
eomponent in the large ribosomal subunit eatalyzes 
peptide bond formation between the amino aeid of 
the tRNA in the P site to that of the tRNA in the A site. 

(S) Transloeation. This step transloeates, or moves, 
the tRNA in the A site to the P site. The unloaded 
(vaeant) tRNA is transferred to the E site, from which 
it is released and ready to be reeharged with an amino 
aeid from the eytoplasmie pool. 

This orderly “musical ehairs” proeess continues: the 
peptidyl-tRNAs transfer their polypeptide eargo to the 
aminoaeyl-tRNAs, and then the P-site-to-E-site and A-site- 
to-P-site movements of the tRNAs occur (Figure 3.37). As 
the ribosome “chugs” along the mRNA traek and the mRNA 
is progressively read, its initial portion passes through the 
ribosome and may beeome attaehed successively to several 
other ribosomes, all reading the same message simultane- 
ously and sequentially. This multiple ribosome-mRNA 
complex, a polyribosome, eífieiently produces imiltiple eop- 
ies of the same protein ( gure 3.38, on p. 108). 

@ Termination. The mRNA strand continues to be read se- 
quentially until its last eodon, the stop eodon (one UGA, 
UAA, or UAG) enters the A site. The stop eodon is the “pe- 
riod” at the end of the mRNA sentenee—it tells the ribo- 
some that translation of that mRNA is finished. As a result, 


a protein release faetor binds to the stop eodon at the A site 
and direets the addition of water (instead of an amino aeid) 
to the polypeptide ehain. This hydrolyzes (breaks) the bond 
between the polypeptide and the tRNA in the P site. The 
eompleted polypeptide ehain is then released from the ri- 
bosome, and the ribosome separates into its two subunits 
(Figure 3.38a). The released protein may undergo proeess- 
ing before it folds into its complex 3-D structure and floats 
oíf, ready to work. When the message of the mRNA that 
direeted its formation is no longer needed, it is degraded. 

Proeessing in the Rough ER As noted earlier in the ehapter, ri- 
bosomes attaeh to and detaeh from the rough ER. When a short 
“leader” peptide ealled an ER signal sequence is present in a pro- 
tein being synthesized, the assoeiated ribosome attaehes to the 
membrane of the rough ER. This signal sequence, with its attaehed 
eargo of a ribosome and mRNA, is guided to appropriate reeeptor 
sites on the ER membrane by a signal reeognition partiele (SRP), a 
protein ehaperone that eyeles between the ER and the eytosol. 
Figure 3.39 on p.108 details the subsequent events occurring 
at the ER. 

Summary: From DNA to Proteins The genetie information of a 
eell is translated into the production of proteins via a sequence of 
information transfer that is eompletely direeted by eomplementary 
base pairing. The transfer of information goes from DNA base se- 
quence (triplets) to the eomplementary base sequence of mRNA 
(eodons) and then to the tRNA base sequence (antieodons), which 
is identieal to the template DNA sequence except for the substitu- 
tion of uracil (U) for thymine (T) ( igure 3.40, on p. 109). 

Other Roles of DNA 

The story of DNA doesn t end with the production of proteins 
eneoded by exons. Seientists are finding that intron DNA actu- 
ally eodes for a surprising variety of aetive RNA speeies, includ- 
ing the following: 

■ Antisense RNAs, made on the DNA strand eomplementary 
to the template strand for mRNA, ean intereept and bind to 
the protein-eoding mRNA strand and prevent it from being 
translated into protein. 

■ MieroRNAs are small RNAs that ean use RNA interferenee 
maehinery to interfere with and suppress mRNAs made by 
eertain exons, thus efiFeetively sileneing them. 

■ Riboswitches are folded RNAs that eode, like mRNA, for a 
particular protein. What sets them apart from other mRNAs 
is a region that aets as a switch to turn protein synthesis on 
or oíf in response to metabolie ehanges in their immediate 
environment, such as shifting eoneentrations of amino aeids 
or other small molecules in the eell. When it senses these 
ehanges, the riboswitch ehanges shape, thereby stopping or 
starting production of the protein it speeifies. 

Beyond the discussion here and in Chapter 29, we still have 
much to learn about these versatile RNA speeies that arise from 
intron DNA and appear to play a role in heredity. Another area 
of researeh focuses on the multitasking of DNA segments. 

(Text continues onp. 109) 
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Figure 3J Translation is the proeess in which genetie information earried by 
an mRNA is deeoded in the ribosome to form a particular polypeptide. The 
"translators" are tRNA molecules that ean reeognize and bind speeifieally both 
to a eodon and an amino aeid. A&PFlix 
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(a) Eaeh polyribosome eonsists of one strand of mRNA being (b)This transmission eleetron mierograph shovvs 

read by several ribosomes simultaneously. In this diagram, the a large polyribosome (400,000 x). 

mRNA is moving to the left and the “oldest” functional ribosome is 
farthest to the right. 


gure 3.38 Polyribosome arrays. Polyribosome arrays allovv a single strand of mRNA to be 
translated into hundreds of the same polypeptide molecules in a short time. 
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The SRP direets the mRNA-ribosome (2) Onee attaehed to the ER, the SRP is released 


complex to the rough ER. There the SRP 
binds to a reeeptor site. 


and the grovving polypeptide snakes through the 
ER membrane pore into the eistern. 
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(3) An enzyme elips off the signal sequence. 
As protein synthesis continues, sugar groups 
may be added to the protein. 
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© In this example, the eompleted protein is 
released from the ribosome and folds into its 
3-D eonformation, a proeess aided by 
molecular ehaperones. 


©The protein is enelosed vvithin a protein 
eoated transport vesiele. The transport vesiele 
make their way to the Golgi apparatus, wher 
further proeessing of the proteins occurs (see 
Figure 3.19). 
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Figure 3.39 Rough ER proeessing of proteins. An endoplasmie reticulum (ER) signal 
sequence in a newly forming protein causes the signal reeognition partiele (SRP) to direet the 
mRNA-ribosome complex to the rough ER. 
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DNA: DNA base sequence 
(triplets) of the gene eodes 
for synthesis of a particular 
polypeptide ehain 
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polypeptide ehain 



Antieodon 














Figure 3.40 Information transfer from 
DNA to RNA to polypeptide. Information 
is transferred from the DNA of the gene to 
the eomplementary messenger RNA mole- 


cule, vvhose eodons are then "read" (trans- 
lated) by transfer RNA antieodons. Notiee 
that the "reading" of the mRNA by tRNA 


antieodons reestablishes the base (triplet) 
sequence of the DNA genetie eode (except 
that T is replaeed by U). 



Check Your Understanding 


29. Codons and antieodons are both three-base sequences. Hovv 
do they differ? 

30. Hovv do the A, P, and E ribosomal sites differ functionally 
during protein synthesis? 

31. What is the role of DNA in transeription? 

_ For ansvvers, see Appendix H. 


Degradation of Organelles 
and Cytosolic Proteins 

S Define autophagy and indieate its major cellular function. 

s Deseribe the importanee of ubiquitin-dependent 
degradation of soluble proteins. 

The workings of the eytoplasm are complex and seemingly unend- 
ing. Without some system to get rid of malfunctioning or obsolete 
organelles, eells would soon beeome gummed up with debris. 

Not to worry. The proeess ealled autophagy (“self-eat- 
ing”) sweeps up bits of eytoplasm and excess organelles into 


double-membrane vesieles ealled autophagosomes. They are 
then delivered to lysosomes for digestion of the eontents to 
amino aeids, fatty aeids, and the like, which the eell reuses. 

Autophagy may have evolved as a response to eell starva- 
tion and it speeds up in response to several kinds of stress, such 
as low oxygen, high temperature, or laek of growth faetors. 
However, autophagosomes are busy continuously. Although 
autophagy ean lead to programmed eell death (see apoptosis, 
p. 110), it makes a greater contribution to eell survival and pro- 
vides a fail-safe system against eomplete self-destmetion when 
such a dire response is not neeessary. 

Autophagy is exactly what the doetor ordered for disposal of 
large eytoplasmie structures and protein aggregates. But lyso- 
somal enzymes do not have aeeess to sohible proteins that are 
misfolded, damaged, or unneeded and need to be disposed of. 
Examples of unneeded proteins include some that are used only 
in eell division and must be degraded at preeise points in the eell 
eyele, and short-lived transeription faetors. 

So how does the eell prevent such proteins from accumulat- 
ing while stopping the eytosolie enzymes from destroying vir- 
tually all soluble proteins? It seems that the eell has a different 
strategy for destroying such proteins. 
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Proteins ealled ubiquitins (u-bì'kwì-tinz) mark doomed 
proteins for attaek (proteolysis) by attaehing to them in an ATP- 
dependent reaetion. The tagged proteins are then hydrolyzed 
to small peptides by sohible enzymes or by proteasomes, gi- 
ant <c waste disposal” complexes eomposed of protein-digesting 
enzymes, and the ubiquitin is reeyeled. Proteasome aetivity is 
eritieal during starvation when these complexes degrade preex- 
isting proteins to provide amino aeids for synthesis of new and 
needed proteins. 

Extracellular Materials 

Name and deseribe the eomposition of extracellular materials. 

Extracellular materials are any substances contributing to 
body mass that are found outside the eells. Oasses of extracel- 
lular materials include 

■ Bodyfluids , mainly interstitial fluid, blood plasma, and eere- 
brospinal fluid. These fluids are important transport and dis- 
solving media. 

■ Cellular seeretions , such as substances that aid in digestion 
(intestinal and gastrie fluids) and some that aet as lubricants 
(saliva, mucus, and serous fluids). 

■ The extracellular matrix , the most abundant extracellular ma- 
terial. Most body eells are in eontaet with a jellylike substance 
eomposed of proteins and polysaeeharides. Seereted by the eells, 
these molecules self-assemble into an organized mesh in the ex- 
tracellular spaee, where they serve as a universal c eell glue” that 
helps to hold body eells together. As deseribed in Chapter 4, 
the extracellular matrix is particularly abundant in eonneetive 
tissues—in some eases so abundant that it (rather than living 
eells) accounts for the bulk of that tissue type. Depending on the 
structure to be formed, the extracellular matrix in eonneetive 
tissue ranges from soft to roek-hard. 



Check Your Understanding 


32. What is the importanee of ubiquitin in the life of a eell? 

33. What are two body fluids that inhabit the extracellular spaee 
and what role does eaeh play in the body? 

_ For ansvvers, see Appendix H. 


Developmental Aspeets of Cells 

s Discuss some theories of eell differentiation and aging. 
indieate the value of apoptosis to the body. 

We all begin life as a single eell, the fertilized egg, and all the eells 
of our body arise from it. Very early in development, eells begin 
to speeialize, some beeoming liver eells, some nerve eells, and so 
on. All our eells earry the same genes, so how ean one eell be- 
eome so different from another? This is a faseinating question. 

Apparently, eells in various regions of the embryo are exposed 
to different ehemieal signals that ehannel them into speeifie path- 
ways of development. When the embryo eonsists of just a few eells, 


the major signals may be nothing more than slight differenees in 
oxygen and earbon dioxide eoneentrations between the more 
superficial and the deeper eells. But as development continues, 
eells release ehemieals that influence development of neighboring 
eells by triggering proeesses that switch some genes cc off ” and oth- 
ers cc on.” Some genes are aetive in all eells. For example, genes for 
rRNA and ATP synthesis are cc on” in all eells, but genes for synthe- 
sizing the enzymes needed to produce thyroxine are cc on” only in 
eells that are going to be part of the thyroid gland. Henee, the story 
of eell speeialization lies in the kinds of proteins made and refleets 
the aetivation of different genes in different eell types. 

Cell speeialization leads to structural variation—different or- 
ganelles eome to predominate in different eells. For example, 
muscle eells make large amounts of aetin and myosin, and their 
eytoplasm fills with mierofilaments. Liver and phagoeytie eells 
produce more lysosomes. The development of speeifie and dis- 
tinetive features in eells is ealled eell difTerentiation. 


Apoptosis and Modifìed Rates 
of Cell Division 

During early development, eell death and destmetion are nor- 
mal events. Nature takes few ehanees. More eells than needed 
are produced, and excesses are eliminated later in a type of 
programmed eell death ealled apoptosis (ap"o-to'sis; cc falling 
away”). Apoptosis is particularly eommon in the developing 
nervous system. It is also responsible for ‘earving out” fingers 
and toes from their embryonie webbed precursors. This pro- 
eess of eontrolled cellular suicide also eliminates eells that are 
stressed, no longer needed, injured, or aged. 

How does apoptosis work? In response to internal cellular dam- 
age or to some extracellular signal, mitoehondrial membranes be- 
eome permeable, allowing eytoehrome e and other faetors to leak 
into the eytosol. These ehemieals trigger apoptosis by aetivating 
intracellular enzymes ealled easpases. The aetivated easpases un- 
leash a torrent of digestive aetivity within the eell, destroying the 
eells DNA, eytoskeleton, and so on, producing a quick, neat death. 
The apoptotie eell shrinks without leaking its eontents into the sur- 
rounding tissue, detaehes from other eells, and rounds up. Because 
the dying eell releases a ehemieal that attraets maerophages, and 
sprouts cc eat me” signals, it is immediately phagoeytized. 

Most organs are well formed and hmetional long before 
birth, but the body continues to grow and enlarge by forming 
new eells throughout ehildhood and adoleseenee. Onee we 
reaeh adult size, eell division is important mainly to replaee 
short-lived eells and repair wounds. 

During young adulthood, eell numbers remain fairly eon- 
stant. However, loeal ehanges in the rate of eell division are 
eommon. For example, when a person is anemie, his or her 
bone marrow undergoes hyperplasia (hi"per-pla'ze-ah), or ae- 
eelerated growth ( hyper — over; plas = grow), to produce red 
blood eells at a faster rate. If the anemia is remedied, the exces- 
sive marrow aetivity eeases. Atrophy (at'ro-fe), a deerease in 
size of an organ or body tissue, ean result from loss of normal 
stimulation or from diseases like muscular dystrophy. Muscles 
that lose their nerve supply atrophy and waste away, and laek of 
exercise leads to thinned, brittle bones. 
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Cell Aging 

Cell aging is a eomplieated proeess with many causes, but to be 
perfeetly frank, the preeise reason an otherwise healthy person 
grows old and dies is still a mystery. 

The wear-and-tear theory attributes aging to little ehemi- 
eal insults and formation of free radieals, both of which have 
cumulative eífeets. For example, environmental toxins such as 
pestieides, aleohol, and baeterial toxins may damage eell mem- 
branes, poison enzyme systems, or cause “mistakes” in DNA 
replieation. Temporary laek of oxygen, which occurs inereas- 
ingly with age as our blood vessels elog with fatty materials, 
aeeelerates rates of eell death throughout the body. 

Aeeording to the mitoehondrial theory of aging , free radieals 
deserve most of the blame. Most free radieals are produced in the 
mitoehondria, because these organelles have the highest meta- 
bolie rate. This finding implies that diminished energy production 
by radieal-damaged mitoehondria, due perhaps to an inereasing 
burden of mutations in mitoehondrial DNA, weakens (and ages) 
eells. X rays and other types of radiation, and some ehemieals, also 
generate huge mimbers of free radieals, which ean overwhelm the 
peroxisomal enzymes. Vitamins C and E aet as antioxidants in 
the body and may help to absorb or defuse free radieals. With 
age, glucose (blood sugar) beeomes party to eross-linking proteins 
together, a eondition that severely dismpts protein fimetion and 
aeeelerates the course of atheroselerosis. 

Another theory attributes eell aging to progressive disorders 
in the immune system. Aeeording to this theory, eell damage 
results from (1) autoimmune responses, which means the im- 
mune system turns against ones own tissues, and (2) a progres- 
sive weakening of the irrnmme response, so that the body is less 
able to get rid of eell-damaging pathogens. 

The idea that eell aging and ehronie illnesses result from 
inflammation (and an overaetive immune system) has been 
kieking around sinee the 1800s. In the 1990s evidenee did in 
faet emerge to link inflammation to aging. C-reactive protein, 
a protein that indieates acute inflammation, is elevated in heart 
disease and is an amazingly accurate predietor of future heart 
attaeks. It seems that as we age, acute episodes of inflammation 
tend to beeome ehronie. 

Perhaps the most widely aeeepted theory of eell aging is the 
genetie theory , which suggests that eessation of mitosis and eell 


aging are “programmed into our genes.” One interesting notion 
here is that a telomere eloek determines the nrnnber of times a 
eell ean divide. Telomeres ( telo = end; mer = pieee) are non- 
sensieal strings of mieleotides that eap the ends of ehromosomes 
and provide proteetion from fraying, fiising with other ehromo- 
somes, inappropriate repair, and losing important genetie infor- 
mation, much like plastie eaps preserve the ends of shoelaees. 
In human telomeres, the base sequence TTAGGG is repeated 
a thousand times or more (like a DNA stutter). Though telo- 
meres earry no genes, they appear to be vital for ehromosomal 
survival, because eaeh time DNA is replieated, 100 to 200 of 
the end nucleotides are lost and the telomeres get a bit shorter. 
When telomeres reaeh a eertain minimum length, it is thought 
that the stop-division signal is given. 

The idea that eell longevity depends on telomere integrity 
was supported by the diseovery of telomerase , an enzyme that 
lengthens the previously shortened telomeres. Pegged as the 
“immortality enzyme,” telomerase is found in germ line eells 
(eells that give rise to sperm and ova), but it is absent or barely 
deteetable in other adult eell types. 




Check Your Understanding 


34. What is apoptosis and vvhat is its importanee in the body? 

35. What is the vvear-and-tear theory of aging? 

_ For ansvvers, see Appendix H. 


In this ehapter we have deseribed the structure and fime- 
tion of the generalized eell. One of the wonders of the eell is the 
disparity between its minute size and its extraordinary aetiv- 
ity, which refleets the diversity of its organelles. The evidenee 
for division of labor and fimetional speeialization among or- 
ganelles is ineseapable. Only ribosomes synthesize proteins, 
while protein paekaging is the bailiwick of the Golgi apparatus. 
Membranes eompartmentalize most organelles, allowing them 
to work without hindering or being hindered by other eell ae- 
tivities, and the plasma membrane regulates molecular traffie 
aeross the eells boundary. Now that you know what eells have in 
eommon, you are ready to explore how they differ in the various 
body tissues, the topie of Chapter 4. 


Chapter Summary 


\ - — r 



For more ehapter study tools, go to the Study Area of 
MasteringA&P at www.masteringaandp.com. 

There you will find: 

■ interaetive Physiology ÌP 

■ A&PFIix A&PFIix 

■ Praetiee Anatomy Lab PAL 


PhysioEx 


PEx 


Videos, Praetiee Quizzes and Tests, MP3 Tutor Sessions, Case 
Studies, and much more! 


The Cellular Basis of Life (p. 62 ) 

1. All living organisms are eomposed of eells—the basie structural 
and fimetional units of life. Cells vary widely in both shape 
and size. 

2. The prineiple of eomplementarity states that the bioehemieal 
aetivity of eells refleets the operation of their organelles. 

3. The generalized eell is a eoneept that typifies all eells. The 
generalized eell has three major regions—the nucleus, eytoplasm, 
and plasma membrane. 
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UNIT 1 Organization of the Body 


The Plasma Membrane: Structure (pp. 63-67) 

1. The plasma membrane eneloses eell eontents, mediates exchanges 
with the extracellular environment, and plays a role in cellular 
communication. 

The Fluid Mosaie Model (pp. 63-65) 

2. The plasma membrane is a fluid bilayer of lipids (phospholipids, 
eholesterol, and glyeolipids) within which proteins are inserted. 

3. Tbe lipids have both hydrophilie and hydrophobie regions that 
organize their aggregation and self-repair. Tbe lipids form the 
structural part of the plasma membrane. 

4. Most proteins are integral transmembrane proteins that extend 
entirely through the membrane. Some, appended to the integral 
proteins, are peripheral proteins. 

5. Proteins are responsible for most speeialized membrane 
functions: Some are enzymes, some are reeeptors, and others 
mediate membrane transport functions. 

The Glycocalyx (pp. 65-66) 

6. Externally faeing glyeoproteins contribute to the glycocalyx. 

Cell Jiinetions (pp. 66-67) 

7. Cell junctions join eells together and may aid or inhibit 
movement of molecules between or past eells. 

8. Tight junctions are impermeable junctions. Desmosomes 
meehanieally couple eells into a functional community. Gap 
junctions allow joined eells to communicate. 

The Plasma Membrane: Membrane Transport (pp. 67-69) 

1. The plasma membrane aets as a seleetively permeable barrier. 
Substances move aeross the plasma membrane by passive 
proeesses, which depend on the kinetie energy of molecules, 
and by aetive proeesses, which depend on the use of eelkdar 
energy (ATP). 

Passive Proeesses (pp. 68-72) 

2. Diffusion is the movement of molecules (driven by kinetie 
energy) down a eoneentration gradient. Fat-soluble solutes ean 
diffuse direetly through the membrane by dissolving in the lipid. 

3. Faeilitated difhision is the passive movement of eertain solutes 
aeross the membrane either by their binding with a membrane 
earrier protein or by their moving through a membrane ehannel. 
As with other difhision proeesses, it is driven by kinetie energy, 
but the earriers and ehannels are seleetive. 

4. Osmosis is the difhision of a solvent, such as water, through 
a seleetively permeable membrane. Water difhises through 
membrane ehannels (aquaporins) or direetly through the lipid 
portion of the membrane from a solution of lesser osmolarity 
(total eoneentration of all solute partieles) to a solution of greater 
osmolarity. 

5. The presenee of sohites unable to permeate the plasma membrane 
leads to ehanges in eell tone that may cause the eell to swell or 
shrink. Net osmosis eeases when the solute eoneentration on 
both sides of the plasma membrane reaehes equilibrium. 

6. Solutions that cause a net loss of water from eells are hypertonie. 
Those causing net water gain are hypotonie. Those causing 
neither gain nor loss of water are isotonie. 

Aetive Proeesses (pp. 72-79) 

7. Aetive transport (sohite pumping) depends on a earrier protein 
and energy. Substances transported move against eoneentration 
or eleetrieal gradients. In primary aetive transport, such as that 
provided by the Na + -K + pump, ATP direetly provides the energy. 


8. In seeondary aetive transport, the energy of an ion gradient 
(produced by a primary aetive transport proeess) is used to 
transport a substance passively. Many aetive transport systems are 
coupled, and eotransported substances move in either the same 
(symport) or opposite (antiport) direetions aeross the membrane. 

9. Vesicular transport also requires that energy be provided. 
Endoeytosis brings substances into the eell, typieally in protein- 
eoated vesieles. If the substance is relatively large partieles, the 
proeess is ealled phagoeytosis. If the substance is dissolved 
molecules, the proeess is pinoeytosis. Reeeptor-mediated 
endoeytosis is seleetive: Engulfed molecules attaeh to reeeptors 
on the membrane before endoeytosis occurs. Exocytosis, which 
uses SNAREs to anehor the vesieles to the plasma membrane, 
ejeets substances (hormones, wastes, seeretions) from the eell. 

10. Most endoeytosis (and transeytosis) is mediated by elathrin- 
eoated vesieles. Other types of protein eoating are found in 
eaveolae and vesieles involved in vesicular trafheking. Oaveolae 
appear to be important as sites that accumulate reeeptors 
involved in eell signaling. 

The Plasma Membrane: Generation of a Resting 
Membrane Potential (pp. 79-80) 

1. All eells in the resting stage exhibit a voltage aeross their 
membrane, ealled the resting membrane potential. Because of the 
membrane potential, both eoneentration and eleetrieal gradients 
determine the ease of an ions diffusion. 

Seleetive Diffiision Establishes Membrane Potential (pp. 79-80) 

2. The resting membrane potential is generated by eoneentration 
gradients of ions and the differential permeability of the 
plasma membrane to ions, particularly potassium ions. Sodium 
is in high extracellular eoneentration and low intraeelMar 
eoneentration, and the membrane is poorly permeable to 

it. Potassium is in high eoneentration in the eell and low 
eoneentration in the extracellular fluid. The membrane is more 
permeable to potassium than to sodium. Protein anions in the 
eell are too large to eross the membrane and Cl _ , the main 
anion in extracellular fluid, is repelled by the negative eharge on 
the inner membrane faee. 

Aetive Transport Maintains Eleetroehemieal Gradients (p. 80) 

3. Essentially, a negative membrane potential is established when 
the movement of K + out of the eell equals K + movement into the 
eell. Na + movements aeross the membrane contribute minimally 
to establishing the membrane potential. The greater outward 
diffusion of potassium (than inward diffusion of sodium) leads 
to a eharge separation at the membrane (inside negative). This 
eharge separation is maintained by the operation of the sodium- 
potassium pump. 

iP Nervous System I; Topies: lon Channels f pp. 3 f 8 f 9; 

The Membrane Potential, pp. 1-17. 

The Plasma Membrane: Cell-Environment 
interaetions (pp. 80-81) 

1. Cells interaet direetly and indireetly with other eells. indireet 
interaetions involve extracellular ehemieals earried in body fluids 
or forming part of the extracellular matrix. 

2. Molecules of the glycocalyx are intimately involved in eell- 
environment interaetions. Most are eell adhesion molecules or 
membrane reeeptors. 

3. Aetivated membrane reeeptors aet as eatalysts, regulate 
ehannels, or, like G protein-linked reeeptors, aet through 
seeond messengers such as eyelie AMP and Ca 2+ . Ligand 
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binding results in ehanges in protein structure or fimetion 
within the targeted eell. 

The Cytoplasm (pp. 81-91) 

1. The eytoplasm, the cellular region between the nuclear and 
plasma membranes, eonsists of the eytosol (fluid eytoplasmie 
environment), inclusions (nonliving mitrient stores, pigment 
granules, erystals, ete.), and eytoplasmie organelles. 

Cytoplasmic Organelles (pp. 83-89) 

2. The eytoplasm is the major functional area of the eell. These 
functions are mediated by organelles. 

3. Mitoehondria, organelles limited by a double membrane, are sites 
of ATP formation. Their internal enzymes earry out the oxidative 
reaetions of cellular respiration. 

4. Ribosomes, eomposed of two subunits eontaining ribosomal 
RNA and proteins, are the sites of protein synthesis. They may be 
free or attaehed to membranes. 

5. The rough endoplasmie reticulum is a ribosome-studded 
membrane system. Its eisterns aet as sites for protein modifieation. 
Its external faee aets in phospholipid synthesis. Vesieles pinehed off 
from the ER transport the proteins to other eell sites. 

6. The smooth endoplasmie reticulum synthesizes lipid and 
steroid molecules. It also aets in fat metabolism and in dmg 
detoxification. In muscle eells, it is a calcium ion depot. 

7. The Golgi apparatus is a membranous system elose to the nucleus 
that paekages protein seeretions for export, paekages enzymes 
into lysosomes for cellular use, and modifies proteins destined to 
beeome part of cellular membranes. 

8. Lysosomes are membranous saes of aeid hydrolases paekaged by 
the Golgi apparatus. Sites of intracellular digestion, they degrade 
worn-out organelles and tissues that are no longer useful, and 
they release ionie calcium from bone. 

9. Peroxisomes are membranous saes eontaining oxidase enzymes 
that proteet the eell from the destmetive effeets of free radieals 
and other toxic substances by eonverting them first to hydrogen 
peroxide and then water. 

10. The eytoskeleton includes microtubules, intermediate filaments, 
and mierofilaments. Microtubules organize the eytoskeleton 
and are important in intracellular transport. Mierofilaments are 
important in eell motility or movement of eell parts. Motility 
fimetions involve motor proteins. Intermediate filaments help 
eells resist meehanieal stress and eonneet other elements. 

Cellular Extensions (pp. 89-91) 

11. Centrioles organize the mitotie spindle and are the bases of eilia 
and flagella. 

12. Mierovilli are extensions of the plasma membrane that inerease 
its surface area for absorption. 

The Nucleus (pp. 91-96) 

1. The nucleus is the eontrol eenter of the eell. Most eells have 
a single nucleus. Without a nucleus, a eell eannot divide or 
synthesize more proteins, and is destined to die. 

2. The nucleus is surrounded by the nuclear envelope, a double 
membrane penetrated by fairly large pores. 

3. Nucleoli are nuclear sites of ribosome subunit synthesis. 

4. Chromatin is a complex network of slender threads eontaining 
histone proteins and DNA. The ehromatin units are ealled 
nucleosomes. When a eell begins to divide, the ehromatin eoils 
and eondenses, forming ehromosomes. 


Cell Growth and Reproduction (pp. 96-110) 

The Cell Cycle (pp. 96-99) 

1. The eell eyele is the series of ehanges that a eell goes through from 
the time it is formed until it divides. 

2. Interphase is the nondividing phase of the eell eyele. Interphase 
eonsists of G lt S, and G 2 subphases. During G v the eell grows and 
eentriole replieation begins. During the S phase, DNA replieates. 
During G 2 , the final preparations for division are made. Many 
eheekpoints occur during interphase at which the eell gets the 
go-ahead signal to go through mitosis or is prevented from 
continuing to mitosis. 

3. DNA replieation occurs before eell division, ensuring that both 
daughter eells have identieal genes. The DNA helix uncoils, and 
eaeh DNA nucleotide strand aets as a template for the formation 
of a eomplementary strand. Base pairing provides the guide for 
the proper positioning of nucleotides. 

4. The semieonservative replieation of a DNA molecule produces 
two DNA molecules identieal to the parent molecule, eaeh 
formed of one “old” and one “new” strand. 

5. Cell division, essential for body growth and repair, occurs during 
the M phase. Cell division eonsists of two distinet phases: mitosis 
(nuclear division) and eytokinesis (division of the eytoplasm). 

6. Mitosis, eonsisting of prophase, metaphase, anaphase, and 
telophase, pareels out the replieated ehromosomes to two 
daughter nuclei, eaeh genetieally identieal to the mother nucleus. 
Cytokinesis, which begins late in mitosis, divides the eytoplasmie 
mass into two parts. 

7. Cell division is stimulated by eertain ehemieals (including growth 
faetors and some hormones) and inereasing eell size. Laek of 
spaee and inhibitory ehemieals deter eell division. Cyclin-Cdk 
complexes regulate eell division. 

Protein Synthesis (pp. 99-105) 

8. A gene is defined as a DNA segment that provides the instmetions 
to synthesize one polypeptide ehain. Sinee the major structural 
materials of the body are proteins, and all enzymes are proteins, this 
amply eovers the synthesis of all biologieal molecules. 

9. The base sequence of exon DNA provides the information for 
protein structure. Eaeh three-base sequence (triplet) ealls for a 
particular amino aeid to be built into a polypeptide ehain. 

10. The RNA molecules aeting in protein synthesis are synthesized 
on single strands of the DNA template. RNA nucleotides are 
joined aeeording to base-pairing mles. 

11. instmetions for making a polypeptide ehain are earried from 
the DNA to the ribosomes via messenger RNA. Ribosomal RNA 
forms part of the protein synthesis sites. A transfer RNA ferries 
eaeh amino aeid to the ribosome and binds to a eodon on the 
mRNA strand speeifying its amino aeid. 

12. Protein synthesis involves (a) transeription, synthesis of a 
eomplementary mRNA, and (b) translation, “reading” of the 
mRNA by tRNA and peptide bonding of the amino aeids into the 
polypeptide ehain. Ribosomes eoordinate translation. 

Other Roles of DNA (pp. 105-109) 

13. Introns and other DNA sequences eneode many RNA speeies 
that may interfere with or promote the fimetion of speeifie genes. 

Degradation of Organelles and Cytosolic Proteins (pp. 109-110) 

14. Organelles and large protein aggregates are pieked up by 
autosomes and delivered to lysosomes for digestion. This proeess, 
autophagy, is very important for keeping the eytoplasm free of 
deteriorating organelles and other debris. 
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15. Soluble proteins that are damaged or no longer needed are 
targeted for destmetion by attaehment of ubiquitin. Cytosolic 
enzymes or proteasomes then degrade these proteins. 

Extracellular Materials (p. lio) 

1. Extracellular materials are substances found outside the eells. They 
include body fluids, cellular seeretions, and extracellular matrix. 
Extracellular matrix is particularly abundant in eonneetive tissues. 

Developmental Aspeets of Cells (pp. lio-lll) 

1. The fìrst eell of an organism is the fertilized egg. Early in 
development, eell speeialization begins and refleets differential 
gene aetivation. 


Review Questions 


Apoptosis and Modified Rates of Cell Division (p. 110) 

2. Apoptosis is programmed eell death. Its function is to dispose of 
damaged or unnecessary eells. 

3. During adulthood, eell numbers remain fairly eonstant. Cell 
division occurs primarily to replaee lost eells. 

Cell Aging (p. 111) 

4. Cellular aging may refleet ehemieal insults, progressive disorders 
of immunity, or a genetieally programmed deeline in the rate of 
eell division with age. 


Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. The smallest unit eapable of life by itself is (a) the organ, (b) the 
organelle, (e) the tissue, (d) the eell, (e) the nucleus. 

2. The major types of lipid found in the plasma membranes are 
(ehoose two) (a) eholesterol, (b) triglyeerides, (e) phospholipids, 
(d) fat-soluble vitamins. 

3. Membrane junctions that allow nutrients or ions to flow from eell 
to eell are (a) desmosomes, (b) gap junctions, (e) tight junctions, 

(d) all of these. 

4. The term used to deseribe the type of sohition in which eells will 
lose water to their environment is (a) isotonie, (b) hypertonie, 

(e) hypotonie, (d) eatatonie. 

5. Osmosis always involves (a) a seleetively permeable membrane, 
(b) a differenee in solvent eoneentration, (e) diffusion, (d) aetive 
transport, (e) a, b, and e. 

6. A physiologist observes that the eoneentration of sodium inside a 
eell is deeidedly lower than that outside the eell. Sodium diffuses 
easily aeross the plasma membrane of such eells when they are 
dead, but not when they are alive. What cellular hmetion that 

is laeking in dead eells explains the differenee? (a) osmosis, 

(b) difhasion, (e) aetive transport (solute pumping), (d) dialysis. 

7. The solute-pumping type of aetive transport is aeeomplished 
by (a) exocytosis, (b) phagoeytosis, (e) eleetrieal forees in the 
eell membrane, (d) ehanges in shape and position of earrier 
molecules in the plasma membrane. 

8. The endoeytotie proeess in which a sampling of particulate 
matter is engulfed and brought into the eell is ealled 

(a) phagoeytosis, (b) pinoeytosis, (e) exocytosis. 

9. Which is not tme of eentrioles? (a) They start to duplicate in G 1? 

(b) they lie in the eentrosome, (e) they are made of microtubules, 
(d) they are membrane-walled barrels lying parallel to eaeh other. 

10. The nuclear substance eomposed of histone proteins and DNA is 
(a) ehromatin, (b) the nucleolus, (e) nuclear sap, or nucleoplasm, 

(d) nuclear pores. 

11. The information sequence that determines the nature of a protein 
is the (a) nucleotide, (b) gene, (e) triplet, (d) eodon. 

12. Mutations may be caused by (a) X rays, (b) eertain ehemieals, 

(e) radiation from ionizing radioisotopes, (d) all of these. 


13. The phase of mitosis during which eentrioles reaeh the poles 
and ehromosomes attaeh to the spindle is (a) anaphase, 

(b) metaphase, (e) prophase, (d) telophase. 

14. Final preparations for eell division are made during the life eyele 
subphase ealled (a) G v (b) G 2 , (e) M, (d) S. 

15. The RNA synthesized on one of the DNA strands is (a) mRNA, 
(b) tRNA, (e) rRNA, (d) all of these. 

16. The RNA speeies that travels from the nucleus to the eytoplasm 
earrying the eoded message speeifying the sequence of amino 
aeids in the protein to be made is (a) mRNA, (b) tRNA, 

(e) rRNA, (d) all of these. 

17. If DNA has a sequence of AAA, then a segment of mRNA 
synthesized on it will have a sequence of (a) TTT, (b) UUU, 

(e) GGG, (d) CCC. 

18. A nerve eell and a lymphoeyte are presumed to differ in their 

(a) speeialized structure, (b) suppressed genes and embryonie 
history, (e) genetie information, (d) a and b, (e) a and e. 

19. A panereas eell makes proteins (enzymes) that it releases to the 
small intestine. Which of the following best deseribes the path 
of these proteins from synthesis to exocytosis at the panereatie 
eells plasma membrane (PM)? (a) Golgi —> rough ER —> PM, 

(b) smooth ER —> Golgi —> lysosome —> PM, (e) rough ER —> 
Golgi —> PM, (d) nucleus —> Golgi —> PM. 

Short Ansvver Essay Questions 

20. Which organelle is responsible for a newborn having distinetive 
toes and fìngers instead of webbed digits? 

21. Explain why mitosis ean be thought of as cellular immortality. 

22. Contrast the roles of ER-bound ribosomes with those free in the 
eytosol. 

23. Cells lining the traehea have whiplike motile extensions on their 
free surfaces. What are these extensions, what is their source, and 
what is their function? 

24. Name the three phases of interphase and deseribe an aetivity 
unique to eaeh phase. 

25. Comment on the role of the sodium-potassium pump in 
maintaining a eells resting membrane potential. 

26. Differentiate between primary and seeondary aetive transport 
proeesses. 

27. Cell division typieally yields two daughter eells, eaeh with one 
nucleus. How is the oeeasional binucleate eondition of liver eells 
explained? 
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Critical Thinking 

and Ginieal Applieation 

Questions 


1. Explain why limp eelery beeomes erisp and the skin of your 
fingertips wrinkles when plaeed in tap water. (The prineiple is 
exactly the same.) 

2. A “red-hot” baeterial infeetion of the intestinal traet irritates the 
intestinal eells and interferes with digestion. Such a eondition is 
often aeeompanied by diarrhea, which causes loss of body water. 
On the basis of what you have learned about osmotie water flows, 
explain why diarrhea may occur. 

3. Two examples of chemotherapeutic dmgs (dmgs used to treat 
eaneer) and their cellular aetions are listed below. Explain why 
eaeh dmg could be fatal to a eell. 

■ Vineristine (brand name Oneovin): damages the mitotie 
spindle 

■ Doxorubicin (Adriamyein): binds to DNA and bloeks mRNA 
synthesis 


4. The normal fimetion of one tumor suppressor gene is to prevent eells 
with damaged ehromosomes and DNA from “progressing from Gj 
to S,” whereas another tumor suppressor gene prevents “passage from 
G 2 to M.” When these tumor suppressor genes fail to work, eaneer ean 
result. Explain what the phrases in quotations mean. 

5. In their anatomy lab, many students are exposed to the ehemieal 
preservatives phenol, formaldehyde, and aleohol. Our eells break 
down these toxins very effeetively. What cellular organelle is 
responsible for this? 

6. Dynein is missing from the eilia and flagella of individuals with 
a speeifie inherited disorder. These individuals have severe 
respiratory problems and, if males, are sterile. What is the 
structural eonneetion between these two symptoms? 

7. Explain why aleoholies are likely to have much more smooth ER 
than teetotalers. 

8. Fresh water is a precious natural resource in Florida and it is said 
that supplies are dwindling. Desalinizing (removing salt from) 
oeean water has been reeommended as a sohition to the problem. 
Why shouldn t we drink salt water? 


AT THE e L I N I e 


Related eiinieal Terms 

Anaplasia (an'ah-pla'ze-ah; an = without, not; plas = to grow) 
Abnormalities in eell structure and loss of differentiation; 
for example, eaneer eells typieally lose the appearanee of 
the parent eells and eome to resemble undifferentiated or 
embryonie eells. 

Dysplasia (dis-pla'ze-ah; dys = abnormal) A ehange in eell size, 

shape, or arrangement due to ehronie irritation or inflammation 
(infeetions, ete.). 

Hypertrophy (hi-per'tro-fe) Growth of an organ or tissue due to an 
inerease in the size of its eells. Hypertrophy is a normal response 
of skeletal muscle eells when they are ehallenged to lift excessive 
weight; diífers from hyperplasia, which is an inerease in size due 
to an inerease in eell number. 


Liposomes (lip'o-sómz) Hollow mieroseopie saes formed of 

phospholipids that ean be filled with a variety of dmgs. Serve as 
multipurpose vehieles for drags, genetie material, and eosmeties. 

Mutation A ehange in DNA base sequence that may lead to 

ineorporation of ineorreet amino aeids in particular positions 
in the resulting protein; the affeeted protein may remain 
unimpaired or may fimetion abnormally or not at all, leading to 
disease. 

Neerosis (né-kro'sis; neeros = death; osis = proeess) Death of a eell 
or group of eells due to injury or disease. Acute injury causes the 
eells to swell and burst, and induces the inflammatory response. 
(This is uncontrolled eell death, in eontrast to apoptosis 
deseribed in the text.) 





Preparing Human Tissue for Mieroseopy 

(pp. 117-118) 

Epithelial Tissue (pp. 118-126) 

Speeial Characteristics of Epithelium 
(pp. 118-119) 

eiassifieation of Epithelia (pp. 119-124) 
Glandular Epithelia (pp. 124-126) 

Connective Tissue (pp. 127-136) 

Common Characteristics of Connective 
Tissue (p. 127) 


Structural Elements of Connective Tissue 
(pp. 127-129) 

Types of Connective Tissue (pp. 129-136) 
MusdeTissue (pp. 136-139) 

Nervous Tissue (p. 140) 

Covering and Lining Membranes 

(pp. 140-142) 

Cutaneous Membrane (p. 140) 


Mucous Membranes (pp. 141-142) 

Serous Membranes (p. 142) 

Tissue Repair (pp. 142-144) 

Steps of Tissue Repair (pp. 142-143) 

Regenerative Capacity of Different Tissues 
(p. 144) 

Developmental Aspeets of Tissues 

(pp. 144-146) 


U nicellular (one-eell) organisms are rugged individualists. £ach eell 

alone obtains and digests its food, ejeets its wastes, and earries out all the other 
aetivities neeessary to keep itself alive and cc buzzin around on all eylinders.” But 
in the multicellular human body, eells do not operate independently. Instead, they form 
tight eell communities that live and work together. 

Individual body eells are speeialized, with eaeh type performing speeifie func- 
tions that help maintain homeostasis and benefit the body as a whole. Cell spe- 
eialization is obvious: Muscle eells look and aet difiFerently from skin eells, which 
in turn are easy to distinguish from brain eells. Cell speeialization allows the body 
to function in sophistieated ways, but division of labor has eertain hazards. When 
a particular group of eells is indispensable, its injury or loss ean disable or even 
destroy the body. 

Tissues (tissu = woven) are groups of eells that are similar in structure and per- 
form a eommon or related function. Four primary tissue types interweave to form 
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Nervous tissue: Internal communication 

• Brain 

• Spinal eord 

• Nerves 


Muscle tissue: Contracts to cause movement 

• Muscles attaehed to bones (skeletal) 

• Muscles of heart (eardiae) 

• Muscles of walls of hollow organs (smooth) 


Epithelial tissue: Forms boundaries between different 
environments, proteets, seeretes, absorbs, filters 

• Lining of digestive traet organs and other hollow 
organs 

• Skin surface (epidermis) 


Connective tissue: Supports, proteets, binds 
other tissues together 

• Bones 
•Tendons 

• Fat and other soft padding tissue 


Figure 4.1 Overvievv of four basie tissue types: epithelial, eonneetive, musde, and 
nervous tissues. 


the “fabrie” of the body. These basie tissues are epithelial, 
eonneetive, nervous, and muscle tissue. 

If we summarized the role of eaeh primary tissue in a single 
word, we could say that epithelial tissue eovers , eonneetive tis- 
sue supports , nervous tissue eontrols , and muscle tissue produces 
movement. However, these words reveal only a fraetion of what 
eaeh tissue does (Figure 4.1). 

As we explained in Chapter 1, tissues are organized into or- 
gans such as the kidneys and heart. Most organs eontain all four 
tissue types, and their arrangement determines the organs stme- 
ture and eapabilities. The study of tissues, or histology, eom- 
plements the study of gross anatomy. Together they provide the 
structural basis for understanding organ physiology. 


Preparing HumanTissue 
for Mieroseopy 

✓ List the steps involved in preparing animal tissue for 
mieroseopie vievving. 

Mieroseopy allows us to study tissue structure. Before a spee- 
imen ean be viewed through a mieroseope, it must be fixed 
(preserved) and then cut into seetions (sliees) thin enough 
to transmit light or eleetrons. Finally, the speeimen must be 
stained to enhanee eontrast. 

The stains used in light mieroseopy are beautifully eolored or- 
ganie dyes, most of which were originally developed by elothing 
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manufacturers in the mid-1800s. Many dyes eonsist of negatively 
eharged molecules (aeidie stains) or positively eharged molecules 
(basie stains) that bind within the tissue to maeromoleeriles of the 
opposite eharge. Diíferent parts of eells and tissues take up differ- 
ent dyes, distinguishing diíferent anatomieal structures. 

For transmission eleetron mieroseopy (TEM), tissue see- 
tions are “stained” with heavy metal salts. These metals defleet 
eleetrons in the beam to different extents, providing eontrast. 
Eleetron-mieroseope images are in shades of gray because eolor 
is a property of light, not of eleetron waves, but the image may 
be artifieially eolored to enhanee eontrast. Another kind of elee- 
tron mieroseopy, seanning eleetron mieroseopy (SEM), provides 
three-dimensional pictures of an unsectioned tissue surface. 

Preserved tissue we see under the mieroseope has been exposed 
to many procedures that alter its original eondition and introduce 
minor distortions ealled artifaets. For this reason, most miero- 
seopie structures we view are not exactly like those in living tissue. 



Check Your IJnderstanding 


1. What is the purpose of fixing tissue for mieroseopie viewing? 

2. What types of stains are used to stain tissues to be viewed 
with an eleetron mieroseope? 

_ For ansvvers, see Appendix H. 


Epithelial Tissue 

List several structural and functional eharaeteristies of 
epithelial tissue. 

Name, elassify, and deseribe the various types of epithelia, 
and indieate their ehief function(s) and loeation(s). 

Epithelial tissue (ep"ì-the'le-ul), or an epithelium (plural: epi- 
thelia), is a sheet of eells that eovers a body surface or lines a body 
eavity ( epithe — laid on, eovering). Two forms occur in the body: 

■ Covering and lining epithelium , which forms the outer layer 
of the skin; dips into and lines the open eavities of the uro- 
genital, digestive, and respiratory systems; and eovers the 
walls and organs of the elosed ventral body eavity 

■ Glandular epithelium , which fashions the glands of the body 

Epithelia form boundaries between different environments, 
and nearly all substances reeeived or given offby the body must 
pass through an epithelium. For example, the epidermis of the 
skin lies between the inside and the outside of the body. Epithe- 
lium lining the urinary bladder separates underlying eells of the 
bladder wall from urine. 

In its role as an interfaee tissue, epithelium aeeomplishes 
many functions, including (1) proteetion, (2) absorption, (3) 
filtration, (4) excretion, (5) seeretion, and (6) sensory reeeption, 
all of which will be touched upon later in this ehapter. 

Speeial Characteristics of Epithelium 

Epithelial tissues have five distinguishing eharaeteristies: polar- 
ity, speeialized eontaets, supported by eonneetive tissues, being 
avascular but innervated, and having the ability to regenerate. 


Polarity 

All epithelia have an apieal surface, an upper free surface ex- 
posed to the body exterior or the eavity of an internal organ, and 
a lower attaehed basal surface. The two surfaces differ in both 
structure and function. For this reason, we say that epithelia 
exhibit apieal-basal polarity. 

Although some apieal surfaces are smooth and sliek, most 
have mierovilli, fingerlike extensions of the plasma mem- 
brane. Mierovilli tremendously inerease the exposed surface 
area. In epithelia that absorb or seerete (export) substances 
(those lining the intestine or kidney tubules, for instanee), 
the mierovilli are often so dense that the eell apiees have a 
fuzzy appearanee ealled a brush border. Some epithelia, such 
as that lining the traehea (windpipe), have motile eilia (tiny 
hairlike projeetions) that propel substances along their free 
surface. 

Adjaeent to the basal surface of an epithelmm is a thin sup- 
porting sheet ealled the basal lamina (lam'ì-nah; “sheet”). 
This noncellular, adhesive sheet eonsists largely of glyeopro- 
teins seereted by the epithelial eells plus some fine eollagen 
fibers. The basal lamina aets as a seleetive filter that determines 
which molecules difiFusing from the underlying eonneetive tis- 
sue are allowed to enter the epithelium. The basal lamina also 
aets as seaffolding along which epithelial eells ean migrate to 
repair a wound. 

Speeialized Contacts 

Except for glandular epithelia (discussed on pp. 124-125), 
epithelial eells fit elosely together to form continuous sheets. 
Lateral eontaets, including tight junctions and desmosomes , 
bind adjaeent eells together at many points (these junctions 
are deseribed in Chapter 3). The tight junctions help keep 
proteins in the apieal region of the plasma membrane from 
dififiising into the basal region, and thus help to maintain 
epithelial polarity. 

Siipported by CormectiveTissue 

All epithelial sheets rest upon and are supported by eonneetive 
tissue. Just deep to the basal lamina is the reticular lamina, a 
layer of extracellular material eontaining a fine network of eol- 
lagen protein fibers that “belongs to” the underlying eonneetive 
tissue. The two laminae form the basement membrane, which 
reinforees the epithelial sheet, helps it resist stretehing and tear- 
ing, and defines the epithelial boundary. 



Homeostatie imbalanee 



An important eharaeteristie of cancerous epithelial eells is their 
failure to respeet the basement membrane boundary, which 
they penetrate to invade the tissues beneath. + 


Avascular but Innervated 

Although epithelium is avascular (eontains no blood vessels), 
it is innervated (supplied by nerve fibers). Epithelial eells are 
nourished by substances diffusing from blood vessels in the un- 
derlying eonneetive tissue. 
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Regeneration 

Epithelmm has a high regenerative eapaeity. Some epithelia are 
exposed to frietion and their surface eells rub off. Others are 
damaged by hostile substances in the external environment 
(baeteria, aeids, smoke). If and when their apieal-basal polar- 
ity and lateral eontaets are destroyed, epithelial eells begin to 
reproduce themselves rapidly. As long as epithelial eells reeeive 
adequate nutrition, they ean replaee lost eells by eell division. 



CheckYour Understanding 


3. Epithelial tissue is the only tissue type that has polarity, that 
is, an apieal and a basal surface. Why is this important? 

4. Which of the follovving properties apply to epithelial tissue? 
Has blood vessels, ean repair itself (regenerate), eells joined 
by lateral eontaets. 

_ For ansvvers, see Appendix H. 


eiassifìeation of Epithelia 

Eaeh epithelium has two names. The first name indieates the 
number of eell layers present, and the seeond deseribes the 
shape of its eells. Based on the number of eell layers, there are 
simple and stratified epithelia gure 4.2a). 

■ Simple epithelia eonsist of a single eell layer. They are typi- 
eally found where absorption, seeretion, and filtration occur 
and a thin epithelial barrier is desirable. 

■ Stratified epithelia, eomposed of two or more eell layers 
staeked on top of eaeh other, are eommon in high-abrasion 
areas where proteetion is important, such as the skin surface 
and the lining of the mouth. 

In eross seetion, all epithelial eells have six (somewhat irregular) 
sides, and an apieal surface view of an epithelial sheet looks like a 
honeyeomb. This polyhedral shape allows the eells to be elosely 
paeked. However, epithelial eells vary in height, and on that basis, 
there are three eommon shapes of epithelial eells (Figure 4.2b): 

■ Squamous eells (skwa'mus) are flattened and sealelike 
(squam = seale). 

■ Cuboidal eells (ku-boi'dahl) are boxlike, approximately as 
tall as they are wide. 

■ Columnar eells (kò-lum'nar) are tall and column shaped. 

In eaeh ease, the shape of the nucleus eonforms to that of the eelL 
The nucleus of a squamous eell is a flattened dise; that of a cuboidal 
eell is spherieal; and a columnar eell nucleus is elongated from top 
to bottom and usually loeated eloser to the eell base. Keep nuclear 
shape in mind when you attempt to identify epithelial types. 

Simple epithelia are easy to elassify by eell shape because the 
eells usually have the same shape. In stratified epithelia, how- 
ever, eell shape differs in the different layers. To avoid ambiguity, 
stratified epithelia are named aeeording to the shape of the eells 
in the apieal layer. This naming system will beeome elearer as we 
explore the speeifie epithelial types. 

As you read about the epithelial elasses, study gure 4.3. Try 
to piek out the individual eells within eaeh epithelium. This is 


Chapter 4 Tissue: The Living Fabrie 


Apieal surface 



Basal surface 


Simple 



Stratified 

(a) eiassifieation based on number of eell layers. 



Squamous 




Cuboidal 



Columnar 

(b) eiassifieation based on eell shape. 


gure 4.2 Gassifieation of epithelia. Note that eell shape 
influences the shape of the nucleus. 


not always easy, because the boundaries between epithelial eells 
often are indistinet. Furthermore, the nucleus of a particular eell 
may or may not be visible, depending on the plane of the cut 
made to prepare the tissue slides. 

Simple Epithelia 

The simple epithelia are most eoneerned with absorption, seere- 
tion, and filtration. Because they eonsist of a single eell layer and 
are usually very thin, proteetion is not one of their speeialties. 
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(a) Simple squamous epithelium 
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Deseription: Single layer of flattened eells 
with dise-shaped eentral nuclei and sparse 
eytoplasm; the simplest of the epithelia. 



Fiinetion: Allows materials to pass by 
diffusion and filtration in sites where proteetion 
is not important; seeretes lubricating 
substances in serosae. 


Loeation: Kidney glomemli; air saes of lungs; 
lining of heart, blood vessels, and lymphatie 
vessels; lining of ventral body eavity (serosae) 




Air saes of 
lung tissue 


Nuclei 

of squamous 

epithelial 

eells 


Photomierograph: Simple squamous epithelium 
forming part of the alveolar (air sae) walls (140x). 


Figiire 4.3 Epithelial tissues. (a) Simple epithelium. (For related images, seeA BriefAtlas of 
the Human Body, Plates 1 and 2.) 


Simple Squamous Epithelium The eells of a simple squamous 
epithelium are flattened laterally, and their eytoplasm is sparse 
(Figure 4.3a). In a surface view, the elose-fitting eells resemble 
a tiled floor. When the eells are cut perpendicular to their free 
surface, they resemble fried eggs seen from the side, with their 
eytoplasm wisping out from the slightly bulging nucleus. 

Thin and often permeable, simple squamous epithelium is 
found where filtration or the exchange of substances by rapid 
diffusion is a priority. In the kidneys, it forms part of the filtra- 
tion membrane. In the hrngs, it forms the walls of the air saes 
aeross which gas exchange occurs (Figure 4.3a). 

Two simple squamous epithelia in the body have speeial 
names that refleet their loeation. 

■ Endothelimn (en"do-the'le-um; “inner eovering”) provides 
a sliek, friction-reducing lining in lymphatie vessels and in 
all hollow organs of the cardiovascular system—blood ves- 
sels and the heart. Capillaries eonsist exclusively of endothe- 
lium, and its exceptional thinness encourages the effieient 
exchange of nutrients and wastes between the bloodstream 
and surrounding tissue eells. 

■ Mesothelium (mez"o-the'le-um; “middle eovering”) is the 
epithelium found in serous membranes, the membranes lin- 
ing the ventral body eavity and eovering its organs. 

Simple Cuboidal Epithelium Simple cuboidal epithelium eon- 
sists of a single layer of eells as tall as they are wide (Figure 4.3b). 


The spherieal nuclei stain darkly, causing the eell layer to look like 
a string of beads when viewed mieroseopieally. Important func- 
tions of simple cuboidal epithelium are seeretion and absorption. 
This epithelimn forms the walls of the smallest ducts of glands and 
of many kidney tubules. 

Simple Columnar Epithelium Simple columnar epithelium 

is a single layer of tall, elosely paeked eells, aligned like sol- 
diers in a row (Figure 4.3c). It lines the digestive traet from 
the stomaeh through the rectum. Columnar eells are mostly 
assoeiated with absorption and seeretion, and the digestive 
traet lining has two distinet modifieations that make it ideal 
for that dual function: 

■ Dense mierovilli on the apieal surface of absorptive eells 

■ Tubular glands made primarily of eells that seerete mucus- 
eontaining intestinal juice 

Additionally, some simple columnar epithelia display eilia on 
their free surfaces, which help move substances or eells through 
an internal passageway. 

Pseudostratified Columnar Epithelium The eells of pseu- 
dostratified columnar epithelium (soo "do-strà'tí-fld) vary in 
height (Figure 4.3d). All of its eells rest on the basement mem- 
brane, but only the tallest reaeh the free surface of the epithelmm. 
Because the eell nuclei lie at different levels above the basement 
membrane, the tissue gives the false (pseudo) impression that 
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(b) Simple cuboidal epithelium 


Deseription: Single layer of cubelike eells 
with large, spherieal eentral nuclei. 



Function: Seeretion and absorption. 


Loeation: Kidney tubules; ducts and seeretory 
portions of small glands; ovary surface. 




Photomierograph: Simple cuboidal epithelium 
in kidney tubules (430x). 


Simple 

cuboidal 

epithelial 

eells 

Nucleus 


Basement 

membrane 


Connective 

tissue 


(e) Simple columnar epithelium 



Deseription: Single layer of tall eells with 
round to oval nuclei; some eells bear eilia; 
layer may eontain mucus-secreting 
unicellular glands (goblet eells). 


Function: Absorption; seeretion of mucus, 
enzymes, and other substances; eiliated type 
propels mucus (or reproductive eells) by 
eiliary aetion. 

Loeation: Noneiliated type lines most of the 
digestive traet (stomaeh to rectum), 
gallbladder, and excretory ducts of some 
glands; eiliated variety lines small bronehi, 
uterine tubes, and some regions of the uterus 


Mierovilli 


Simple 

columnar 

epithelial 

eell 


Mucus of 
goblet eell 


Basement 

membrane 


Photomierograph: Simple columnar epithelium 
of the small intestine mucosa (660x). 


gure 4.3 (continued) (b) and (e) Simple epithelium. (For related images, see A BriefAtlas of 
the Hiiman Body, Plates 3, 4, and 5.) 
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(d) Pseiidostratified columnar epithelium 


Deseription: Single layer of eells of differing 
heights, some not reaehing the free surface; 
nuclei seen at different levels; may eontain 
mucus-secreting eells and bear eilia. 






Fiinetion: Seerete substances, particularly 
mucus; propulsion of mucus by eiliary aetion. 


Loeation: Noneiliated type in male’s 
sperm-earrying ducts and ducts of large 
glands; eiliated variety lines the traehea, most 
of the upper respiratory traet. 


Traehea 




Photomierograph: Pseudostratified eiliated 
columnar epithelium lining the human traehea ( 800 x) 


Cilia 


Pseudo- 

stratified 

epithelial 

layer 


Basement 

membrane 


Figure 4.3 (continued) Epithelial tissues. (d) Simple epithelium. (For a related image, see 
A BriefAtlas ofthe Human Body, Plate 6.) 


several eell layers are present; henee “pseudostratified” The short 
eells are relatively unspecialized and give rise to the taller eells. 
This epithelium, like the simple columnar variety, seeretes or ab- 
sorbs substances. A eiliated version eontaining mucus-secreting 
eells lines most of the respiratory traet. Here the motile eilia propel 
sheets of dust-trapping mucus superiorly away from the lungs. 

Stratifìed Epithelia 

Stratified epithelia eontain two or more eell layers. They regen- 
erate from below; that is, the basal eells divide and push apieally 
to replaee the older surface eells. Stratified epithelia are eon- 
siderably more durable than simple epithelia, and proteetion is 
their major (but not their only) role. 

Stratified Squamous Epithelium Stratified squamous epi- 
thelium is the most widespread of the stratified epithelia (Fig- 
ure 4.3e). Composed of several layers, it is thiek and well suited 
for its proteetive role in the body. Its free surface eells are squa- 
mous, and eells of the deeper layers are cuboidal or columnar. 
This epithelium is found in areas subjected to wear and tear, and 
its surface eells are eonstantly being mbbed away and replaeed 
by division of its basal eells. Because epithelium depends on 
nutrients diíhising from deeper eonneetive tissue, the epithelial 
eells farther from the basement membrane are less viable and 
those at the apieal surface are often flattened and atrophied. 

To avoid memorizing all its loeations, simply remember that 
this epithelium forms the external part of the skin and extends a 


short distanee into every body opening that is direetly continu- 
ous with the skin. The outer layer, or epidermis, of the skin is 
keratinized (ker'ah-tin'ìzd), meaning its surface eells eontain 
keratin , a tough proteetive protein. (We discuss the epidermis in 
Chapter 5.) The other stratified squamous epithelia of the body 
are nonkeratinized. 

Stratified Cuboidal and Columnar Epithelia Stratified cuboi- 
dal epithelium is quite rare in the body, mostly found in the 
ducts of some of the larger glands (sweat glands, mammary 
glands). It typieally has two layers of cuboidal eells. 

Stratified columnar epithelium also has a limited distribu- 
tion in the body. Small amounts are found in the pharynx, the 
male urethra, and lining some glandular ducts. This epithelium 
also occurs at transition areas or junctions between two other 
types of epithelia. Only its apieal layer of eells is columnar. Be- 
cause of their relative seareity in the body, Figure 4.3 does not 
illustrate these two stratified epithelia (but see A Brief Atlas of 
the Human Body , Plates 8 and 9). 

Transitional Epithelium Transitional epithelium forms the 
lining of hollow urinary organs, which streteh as they fill with 
urine (Figure 4.3f). Cells of its basal layer are cuboidal or eo- 
lrnnnar. The apieal eells vary in appearanee, depending on the 
degree of distension (stretehing) of the organ. When the organ 
is distended with urine, the transitional epithelium thins from 
about six eell layers to three, and its domelike apieal eells flatten 
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(e) Stratified squamous epithelium 


Deseription: Thiek membrane eomposed of 
several eell layers; basal eells are cuboidal or 
columnar and metabolieally aetive; surface 
eells are flattened (squamous); in the 
keratinized type, the surface eells are full of 
keratin and dead; basal eells are aetive in 
mitosis and produce the eells of the more 
superficial layers. 



Function: Proteets underlying tissues in 
areas subjected to abrasion. 

Loeation: Nonkeratinized type forms the 
moist linings of the esophagus, mouth, and 
vagina; keratinized variety forms the 
epidermis of the skin, a dry membrane. 



Photomierograph: Stratified squamous epithelium 
lining the esophagus ( 285 x). 



Stratified 

squamous 

epithelium 


Nuclei 

Basement 

membrane 


Connective 

tissue 


(f) Transitional epithelium 


Deseription: Resembles both stratified 
squamous and stratified cuboidal; basal eells 
cuboidal or columnar; surface eells dome 
shaped or squamouslike, depending on 
degree of organ streteh. 



Function: Stretehes readily, permits stored 
urine to distend urinary organ. 

Loeation: Lines the ureters, bladder, and part 
of the urethra. 




Photomierograph: Transitional epithelium lining the bladder, 
relaxed state ( 360 x); note the bulbous, or rounded, appearanee 
of the eells at the surface; these eells flatten and elongate when 
the bladder fills with urine. 


Transitional 

epithelium 


Basement 

membrane 

Connective 

tissue 


Figure 4.3 (continued) (e) and (f) Stratified epithelium. (For related images, see/\ BriefAtlas 
ofthe Human Body, Plates 7 and 10.) 
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and beeome squamouslike. The ability of transitional eells to 
ehange their shape (undergo “transitions”) allows a greater vol- 
ume of urine to flow through a tubelike organ. In the bladder, it 
allows more urine to be stored. 




Check Your IJnderstanding 


5. Stratified epithelia are "built" for proteetion or to resist 
abrasion. What are the simple epithelia better at? 

6. Some epithelia are pseudostratified. What does this mean? 

7. Where is transitional epithelium found and vvhat is its 
importanee at those sites? 

_ For ansvvers, see Appendix H. 


Glandular Epithelia 


Define gland. 

Differentiate betvveen exocrine and endoerine glands # and 
betvveen multicellular and unicellular glands. 

s Deseribe hovv multicellular exocrine glands are elassified 
structurally and functionally. 


A gland eonsists of one or more eells that make and seerete a 
particular product. This product, ealled a seeretion, is an aque- 
ous (water-based) fluid that usually eontains proteins, but there 
is variation. For example, some glands release a lipid- or steroid- 
rieh seeretion. 

Seeretion is an aetive proeess. Glandular eells obtain needed 
substances from the blood and transform them ehemieally into 
a product that is then diseharged from the eell. Notiee that the 
term seeretion ean refer to both the gland s product and the pro- 
eess of making and releasing that product. 

Glands are elassified aeeording to two sets of traits: 

■ Where they release their product—glands may be endoerine 
(“internally seereting”) or exocrine (“externally seereting”) 

■ Relative eell nrnnber—glands may be unicellular (“one- 
eelled”) or multicellular (“many-eelled”) 

Unicellular glands are seattered within epithelial sheets. By 
eontrast, most multicellular epithelial glands form by invagina- 
tion (inward growth) of an epithelial sheet into the underly- 
ing eonneetive tissue. At least initially, most have ducts , tubelike 
eonneetions to the epithelial sheets. 

Endoerine Glands 

Because endoerine glands eventually lose their ducts, they are 
often ealled ductless glands. They produce hormones, messen- 
ger ehemieals that they seerete by exocytosis direetly into the 
extracellular spaee. From there the hormones enter the blood 
or lymphatie fluid and travel to speeifie target organs. Eaeh hor- 
mone prompts its target organ(s) to respond in some eharaeter- 
istie way. For example, hormones produced by eertain intestinal 
eells cause the panereas to release enzymes that help digest food 
in the digestive traet. 


Endoerine glands are structurally diverse, so one deseription 
does not fit all. Most are eompaet multicellular organs, but some 
individual hormone-producing eells are seattered in the diges- 
tive traet lining (mucosa) and in the brain, giving rise to their 
eolleetive deseription as the diffuse endoerine system. Endoerine 
seeretions are also varied, ranging from modified amino aeids 
to peptides, glyeoproteins, and steroids. Sinee not all endoerine 
glands are epithelial derivatives, we defer eonsideration of their 
structure and fimetion to Chapter 16. 

Exocrine Glands 

All exocrine glands seerete their products onto body surfaces 
(skin) or into body eavities. The unicellular glands do so di- 
reetly (by exocytosis), whereas the multicellular glands do so via 
an epithelium-walled duct that transports the seeretion to the 
epithelial surface. Exocrine glands are a diverse lot and many 
of their products are familiar. They include mucous, sweat, oil, 
and salivary glands, the liver (which seeretes bile), the panereas 
(which synthesizes digestive enzymes), and many others. 

Unicellular Exocrine Glands The only important examples of 
unicellular (or one-eelled) glands are mucous eells and goblet 
eells. Unicellular glands are sprinkled in the epithelial linings of 
the intestinal and respiratory traets amid columnar eells with 
other fimetions (see Figure 4.3c). 

In humans, all such glands produce mucin (mu'sin), a eom- 
plex glyeoprotein that dissolves in water when seereted. Onee 
dissolved, mucin forms mucus, a slimy eoating that proteets and 
lubricates surfaces. In goblet eells the cuplike accumulation of 
mucin distends the top of the eell, making the eells look like a 
glass with a stem (thus “goblet” eell, : igure 4.4). This distortion 
does not occur in mucous eells. 

Multicellular Exocrine Glands Compared to the unicellular 
glands, multicellular exocrine glands are structurally more 
complex. They have two basie parts: an epithelium-derived duct 
and a seeretory unit (acinus ) eonsisting of seeretory eells. In all 
but the simplest glands, supportive eonneetive tissue surrounds 
the seeretory unit and supplies it with blood vessels and nerve 
fibers, and forms a fibrous capsule that extends into the gland 
and divides it into lobes. 

Multicellular exocrine glands ean be elassified by structure 
and by type of seeretion. 

■ Structural elassifieation. On the basis of their duct struc- 
tures, multicellular exocrine glands are either simple or eom- 
pound igure 4.5' . Simple glands have an unbranched 
duct, whereas compound glands have a branehed duct. The 
glands are further eategorized by their seeretory units as (1) 
tubular if the seeretory eells form tubes; (2) alveolar (al- 
ve'o-lar) if the seeretory eells form small, flasklike saes ( al- 
veolus = “small hollow eavity”); or (3) tubuloalveolar if they 
have both types of seeretory units. Note that the term aeinar 
(as'ì-nar; “berrylike”) is used interehangeably with alveolar. 

■ Modes of seeretion. Multicellular exocrine glands se- 
erete their products in different ways, so they ean also be 
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Figure 4.4 Goblet eell (unicellular exocrine gland). (a) Photomierograph of a goblet eell in 
the simple columnar epithelium lining the small intestine (1640x). (b) Corresponding diagram. 
Notiee the seeretory vesieles and vvell-developed rough ER and Golgi apparatus. 


deseribed functionally as meroerine , holoerine , or apoerine 
glands. Most are meroerine glands (mer'o-krin), which 
seerete their products by exocytosis as they are produced. 
The seeretory eells are not altered in any way (so think 
“merely seerete” to remember their mode of seeretion). The 
panereas, most sweat glands, and salivary glands belong to 
this elass (Figure 4.6a). 

Seeretory eells of holoerine glands (hol'o-krin) accumu- 
late their products within them until they rupture. (They are 
replaeed by the division of underlying eells.) Because holoerine 
gland seeretions include the synthesized product plus dead eell 
fragments (holo — whole, all), you could say that their eells 
“die for their cause.” Sebaceous (oil) glands of the skin are the 
only tme example of holoerine glands (Figure 4.6b). 

Although apoerine glands (ap'o-krin) are present in other 
animals, there is some eontroversy over whether humans 
have this third gland type. Like holoerine glands, apoerine 
glands accumulate their products, but in this ease only just 


beneath the free surface. Eventually, the apex of the eell 
pinehes off (apo = from, off), releasing the seeretory granules 
and a small amount of eytoplasm. The eell repairs its damage 
and the proeess repeats again and again. The best possibility 
in humans is the release of lipid droplets by laetating mam- 
mary glands, but most histologists elassify mammary glands 
as meroerine glands because this is the means by which milk 
proteins are seereted. 



Check Your IJnderstanding 


8. What eommon seeretion do all unicellular exocrine glands 
produce? 

9. Hovv are multicellular exocrine glands elassified? 

10. Which gland type—meroerine or holoerine—would you 
expect to have the highest rate of eell division? Why? 

_ For ansvvers, see Appendix H. 
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gure 4.5 Types of multicellular exocrine glands. Multicellular glands are elassified 
aeeording to duct type (simple or compound) and the structure of their seeretory units (tubular, 
alveolar, or tubuloalveolar). 



Seeretory 

vesieles 


(a) Meroerine glands seerete their 
products by exocytosis. 



Seeretory 
eell fragments 


(b) In holoerine glands, the entire seeretory 
eell ruptures, releasing seeretions and 
dead eell fragments. 


gure 4.6 Chief modes of seeretion in human exocrine glands 
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Connective Tissue 

indieate eommon eharaeteristies of eonneetive tissue 7 and 
list and deseribe its structural elements. 

Connective tissue is the most abimdant and widely distributed 
of the primary tissues, but its amount in particular organs varies. 
For example, skin eonsists primarily of eonneetive tissue, while 
the brain eontains very little. 

There are four main elasses of eonneetive tissue and several 
subclasses (Table 4.1 on p. 129). The main elasses are (1) eon- 
neetive tissne proper (which includes fat and the fibrous tissue of 
ligaments), (2) eartilage , (3) bone , and (4) blood. 

Connective tissue does much more than just eonneet body 
parts. Its major functions include (1) binding and supporting , 
(2) proteeting , (3) insulating , (4) storing reserve fuel, and (5) 
transporting substances within the body. For example, bone and 
eartilage support and proteet body organs by providing the hard 
underpinnings of the skeleton. Fat insulates and proteets body 
organs and provides a fuel reserve. Blood transports substances 
inside the body. 

Gommon Characteristics 
of Connective Tissue 

Connective tissues share three eharaeteristies that set them 
apart from other primary tissues: 

■ Common origin. All eonneetive tissues arise from mesen- 
ehyme (an embryonie tissue). 

■ Degrees of vascularity. Connective tissues mn the gamut of 
vascularity. Cartilage is avascular. Dense eonneetive tissue is 
poorly vascularized, and the other types of eonneetive tissue 
have a rieh supply of blood vessels. 

■ Extracellular matrix. All other primary tissues are eomposed 
mainly of eells, but eonneetive tissues are largely nonliving 
extracellular matrix (ma'triks; “womb”), which separates, 
often widely, the living eells of the tissue. Because of its 
matrix, eonneetive tissue ean bear weight, withstand great 
tension, and endure abuses, such as physieal trauma and 
abrasion that no other tissue ean tolerate. 

Structural Elements of ConnectiveTissue 

Connective tissues have three main elements: ground substance , 
fibers , and eells (Table 4.1). Together ground substance and fi- 
bers make up the extracellular matrix. (Note that some authors 
use the term matrix to indieate the ground substance only.) 

The eomposition and arrangement of these three elements 
vary tremendously. The result is an amazing diversity of eon- 
neetive tissues, eaeh adapted to perform a speeifie fimetion in 
the body. For example, the matrix ean be delieate and fragile to 
form a soft “paeking” around an organ, or it ean form “ropes” 
(tendons and ligaments) of ineredible strength. Nonetheless, 
eonneetive tissues have a eommon structural plan, and we use 
areolar eonneetive tissne (ah-re'o-lar) as our prototype, or model 
( : i ure 4.1 and Figure 4.8a). All other subclasses are simply 
variants of this plan. 


Ground Substance 

Ground substance is the unstructured material that fills the 
spaee between the eells and eontains the fibers. It is eomposed of 
interstitial (tissne) fluid, eell adhesion proteins, and proteoglyeans 
(pro"te-o-gli'kanz). Cell adhesion proteins ( fibroneetin , laminin , 
and others) serve mainly as a eonneetive tissue glue that allows 
eonneetive tissue eells to attaeh to matrix elements. The pro- 
teoglyeans eonsist of a protein eore to which glyeosaminoglyeans 
(GAGs) (gli"kos-ah-me"no-gli'kanz) are attaehed. The strand- 
like GAGs, most importantly ehondroitin sulfate and hyaluronic 
aeid (hi"ah-lu-ron'ik), are large, negatively eharged polysaeeha- 
rides that stiek out from the eore protein like the fibers of a 
bottle brush. The proteoglyeans tend to form huge aggregates in 
which the GAGs intertwine and trap water, forming a substance 
that varies from a fluid to a viscous gel. The higher the GAG 
eontent, the more viscous the ground substance. 

The ground substance eonsists of large amounts of fluid 
and fimetions as a molecular sieve, or medium, through which 
nutrients and other dissolved substances ean diffiise between 
the blood eapillaries and the eells. The fibers embedded in the 
ground substance make it less pliable and hinder difffision 
somewhat. 

ConnectiveTissue Fibers 

The fibers of eonneetive tissue provide support. Three types 
of fibers are found in eonneetive tissue matrix: eollagen, elas- 
tie, and reticular fibers. Of these, eollagen fibers are by far the 
strongest and most abundant. 

Collagen fibers are eonstmeted primarily of the fibrous 
protein eollagen. Collagen molecules are seereted into the ex- 
tracellular spaee, where they assemble spontaneously into eross- 
linked fibrils, which in turn are bundled together into the thiek 
eollagen fibers seen with a mieroseope. Because their fibrils 
eross-link, eollagen fibers are extremely tough and provide high 
tensile strength (that is, the ability to resist being pulled apart) 
to the matrix. Indeed, stress tests show that eollagen fibers are 
stronger than steel fibers of the same size! 

Elastie fibers are long, thin fibers that form branehing net- 
works in the extracellular matrix. These fibers eontain a mbber- 
like protein, elastin , that allows them to streteh and reeoil like 
mbber bands. Connective tissue ean streteh only so much be- 
fore its thiek, ropelike eollagen fibers beeome taut. Then, when 
the tension lets up, elastie fibers snap the eonneetive tissue baek 
to its normal length and shape. Elastie fibers are found where 
greater elastieity is needed, for example, in the skin, hrngs, and 
blood vessel walls. 

Reticular fibers are short, fine, collagenous fibers with a 
slightly different ehemistry and form. They are continuous with 
eollagen fibers, and they braneh extensively, forming delieate 
networks ( reticul = network) that surround small blood ves- 
sels and support the soft tissue of organs. They are particularly 
abundant where eonneetive tissue abuts other tissue types, for 
example, in the basement membrane of epithelial tissues, and 
around eapillaries, where they form fuzzy “nets” that allow 
more “give” than the larger eollagen fibers. 
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Figure 4.7 Areolar eonneetive tissue: A prototype (model) 
eonneetive tissue. This tissue underlies epithelia and surrounds 
eapillaries. Notiee the various eell types and three elasses of fibers 
(eollagen, reticular, elastie) embedded in the ground substance. 
(See Figure 4.8a for a less idealized version.) 


ConnectiveTissue Cells 

Eaeh major elass of eonneetive tissue has a resident eell type 
that exists in immature and mature forms (see Table 4.1). The 
immature (undifferentiated) eells, indieated by the suffix blast 
(literally, cc bud” or cc sprout” but the suffix means cc forming”), 
are aetively mitotie eells that seerete the ground substance and 
the fibers eharaeteristie of their particular matrix. As listed in 
the third column of Table 4.1, the primary blast eell types by 
eonneetive tissue elass are (1) eonneetive tissue proper: fibro- 
blast; (2) eartilage: ehondroblast (kon'dro-blast"); and (3) 
bone: osteoblast (os'te-o-blast"). The hematopoietie stem eell 
(hem"ah-to-poy-et'ik), which is the undifferentiated blast eell 
that produces blood eells, is not inehided in Table 4.1 because it 
is not loeated in cc its” tissue (blood) and does not make the fluid 
matrix (plasma) of that tissue. Blood formation is eonsidered in 
Chapter 17. 

Onee they synthesize the matrix, the blast eells assume their 
mature, less aetive mode, indieated by the suffix eyte (Table 4.1, 
third column). The mature eells maintain the health of the ma- 
trix. However, if the matrix is injured, they ean easily revert to 
their more aetive state to repair and regenerate the matrix. (The 
blood-forming stem eells are always aetively mitotie.) 

Additionally, eonneetive tissue is home to an assortment of 
other eell types, such as 

■ Fat eells, which store nutrients. 


■ White blood eells (neutrophils, eosinophils, lymphoeytes), 
and other eell types that are eoneerned with tissue response 
to injury. 

■ Mast eells, which typieally cluster along blood vessels. These 
oval eells deteet foreign mieroorganisms (e.g., baeteria, fungi) 
and initiate loeal inflammatory responses against them. In 
mast eell eytoplasm are seeretory granules (mast — stuffed full 
of gramiles) eontaining ehemieals that mediate inflammation, 
espeeially in severe allergies. These ehemieals include 

■ Heparin (hep'ah-rin), an anticoagulant ehemieal that 
prevents blood elotting when free in the bloodstream 
(but in human mast eells it appears to regulate the aetion 
of other mast eell ehemieals) 

■ Histamine (his'tah-mén), a substance that makes eapil- 
laries leaky 

■ Proteases (protein-degrading enzymes) 

■ Various other enzymes 

■ Maerophages (mak'ro-fàj"-es; maero = \arge;phago = eat), 
large, irregularly shaped eells that avidly phagoeytize a broad 
variety of foreign materials, ranging from foreign molecules 
to entire baeteria to dust partieles. These cc big eaters” also dis- 
pose of dead tissue eells, and they are eentral aetors in the im- 
mune system. Maerophages, which are peppered throughout 
loose eonneetive tissue, bone marrow, and lymphatie tissue, 
may be attaehed to eonneetive tissue fibers (fixed) or may 
migrate freely through the matrix. Some maerophages have 
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Table 4.1 


Comparison of dasses of Connective Tissues 


COMPONENTS 


TISSUE CLASS 
AND EXAMPLE 


SUBCLASSES 


CELLS 


MATRIX 


GENERAL FEATURES 


Connective Tissue 
Proper 



1. Loose eonneetive tissue 

■ Areolar 

■ Adipose 

■ Reticular 

2. Dense eonneetive tissue 

■ Regular 


Fibroblasts 
Fibroeytes 
Defense eells 
Adipoeytes 


Gel-like ground substance 

All three fiber types: 
eollagen, reticular, elastie 


Six different types; vary in 
density and types of fibers 

Functions as a binding tissue 

Resists meehanieal stress, 
particulary tension 

Provides reservoir for vvater 
and salts 


Dense regular 
eonneetive tissue 


■ lrregular 

■ Elastie 


Nutrient (fat) storage 


Cartilage 

W * A 

M 

è 9 * 

1. Hyaline eartilage 

2. Elastie eartilage 

3. Fibroeartilage 

ehondroblasts 
found 
in growing 
eartilage 

Chondrocytes 

Gel-like ground substance 

Fibers: eollagen, elastie fibers 
in some 

Resists eompression because 
of the large amounts of 
water held in the matrix 

Functions to cushion and 
support body structures 

Hyaline eartilage 





Bone Tissue 



1. Compact bone 

2. Spongy bone 


Osteoblasts 

Osteoeytes 


Gel-like ground substance 
ealeified vvith inorganie salts 

Fibers: eollagen 


Hard tissue that resists both 
eompression and tension 

Functions in support 


Compact bone 


Blood 



See ehapter 17 for details 

Erythroeytes 

Plasma 

on blood eell formation and 

(RBC) 

No fibers 

differentiation. 

Leukocytes 

(WBC) 

Platelets 


A fluid tissue 

Functions to earry 0 2 , C0 2 , 
nutrients, vvastes, and other 
substances (hormones, for 
example) 


seleetive appetites. For example, those of the spleen primarily 
dispose of aging red blood eells, but they will not turn down 
other “delieaeies” that eome their way. 



Check Your IJnderstanding; 


11. What are four functions of eonneetive tissue? 

12. What are the three types of fibers found in eonneetive 
tissues? 


For ansvvers, see Appendix H. 


Types of Connective Tissue 

S Deseribe the types of eonneetive tissue found in the body, 
and indieate their eharaeteristie functions. 


As noted, all elasses of eonneetive tissue eonsist of living eells 
surrounded by a matrix. Their major diíferenees refleet eell 
type, and types and relative amounts of fibers, as summarized 
in Table 4.1. 

As mentioned earlier, mature eonneetive tissues arise from 
a eommon embryonie tissue, ealled mesenehyme (meh'zin- 
klm). Mesenehyme has a fhiid ground substance eontaining fine 
sparse fibers and star-shaped mesenehymal eells. It arises dur- 
ing the early weeks of embryonie development and eventually 
differentiates (speeializes) into all other eonneetive tissue eells. 
However, some mesenehymal eells remain and provide a source 
of new eells in mature eonneetive tissues. 

gure 4.8 illustrates the eonneetive tissues that we deseribe 
in the next seetions. Study this figure as you read along. 
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ConnectiveTissue Proper—Loose Connective 
Tissues 

Connective tissue proper has two subclasses: loose eonnee- 
tive tissues (areolar, adipose, and reticular) and dense eonnee- 
tive tissues (dense regular, dense irregular, and elastie). Except 

I for bone, eartilage, and blood, all mature eonneetive tissues are 
eonneetive tissue proper. 

Areolar Cormective Tissue The functions of areolar eonnee- 
tive tissue (Figure 4.8a) include: 

■ Supporting and binding other tissues (the job of the fibers) 

■ Holding body flmds (the ground substances role) 

■ Defending against infeetion (via the aetivity of white blood 
eells and maerophages) 

■ Storing nutrients as fat (in fat eells) 

Fibroblasts , flat branehing eells that appear spindle shaped 
in profile, predominate, but numerous maerophages are also 
seen and present a formidable barrier to invading mieroorgan- 
isms. Fat eells appear singly or in clusters, and oeeasional mast 
eells are identified easily by the large, darkly stained eytoplasmie 
granules that often obscure their nuclei. Other eell types are 
seattered throughout. 

The most obvious structural feature of this tissue is the 
loose arrangement of its fibers. The rest of the matrix, occupied 
by ground substance, appears to be empty spaee when viewed 
through the mieroseope, and in faet, the Fatin term areola means 
c a small open spaee.” Because of its loose nature, areolar eonnee- 
tive tissue provides a reservoir of water and salts for surrounding 
body tissues, always holding approximately as much fluid as there 
is in the entire bloodstream. Essentially all body eells obtain their 
nutrients from and release their wastes into this “tissue fluid.” 

The high eontent of hyaluronic aeid makes its ground sub- 
stanee viscous, like molasses, which may hinder the movement 
of eells through it. Some white blood eells, which proteet the 
body from disease-causing mieroorganisms, seerete the enzyme 
hyaluronidase to liquefy the ground substance and ease their 
passage. (Unhappily, some harmful baeteria have the same abil- 
ity.) When a body region is inflamed, the areolar tissue in the 
area soaks up excess fluids like a sponge, and the affeeted area 
swells and beeomes puffy, a eondition ealled edema (é-de'mah). 

Areolar eonneetive tissue is the most widely distributed eon- 
neetive tissue in the body, and it serves as a universal paeking 
material between other tissues. It binds body parts together while 
allowing them to move freely over one another; wraps small 
blood vessels and nerves; surrounds glands; and forms the subcu- 
taneous tissue, which cushions and attaehes the skin to underly- 
ing structures. It is the eonneetive tissue that most epithelia rest 
on and is present in all mucous membranes as the lamina propria. 
(Mucous membranes line body eavities open to the exterior.) 

Adipose (Fat) Tissue Adipose tissue (ad ì-pós) is similar 
to areolar tissue in structure and fimetion, but its mitrient- 
storing ability is much greater. Consequently, adipoeytes 
(ad'ì-po-sìtz), eommonly ealled adipose or fat eells , account 
for 90% of this tissues mass. The matrix is seanty and the eells 
are paeked elosely together, giving a chicken-wire appearanee 


to the tissue. A glistening oil droplet (almost pure triglyeeride) 
occupies most of a fat eells volume and displaees the nucleus 
to one side (Figure 4.8b). Mature adipoeytes are among the 
largest eells in the body. As they take up or release fat, they 
beeome plumper or more wrinkled, respeetively. 

Adipose tissue is riehly vascularized, indieating its high met- 
abolie aetivity. Without the fat stores in our adipose tissue, we 
could not live for more than a few days without eating. Adipose 
tissue is eertainly abundant: It constitutes 18% of an average 
persons body weight, and a chubby persons body ean be 50% 
fat without being eonsidered morbidly obese. 

Adipose tissue may develop almost anywhere areolar tissue 
is plentifiil, but it usually accumulates in subcutaneous tissue, 
where it aets as a shoek absorber, as insulation, and as an energy 
storage site. Because fat is a poor conductor of heat, it helps pre- 
vent heat loss from the body. Other sites where fat accumulates 
include surrounding the kidneys, behind the eyeballs, and at ge- 
netieally determined fat depots such as the abdomen and hips. 

The abundant fat beneath the skin serves the general nutrient 
needs of the entire body, and smaller depots of fat serve the loeal 
nutrient needs of highly aetive organs. Such depots occur around 
the hard-working heart and around lymph nodes (where eells of 
the immune system are furiously fighting infeetion), within some 
muscles, and as individual fat eells in the bone marrow, where 
new blood eells are produced at a rapid rate. Many of these loeal 
depots are highly enriehed in speeial lipids. 

The adipose tissue just deseribed is sometimes ealled white 
fat , or white adipose tissue , to distinguish it from brown fat, or 
brown adipose tissue. White fat stores nutrients (mainly for 
other eells), but brown fat eontains abundant mitoehondria, 
which use the lipid fuels to heat the bloodstream to warm the 
body (rather than to produce ATP molecules). The riehly vas- 
cular brown fat occurs mainly on the baek of babies who (as 
yet) laek the ability to produce body heat by shivering. Seant 
deposits occur in adults, mostly above the eollar bones, on the 
neek and abdomen, and around the spine. 

Reticular Connective Tissue Reticular eonneetive tissue re- 

sembles areolar eonneetive tissue, but the only fibers in its matrix 
are reticular fibers, which form a delieate network along which 
fibroblasts ealled reticular eells (Figure 4.8c) are seattered. Al- 
though reticular fibers are widely distributed in the body, re- 
ticular tissue is limited to eertain sites. It forms a labyrinth-like 
stroma (literally, cc bed” or “mattress”), or internal framework, 
that ean support many free blood eells (mostly lymphoeytes) in 
lymph nodes, the spleen, and bone marrow. 

ConnectiveTissue Proper—Dense Connective 
Tissues 

The three varieties of dense eonneetive tissue are dense regular, 
dense irregular, and elastie. Sinee all three have fibers as their 
prominent element, dense eonneetive tissues are often ealled 

fibrous eonneetive tissues. 

Dense Regular Connective Tissue Dense regular eonneetive 
tissue eontains elosely paeked bundles of eollagen fibers run- 
ning in the same direetion, parallel to the direetion of pull (Fig- 
ure 4.8d). This arrangement results in white, flexible structures 
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(a) Connective tissue proper: loose eonneetive tissue, areolar 


Deseription: Gel-like matrix with all three fiber 
types; eells: fibroblasts, maerophages, mast 
eells, and some white blood eells. 


Function: Wraps and cushions organs; its 
maerophages phagoeytize baeteria; plays 
important role in inflammation; holds and 
eonveys tissue fluid. 


Loeation: Widely distributed under epithelia 
of body, e.g., forms lamina propria of mucous 
membranes; paekages organs; surrounds 
eapillaries. 
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Photomierograph: Areolar eonneetive tissue, a soft paekaging 
tissue of the body (340x). 


(b) Connective tissue proper: loose eonneetive tissue, adipose 


Deseription: Matrix as in areolar, but very 
sparse; elosely paeked adipoeytes, or fat eells, 
have nucleus pushed to the side by large fat 
droplet. 


Function: Provides reserve food fuel; 
insulates against heat loss; supports and 
proteets organs. 


Loeation: Llnder skin in subcutaneous tissue; 
around kidneys and eyeballs; within abdomen; 
in breasts. 
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Photomierograph: Adipose tissue from the subcutaneous 
layer under the skin (350x). 
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gure 4.8 Connective tissues. (a) and (b) Connective tissue proper. (For related images, 
see A BriefAtlas ofthe Human Body, Plates 11 and 12.) 
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(c) Connective tissue proper: loose eonneetive tissue, reticular 




4 



Deseription: Network of reticular fibers in a 
typieal loose ground substance; reticular eells 
lie on the network. 


Function: Fibers form a soft internal skeleton 
(stroma) that supports other eell types 
including white blood eells, mast eells, and 
maerophages. 


Loeation: Lymphoid organs (lymph nodes, 
bone marrow, and spleen). 


Spleen 




White blood eell 
(lymphoeyte) 


Reticular 

fibers 


Photomierograph: Dark-staining network of reticular eonneetive 
tissue fibers forming the internal skeleton of the spleen (350x). 


gure 4.8 (continued) Connective tissues. (e) Connective tissue proper. (For a related 
image, see A BriefAtlas ofthe Human Body, Plate 13.) 


with great resistanee to tension (pulling forees) where the ten- 
sion is exerted in a single direetion. Crowded between the eolla- 
gen fibers are rows of fibroblasts that continuously manufacture 
the fibers and seant ground substance. 

Collagen fibers are slightly wavy (see Figure 4.8d). This al- 
lows the tissue to streteh a little, but onee the fibers straighten 
out, there is no fiirther “give” to this tissue. Unlike our model 
(areolar) eonneetive tissue, this tissue has few eells other than 
fibroblasts and is poorly vascularized. 

With its enormous tensile strength, dense regular eonnee- 
tive tissue forms tendons , which are eords that attaeh muscles 
to bones; flat, sheetlike tendons ealled aponemoses (ap"o-nu- 
ro' sèz) that attaeh muscles to other muscles or to bones; and the 
ligaments that bind bones together at joints. Ligaments eontain 
more elastie fibers than tendons and are slightly more stretehy. 
Dense regular eonneetive tissue also forms faseia (fash'e-ah; “a 
bond”), a fibrous membrane that wraps around muscles, groups 
of muscles, blood vessels, and nerves, binding them together 
like plastie sandwich wrap. 

Dense lrregular Gonneetive Tissue Dense irregular eonnee- 
tive tissue has the same structural elements as the regular va- 
riety. However, the bundles of eollagen fibers are much thieker 
and they are arranged irregularly; that is, they run in more than 
one plane (Figure 4.8e). This type of tissue forms sheets in body 
areas where tension is exerted from many different direetions. It 


is found in the skin as the leathery dermis , and it forms fibrous 
joint capsules and the fibrous eoverings that surround some or- 
gans (kidneys, bones, eartilages, muscles, and nerves). 

Elastie Connective Tissue A few ligaments, such as those eon- 
neeting adjaeent vertebrae, are very elastie. The dense regular 
eonneetive tissue in those structures is ealled elastie eon- 
neetive tissue (Figure 4.8f). Additionally, many of the larger 
arteries have stretehy sheets of elastie eonneetive tissue in 
their walls. 

Cartilage 

Cartilage (kar'tì-lij), which stands up to both tension and eom- 
pression, has qualities intermediate between dense eonneetive 
tissue and bone. It is tough but flexible, providing a resilient 
rigidity to the structures it supports. 

Cartilage laeks nerve fibers and is avascular. It reeeives its nu- 
trients by diffusion from blood vessels loeated in the eonneetive 
tissue membrane (perichondrium) surrounding it. Its ground 
substance eontains large amounts of the GAGs ehondroitin sul- 
fate and hyaluronic aeid, firmly bound eollagen fibers (and in 
some eases elastie fibers), and is quite firm. Cartilage matrix also 
eontains an exceptional amount of tissue fluid. In faet, eartilage 
is up to 80% water! The movement of tissue fluid in its matrix 
enables eartilage to rebound after being eompressed and also 
helps to nourish the eartilage eells. 
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(d) Connective tissue proper: dense eonneetive tissue, dense regular 


Deseription: Primarily parallel eollagen fibers; 
a few elastie fibers; major eell type is the 
fibroblast. 


Function: Attaehes muscles to bones or to 
muscles; attaehes bones to bones; withstands 
great tensile stress when pulling foree is 
applied in one direetion. 


Loeation: Tendons, most 
ligaments, aponeuroses. 


Shoulder 

joint 


Ligament 


Tendon 




Oollagen 

fibers 


Nuclei of 
fibroblasts 


Photomierograph: Dense regular eonneetive tissue from a 
tendon (430x). 


(e) Connective tissue proper: dense eonneetive tissue, dense irregular 


Deseription: Primarily irregularly arranged 
eollagen fibers; some elastie fibers; fibroblast 
is the major eell type. 


Function: VVithstands tension exerted 
in many direetions; provides structural 
strength. 


Loeation: Fibrous capsules of organs and 
of joints; dermis of the skin; submucosa of 
digestive traet. 
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Photomierograph: Dense irregular eonneetive tissue from the 
fibrous capsule of a joint (430x). 


Nuclei of 
fibroblasts 


Oollagen 

fibers 


gure 4.8 (continued) (d) and (e) Connective tissue proper. (For related images, seeA Brief 
Atlas ofthe Human Body, Plates 14 and 15.) 


























134 


UNIT 1 Organization of the Body 


(f) Connective tissue proper: dense eonneetive tissue, elastie 




4 



Deseription: Dense regular eonneetive tissue 
eontaining a high proportion of elastie fibers. 


Function: Allows tissue to reeoil after 
stretehing; maintains pulsatile flow of blood 
through arteries; aids passive reeoil of lungs 
following inspiration. 


Loeation: VValls of large arteries; within 
eertain ligaments assoeiated with the vertebral 
column; within the walls of the bronehial tubes. 




Elastie fibers 


Photomierograph: Elastie eonneetive tissue in the wall of the 
aorta (250x). 


Figure 4.8 (continued) Connective tissues. (f) Connective tissue proper. (For a related image, 
see A BriefAtlas of the Human Body, Plate 16.) 


ehondroblasts , the predominant eell type in growing earti- 
lage, produce new matrix until the skeleton stops growing at the 
end of adoleseenee. The firmness of the eartilage matrix prevents 
the eells from beeoming widely separated, so ehondroeytes, or 
mature eartilage eells, are typieally found in small groups within 
eavities ealled lacunae (lah-ku'ne; “pits”). 



Homeostatie imbalanee 


4.2 


Because eartilage is avascular and aging eartilage eells lose their 
ability to divide, injured eartilages heal slowly. This phenom- 
enon is excruciatingly familiar to those who have experienced 
sports injuries. During later life, eartilages tend to ealeify or 
even ossify (beeome bony). In such eases, the ehondroeytes are 
poorly nourished and die. + 


There are three varieties of eartilage: hyaline eartilage , elas- 
tie eartilage , and fibroeartilage, eaeh dominated by a particular 
fiber type. 

Hyaline Cartilage Hyaline eartilage (hi'ah-lln), or gristle , is 
the most abundant eartilage in the body. Although it eontains 
large numbers of eollagen fibers, they are not apparent and the 
matrix appears glassy ( hyal = glass, transparent) blue-white 
when viewed by the unaided eye. Chondrocytes account for 
only 1-10% of the eartilage volume (Figure 4.8g). 


Hyaline eartilage provides firm support with some pliability. 
It eovers the ends of long bones as articular eartilage , providing 
springy pads that absorb eompression at joints. Hyaline earti- 
lage also supports the tip of the nose, eonneets the ribs to the 
sternum, and supports most of the respiratory system passages. 
Most of the embryonie skeleton eonsists of hyaline eartilage be- 
fore bone forms. Skeletal hyaline eartilage persists during ehild- 
hood as the epiphyseal plates (e"pí-fis'e-ul), aetively growing 
regions near the ends of long bones. 

Elastie Cartilage Histologieally, elastie eartilage (Figure 4.8h) is 
nearly identieal to hyaline eartilage. However, elastie eartilage has 
many more elastie fibers. Found where strength and exceptional 
stretehability are needed, elastie eartilage forms the “skeletons” of 
the external ear (the pinna) and the epiglottis (the flap that eovers 
the opening to the respiratory passageway when we swallow). 

Fibroeartilage Structurally, fibroeartilage is intermediate be- 
tween hyaline eartilage and dense regular eonneetive tissues. Its 
rows of ehondroeytes (a eartilage feature) alternate with rows of 
thiek eollagen fibers (eharaeteristie of dense regular eonneetive 
tissue) (Figure 4.8i). Because it is eompressible and resists ten- 
sion well, fibroeartilage is found where strong support and the 
ability to withstand heavy pressure are required: for example, 
the intervertebral dises (resilient cushions between the bony 
vertebrae) and the spongy eartilages of the knee (menisei) (see 
Figure 6.1, p. 175). 














ehapter 4 Tissue:The Living Fabrie 


(g) Cartilage: hyaline 


Deseription: Amorphous but firm matrix; 
eollagen fibers form an impereeptible network; 
ehondroblasts produce the matrix and when 
mature (ehondroeytes) lie in lacunae. 


Function: Supports and reinforees; serves as 
resilient cushion; resists eompressive stress. 


Loeation: Forms most of the embryonie 
skeleton; eovers the ends of long bones in 
joint eavities; forms eostal eartilages of the 
ribs; eartilages of the nose, traehea, and 
larynx. 


Costal — 
eartilages 




i 




Photomierograph: Hyaline eartilage from a eostal eartilage 
of a rib (470x). 


Chondrocyte 
in lacuna 


Matrix 




(h) Cartilage: elastie 



Deseription: Similar to hyaline eartilage, but 
more elastie fibers in matrix. 


Function: Maintains the shape of a structure 
while allowing great flexibility. 


Loeation: Supports the external ear 
(pinna); epiglottis. 




Photomierograph: Elastie eartilage from the human ear pinna; 
forms the flexible skeleton of the ear (800x). 


Chondrocyte 
in lacuna 


Matrix 


Figure 4.8 (continued) (g) and (h) Cartilage. (For related images, s eeA BriefAtlas ofthe 
Human Body, Plates 17 and 18.) 
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(i) Cartilage: fibroeartilage 


Deseription: Matrix similar to but less firm 
than that in hyaline eartilage; thiek eollagen 
fibers predominate. 


Function: Tensile strength allows it to 
absorb eompressive shoek. 


Loeation: Intervertebral dises; pubic 
symphysis; dises of knee joint. 


Intervertebral 

dises 




Chondrocytes 
in lacunae 






Collagen 

fiber 




Photomierograph: Fibroeartilage of an intervertebral 
dise (125x). Speeial staining produced the blue eolor seen 


gure 4.8 (continued) Connective tissues. (i) Cartilage. (For a related image, see A Brief 
Atlas ofthe Human Body, Plate 19.) 


Bone (OsseousTissue) 

Because of its roeklike hardness, bone, or osseous tissue (os'e- 
us), has an exceptional ability to support and proteet body 
structures. Bones of the skeleton also provide eavities for stor- 
ing fat and synthesizing blood eells. Bone matrix is similar to 
that of eartilage but is harder and more rigid because, in addi- 
tion to its more abundant eollagen fibers, bone has an added 
matrix element—inorganie calcium salts (bone salts). 

Osteoblasts produce the organie portion of the matrix, and 
then bone salts are deposited on and between the fibers. Mature 
bone eells, or osteoeytes, reside in the lacunae within the ma- 
trix they have made (Figure 4.8j). A eross seetion of bone tissue 
reveals elosely paeked structural units ealled osteons formed of 
eoneentrie rings of bony matrix (lamellae) surrounding eentral 
eanals eontaining the blood vessels and nerves serving the bone. 
Unlike eartilage, the next firmest eonneetive tissue, bone is well 
supplied by invading blood vessels. 


blood elotting) are also seen. The “fibers” of blood are sohible pro- 
tein molecules that preeipitate, forming visible fiberlike structures 
during blood elotting. Blood fiinetions as the transport vehiele for 
the cardiovascular system, earrying nutrients, wastes, respiratory 
gases, and many other substances throughout the body. 



Check Your IJnderstanding' 


13. VVhieh eonneetive tissue has a soft vveblike matrix eapable of 
serving as a fluid reservoir? 

14. VVhat type of eonneetive tissue is damaged vvhen you cut 
your index finger tendon? 

15. John vvants to beeome a professional basketball player. 
Unfortunately he is short for his age and his epiphyseal 
plates have already fused. VVhat type of eonneetive tissue 
forms the epiphyseal plates? 

_ For ansvvers, see Appendix H. 


Blood 

Blood, the fluid within blood vessels, is the most atypieal 
eonneetive tissue. It does not eonneet things or give meehan- 
ieal support. It is elassified as a eonneetive tissue because 
it develops from mesenehyme and eonsists of blood eells , 
surrounded by a nonliving fluid matrix ealled blood plasma 
(Figure 4.8k). 

The vast majority of blood eells are red blood eells, or eryth- 
roeytes, but seattered white blood eells and platelets (needed for 


MuscleTissue 

Compare and eontrast the structures and body loeations of 
the three types of muscle tissue. 

Muscle tissues are highly cellular, well-vascularized tissues that 
are responsible for most types of body movement. Muscle eells 
possess myofìlaments, elaborate versions of the aetin and my- 
osin filaments that bring about movement or eontraetion in all 
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(j) Others: bone (osseous tissue) 



Deseription: Hard, ealeified matrix eontaining 
many eollagen fibers; osteoeytes lie in 
lacunae. Very well vascularized. 


Function: Supports and proteets 
(by enelosing); provides levers for the muscles 
to aet on; stores calcium and other minerals 
and fat; marrow inside bones is the site for 
blood eell formation (hematopoiesis). 


Loeation: Bones 


Oentral 

eanal 

Lacunae 

Lamella 


Photomierograph: Cross-sectional view of bone (125x). 


(k) Connective tissue: blood 


Deseription: Red and white blood eells in a 
fluid matrix (plasma). 


Function: Transport respiratory gases, 
nutrients, wastes, and other substances. 


Loeation: Contained within blood vessels. 




Red blood 
eells 

(erythroeytes) 


White blood eells: 

• Lymphoeyte 

• Neutrophil 


Plasma 


Photomierograph: Smear of human blood (1670x); shows two 
white blood eells surrounded by red blood eells. 


gure 4.8 (continued) (j) Bone. (For a related image, see A BriefAtlas ofthe Human Body, 
Plate 20.) (k) Blood. (For related images, seeA BriefAtlas ofthe Human Body, Plates 22-21) 
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(a) Skeletal muscle 


Deseription: Long, eylindrieal, multinucleate 
eells; obvious striations. 



Function: Voluntary movement; loeomotion; 
manipulation of the environment; faeial 
expression; voluntary eontrol. 


Loeation: In skeletal muscles attaehed to 
bones or oeeasionally to skin. 




Part of 
muscle 
fiber (eell) 


Nuclei 


Striations 


Photomierograph: Skeletal muscle (approx. 440x) 
Notiee the obvious banding pattern and the 
faet that these large eells are multinucleate. 


Figure 4.9 Muscle tissues. (a) Skeletal muscle tissue. (For a related image, seeA BriefAtlas 
ofthe Hiiman Body, Plate 28.) 


eell types. There are three kinds of muscle tissue: skeletal, ear- 
diae, and smooth. 

Skeletal Muscle 

Skeletal muscle tissue is paekaged by eonneetive tissue sheets 
into organs ealled skeletal nmseles that are attaehed to the 
bones of the skeleton. These muscles form the flesh of the body, 
and as they eontraet they pull on bones or skin, causing body 
movements. 

Skeletal muscle eells, also ealled muscle fibers, are long, ey- 
lindrieal eells that eontain many peripherally loeated nuclei. 
Their obvious banded, or striated, appearanee refleets the pre- 
eise alignment of their myofilaments Fi ure 4.9a' . 

Cardiac Muscle 

Cardiac muscle is found only in the walls of the heart. Its eon- 
traetions help propel blood through the blood vessels to all parts 
of the body. Like skeletal muscle eells, eardiae muscle eells are 
striated. However, eardiae eells differ structurally in that they are 

■ Generally uninucleate (one nucleus) with the nucleus situ- 
ated eentrally 

■ Branehing eells that fit together tightly at unique junctions 
ealled interealated dises (in-ter'kah-la"ted) (Figure 4.9b) 


Smooth Muscle 

Smooth muscle is so named because its eells have no visible 
striations. Individual smooth muscle eells are spindle shaped 
and eontain one eentrally loeated nucleus (Figure 4.9c). Smooth 
muscle is found mainly in the walls of hollow organs other than 
the heart (digestive and urinary traet organs, uterus, and blood 
vessels). It squeezes substances through these organs by alter- 
nately eontraeting and relaxing. 

Because skeletal muscle eontraetion is under our conscious 
eontrol, skeletal muscle is often referred to as voluntary mus- 
ele, and the other two types are ealled involuntary muscle be- 
cause we do not consciously eontrol them. We deseribe skeletal 
muscle and smooth muscle in detail in Chapter 9, and eardiae 
muscle in Chapter 18. 



Check Your Understanding 


16. You are looking at muscle tissue through the mieroseope 
and you see striped branehing eells that eonneet vvith one 
another. What type of muscle are you vievving? 

17. Which muscle type(s) is voluntary? Which is injured vvhen 
you pull a muscle vvhile exercising? 

_ For ansvvers, see Appendix H. 
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(b) Cardiac muscle 


Deseription: Branehing, striated, generally 
uninucleate eells that interdigitate at 
speeialized junctions (interealated dises). 



Function: As it eontraets, it propels blood 
into the circulation; involuntary eontrol. 


Loeation: The walls of the heart. 
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Photomierograph: Cardiac muscle (900x); 
notiee the striations, branehing of eells, and 
the interealated dises. 
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dises 



Striations 


Nucleus 




(e) Smooth muscle 



Deseription: Spindle-shaped eells with 
eentral nuclei; no striations; eells arranged 
elosely to form sheets. 



Function: Propels substances or objeets 
(foodstuffs, urine, a baby) along internal 
passageways; involuntary eontrol. 


Loeation: Mostly in the walls of hollow 
organs. 
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Photomierograph: Sheet of smooth muscle (720x) 
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Smooth 
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eell 


gure 4.9 (continued) (b) Cardiac muscle tissue. (For a related image, seeA BriefAtlas ofthe Human Body, 
Plate 31.) (e) Smooth muscle tissue. (For a related image, see A BriefAtlas ofthe Human Body, Plate 32. 
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Nervoiis tissue 




4 



Deseription: Neurons are branehing 
eells; eell proeesses that may be quite 
long extend from the nucleus-containing 
eell body; also contributing to nervous 
tissue are nonexcitable supporting eells. 


Neuron proeesses 


Cell body 


Axon Dendrites 





Fiinetion: Neurons transmit eleetrieal 
signals from sensory reeeptors and to 
effeetors (muscles and glands) which 
eontrol their aetivity; supporting eells 
support and proteet neurons. 

Loeation: Brain, spinal 
eord, and nerves. 
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Photomierograph: Neurons (350x) 


Nuclei of 

supporting 

eells 


Cell body 
of a neuron 


Neuron 

proeesses 


Figure 4.10 Nervous tissue. (For a related image, s eeA BriefAtlas ofthe Human Body, Plate 33.) 


NervousTissue 


Govering and Lining Membranes 


indieate the general eharaeteristies of nervous tissue. 


Nervous tissue is the main eomponent of the nervous system— 
the brain, spinal eord, and nerves—which regulates and eon- 
trols body functions. It eontains two major eell types: neurons 
and supporting eells. 

Neurons are highly speeialized nerve eells that generate 
and conduct nerve impulses Figure 4.10] . Typieally, they are 
branehing eells with eytoplasmie extensions or proeesses that 
enable them to 

■ Respond to stimuli (via proeesses ealled dendrites) 

■ Transmit eleetrieal impulses over substantial distanees 
within the body (via proeesses ealled axons) 

Supporting eells are nonconducting eells that support, in- 
sulate, and proteet the delieate neurons. Chapter 11 presents a 
more eomplete discussion of nervous tissue. 



Check Your Understanding 


18. Hovv does the extended length of a neuron's proeesses aid its 
function in the body? 

_ For ansvvers, see Appendix H. 


s Deseribe the structure and function of eotaneoos, mucous # 
and serous membranes. 

Now that we have deseribed all four primary tissues, we ean 
eonsider the bodys membranes that ineorporate more than 
one type of tissue. The eovering and lining membranes are of 
three types: cutaneous , mucous , or serous. Essentially they all are 
continuous multicellular sheets eomposed of at least two pri- 
mary tissue types: an epithelium bound to an underlying layer 
of eonneetive tissue proper. Henee, these membranes are simple 
organs. We deseribe the synovial membranes , which line joint 
eavities and eonsist of eonneetive tissue only, in Chapter 8. 


Cutaneous Membrane 

The cutaneous membrane (ku-ta'ne-us; cutis = skin) is your 
skin Figure 4.11a). It is an organ system eonsisting of a 
keratinized stratified squamous epithelium (epidermis) firmly 
attaehed to a thiek layer of eonneetive tissue (dermis). Unlike 
other epithelial membranes, the cutaneous membrane is ex- 
posed to the air and is a dry membrane. Chapter 5 is devoted to 
this unique organ system. 






































ehapter 4 Tissue:The Living Fabrie 


141 


(a) Cutaneous membrane 


(e) Serous membranes 


The cutaneous membrane (the skin) eovers the body surface 


Cutaneous 

membrane 



(b) Mucous membranes 


Mucous membranes line body eavities 
that are open to the exterior. 



Mucosa of 
nasal eavity 

Mucosa of 
mouth 


Esophagus 

lining 


Mucosa of 
lung bronehi 


Serous membranes line body eavities 
that are elosed to the exterior. 



Parietal 

pericardium 


Parietal 

pleura 


Viseeral 

pleura 


Viseeral 

pericardium 



Parietal 

peritoneum 


Viseeral 

peritoneum 


4 



rjure 4.11 eiasses of membranes. 


Mucous Membranes 

Mucous membranes, or mucosae (mu-ko'se), line all body eavi- 
ties that open to the outside of the body, such as the hollow organs 
of the digestive, respiratory, and urogenital traets (Figure 4.1 lb). 


In all eases, they are “wet,” or moist, membranes bathed by seere- 
tions or, in the ease of the urinary mucosa, urine. Notiee that the 
term nrneosa refers to the loeation of the membrane, not its eell 
eomposition, which varies. However, most mucosae eontain either 
stratified squamous or simple columnar epithelia. The epithelial 
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sheet lies direetly over a layer of loose eonneetive tissue ealled 
the lamina propria (lam'ì-nah pro'pre-ah; “ones own layer”). In 
some mucosae, the lamina propria rests on a third (deeper) layer 
of smooth muscle eells. 

Mucous membranes are often adapted for absorption and 

I seeretion. Although many mucosae seerete mucus, this is not a 
requirement. The mucosae of both the digestive and respiratory 
traets seerete copious amounts of lubricating mucus, but that of 
the minary traet does not. 


Steps of Tìssue Repaír 

Tissue repair requires that eells divide and migrate, aetivities 
that are initiated by growth faetors (wound hormones) released 
by injured eells. Repair occurs in two major ways: 

■ Regeneration replaees destroyed tissue with the same kind 
of tissue. 

■ In fibrosis, fibrous eonneetive tissue proliferates to form sear 
tissue. 


I Serous Membranes 

Serous membranes, or serosae (se-ro'se), introduced in 
Chapter 1, are the moist membranes found in elosed ventral 
body eavities (Figure 4.1 le). A serous membrane eonsists of 
simple squamous epithelium (a mesothelimn) resting on a 
thin layer of loose eonneetive (areolar) tissue. The mesothe- 
lial eells add hyaluronic aeid to the fluid that filters from the 
eapillaries in the assoeiated eonneetive tissue. The result is 
the thin, elear serous fluid that lubricates the faeing surfaces 
of the parietal and viseeral layers, so that they slide aeross 
eaeh other easily. 

The serosae are named aeeording to their site and speeifie 
organ assoeiations. For example, the pleurae line the thoraeie 
wall and eover the hrngs; the pericardium eneloses the heart; 
and the peritoneum eneloses the abdominopelvie viseera. 



Check Your IJnderstanding 


19. What type of membrane eonsists of epithelium and 
eonneetive tissue, and lines body eavities open to the 
exterior? 

20. What type of membrane lines the thoraeie vvalls and eovers 
the lungs, and vvhat is it ealled? 

_ For ansvvers, see Appendix H. 


Tissiie Repair 

s Outline the proeess of tissue repair involved in normal 

healing of a superfieial wound. 

The body has many techniques for proteeting itself from unin- 
vited Cí guests” or injury. intaet meehanieal barriers such as the 
skin and mucosae, the eilia of epithelial eells lining the respira- 
tory traet, and the strong aeid (ehemieal barrier) produced by 
stomaeh glands represent three defenses at the bodys external 
boundaries. 

When tissue is injured, these barriers are penetrated. This 
stimulates the bodys inflammatory and immune responses, 
which wage their battles largely in the eonneetive tissues of the 
body. The inflammatory response is a relatively nonspeeifie reae- 
tion that develops quickly wherever tissues are injured, while 
the immune response is extremely speeifie, but takes longer to 
swing into aetion. We eonsider the inflammatory and immune 
responses in detail in Chapter 21. 


Which of these occurs depends on (1) the type of tissue damaged 

and (2) the severity of the injury. In skin, the tissue we will use as 

our example, repair involves both aetivities Fi ure 4.12). 

0 Inflammation sets the stage. Tissue trauma causes injured 
tissue eells, maerophages, mast eells, and others to release 
inflammatory ehemieals, which cause the eapillaries to dilate 
and beeome very permeable. White blood eells (neutrophils, 
monoeytes) and plasma fluid rieh in elotting proteins, an- 
tibodies, and other substances seep into the injured area. 
The leaked elotting proteins eonstmet a elot, which stops the 
loss of blood, holds the edges of the wound together, and 
effeetively walls in, or isolates, the injured area, preventing 
baeteria, toxins, or other harmful substances from spreading 
to surrounding tissues. The part of the elot exposed to air 
quickly dries and hardens, forming a seab. The inflammatory 
events leave behind excess fluid, bits of destroyed eells, and 
other debris, which are eventually removed via lymphatie 
vessels or phagoeytized by maerophages. 

@ Organization restores the blood supply. Even while the in- 
flammatory proeess is going on, the first phase of tissue re- 
pair, ealled organization, begins. During organization the 
blood elot is replaeed by granulation tissue, a delieate pink 
tissue eomposed of several elements. It eontains eapillaries 
that grow in from nearby areas and lay down a new eapil- 
lary bed. Granulation tissue is actually named for these eap- 
illaries, which protmde nublike from its surface, giving it a 
gramilar appearanee. These eapillaries are fragile and bleed 
freely, as we see when someone pieks at a seab. Proliferat- 
ing fibroblasts in granulation tissue produce growth fae- 
tors as well as new eollagen fibers to bridge the gap. Some 
of these fibroblasts have eontraetile properties that allow 
them to pull the margins of the wound together or to pull 
existing blood vessels into the healing wound. As organiza- 
tion proeeeds, maerophages digest the original blood elot 
and eollagen fiber deposit continues. The granulation tis- 
sue, destined to beeome sear tissue (a permanent fibrous 
pateh), is highly resistant to infeetion because it produces 
baeteria-inhibiting substances. As a mle, wound healing is 
a self-limited response. Onee enough matrix has accumu- 
lated in the injured area, the fibroblasts either revert to the 
resting stage or undergo apoptosis. 

@ Regeneration and fibrosis effeet permanent repair. Dur- 
ing organization, the surface epithelium begins to regenerate , 
growing under the seab, which soon detaehes. As the fi- 
brous tissue beneath matures and eontraets, the regenerating 
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(T) Inflammation sets the stage: 

• Severed blood vessels bleed. 

• Inflammatory ehemieals are released. 

• Loeal blood vessels beeome more permeable, 
allovving vvhite blood eells, fluid, elotting 
proteins, and other plasma proteins to seep 
into the injured area. 

• eiotting occurs; surface dries and forms a seab 
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blood eell 
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© Organization restores the blood supply: 

• The elot is replaeed by granulation 
tissue, vvhieh restores the vascular 
supply. 

• Fibroblasts produce eollagen fibers that 
bridge the gap. 

• Maerophages phagoeytize dead and 
dying eells and other debris. 

• Surface epithelial eells multiply and 
migrate over the granulation tissue. 



(3) Regeneration and fibrosis effeet 


permanent repair: 


The fibrosed area matures and 
eontraets; the epithelium thiekens. 

A fully regenerated epithelium vvith 
an underlying area of sear tissue results 


Fibrosed area 


Figure 4.12 Tissue repair of a nonextensive skin wound: regeneration and fibrosis 


epithelium thiekens until it finally resembles the adjaeent 
skin. The end result is a fully regenerated epithelium, and an 
underlying area of sear tissue. The sear may be invisible, or 
visible as a thin white line, depending on the severity of the 
wound. 


The repair proeess that we have just deseribed follows heal- 
ing of a wound (cut, serape, puncture) that breaehes an epithe- 
lial barrier. In simple infeetions (a pimple or sore throat), healing 
is solely by regeneration. Only severe (destmetive) infeetions 
lead to elot formation or searring. 
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16 -day-old embryo 
(dorsal surface view) 


Eetoderm 


| | Mesoderm 


Endoderm 



Muscle and eonneetive tissue 
(mostly from mesoderm) 


Epithelium 
(from all three 
germ layers) 


Inner lining of 
digestive system 
(from endoderm) 


Nervous tissue 
(from eetoderm) 


Figure 4.13 Embryonie germ layers and the primary tissue types they produce. The three 
embryonie layers eolleetively form the very early embryonie body. 


Regenerative Gapaeíty of DifferentTissues 

Tissues vary widely in their eapaeity for regeneration. Epithelial 
tissues, bone, areolar eonneetive tissue, dense irregular eonnee- 
tive tissue, and blood-forming tissue regenerate extremely well. 
Smooth muscle and dense regular eonneetive tissue have a mod- 
erate eapaeity for regeneration, but skeletal muscle and eartilage 
have a weak regenerative eapaeity. Cardiac muscle and the nervous 
tissue in the brain and spinal eord have virtually no functional re- 
generative eapaeity, and they are routinely replaeed by sear tissue. 
However, reeent studies show that some unexpected (and highly 
seleetive) cellular division occurs in both these tissues after dam- 
age, and efforts are under way to coax them to regenerate better. 

In nonregenerating tissues and in exceptionally severe wounds, 
fibrosis totally replaees the lost tissue. Over a period of months, the 
fibrous mass shrinks and beeomes more and more eompaet. The 
resulting sear appears as a pale, often shiny area eomposed mostly 
of eollagen fibers. Sear tissue is strong, but it laeks the flexibility 
and elastieity of most normal tissues. Also, it eannot perform the 
normal fiinetions of the tissue it has replaeed. 



Homeostatie imbalanee 


4.3 


Sear tissue that forms in the wall of the urinary bladder, heart, 
or other muscular organ may severely hamper the organs func- 
tion. The normal shrinking of the sear reduces the internal 
volume and may hinder or even bloek substances from mov- 
ing through a hollow organ. Sear tissue hampers muscles abil- 
ity to eontraet and may interfere with its normal excitation by 
the nervous system. In the heart, these problems may lead to 
progressive heart failure. In irritated viseeral organs, particu- 
larly following abdominal surgery, adhesions may form as the 
newly forming sear tissue eonneets adjaeent organs together. 
Such adhesions ean prevent the normal shifting about (churn- 
ing) of loops of the intestine, dangerously obstraeting the flow 
of foodstuffs. Adhesions ean also restriet heart movements and 
immobilize joints. + 



Check Your IJnderstanding 


21. What are the three main steps of tissue repair? 

22. Why does a deep injury to the skin result in abundant sear 
tissue? 


For ansvvers, see Appendix H. 


Developmental Aspeets 
of Tissues 

s indieate the embryonie origin of eaeh tissue elass. 

Briefly deseribe tissue ehanges that occur with age. 

One of the first events of embryonie development is the forma- 
tion of the three primary germ layers, which lie one atop the 
next like a three-layered cellular paneake. From superficial to 
deep, these layers are the eetoderm, mesoderm (mez'o-derm), 
and endoderm Figure 4.13). These primary germ layers then 
speeialize to form the four primary tissues—epithelium, ner- 
vous tissue, muscle, and eonneetive tissues—that make up all 
body organs. 

By the end of the seeond month of development, the primary 
tissues have appeared, and all major organs are in plaee. In gen- 
eral, tissue eells remain mitotie and produce the rapid growth 
that occurs before birth. The division of nerve eells, however, 
stops or nearly stops during the fetal period. Affer birth, the 
eells of most other tissues continue to divide until adult body 
size is aehieved. Cellular division then slows greatly, although 
many tissues retain some ability to regenerate. 

In adults, only epithelia and blood-forming tissues are highly 
mitotie. Some tissues that regenerate through life, such as the 
glandular eells of the liver, do so through division of their mature 
(speeialized) eells. Others, like the epidermis of the skin and eells 
lining the intestine, have abundant stem eells , relatively undiffer- 
entiated eells that divide as neeessary to produce new eells. 
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Cancer—The Intimate Enemy 


The word eaneer eiieits dread in 

everyone. Why does eaneer strike some 
and not others? 

Although onee pereeived as 
disorganized eell grovvth, this disease is 
novv knovvn to be a logieal, eoordinated 
proeess in vvhieh a preeise sequence of 

tiny alterations ehanges a normal eell 
into a killer. 

When eells fail to follovv normal 
eontrols of eell division and multiply 
excessively, an abnormal mass of 
proliferating eells ealled a neoplasm 
(ne'o-plazm, "new growth") results. 
Neoplasms are elassified as benign 
("kindly") or malignant ("bad"). A 
benign neoplasm is strietly a loeal affair. 

Its eells remain eompaeted, are often 
encapsulated, tend to grow slowly, and 
seldom kill their hosts if removed before 
they eompress vital organs. 

In eontrast, eaneers are malignant 
neoplasms, nonencapsulated masses that 
grow relentlessly. Their eells resemble 
immature eells, and they invade their 
surroundings rather than pushing them 
aside, as refleeted in the name eaneer, 
from the Latin word for "erab." Whereas 
normal eells beeome fatally "homesiek 
and die when they lose eontaet with the 
surrounding matrix, malignant eells tend 
to break away from the parent mass—the 
primary tumor—and travel via blood or 
lymph to other body organs, where they 
form seeondary eaneer masses. 

This eapability for traveling to other 
parts of the body, ealled metastasis 
(mé-tas'tah-sis), probably has a lot to 
do with signaling molecules and the 
cell-surface glyeoproteins the eaneer 
eells bear. Metastasis and invasiveness 
distinguish eaneer eells from the eells of 
benign neoplasms. Cancer eells consume 
an exceptional amount of the body's 
nutrients, leading to weight loss and tissue 
wasting that contribute to death. 


// 


Carcinogenesis 

Autopsies on individuals aged 50-70 who 
died of another cause have revealed that 
most of us have mieroseopie (but dormant) 
in situ (eonfined to origin site) neoplasms. 
So what ehanges a normal eell into a 
cancerous one? Some physieal faetors 
(radiation, meehanieal trauma), eertain 
viral infeetions, ehronie inflammations, and 
many ehemieals (tobaeeo tars, saeeharine, 
some natural food ehemieals). 


// 


All these faetors cause mutations — 
ehanges in DNA that alter the expression 
of eertain genes. However, not all 
eareinogens do damage because most are 
eliminated by peroxisomal or lysosomal 
enzymes or by the immune system. 
Furthermore, one mutation usually isn't 
enough. It takes several genetie ehanges 
to transform (eonvert) a normal eell into a 
cancerous eell. 

The diseovery of oneogenes (Greek 
oneo = tumor), or cancer-causing genes, 
in rapidly spreading eaneers provided a 
clue to the role of genes in eaneer. Proto- 
oneogenes, benign forms of oneogenes 
in normal eells, were diseovered later. 
Proto-oneogenes eode for proteins that 
are essential for eell division, growth, and 
cellular adhesion, among other things. 
Many proto-oneogenes have fragile sites 
that break when exposed to eareinogens, 
eonverting them to oneogenes. Failure to 
eode for eertain proteins may lead to loss 
of an enzyme that eontrols an important 
metabolie proeess. Oneogenes may also 
switch on" dormant genes that allow 
eells to beeome invasive and metastasize. 
Known oneogenes now number over 100. 

Oneogenes have been deteeted in 
only 15-20% of human eaneers, so 
investigators were not too surprised by the 
diseovery of tumor suppressor genes, or 
anti-oneogenes, which suppress eaneer 
by inaetivating eareinogens, aiding DNA 
repair, or enhaneing the immune system's 
counterattack. In faet, over half of all 
eaneers involve malfunction or loss of just 
2 of the 15 identified tumor suppressor 
genes— p53 and p16. This is not surprising 
when you learn that p53 prompts most 
eells to make proteins that stop eell 
division in stressed eells by promoting 
apoptosis or eell eyele arrest. 

Furthermore, although eaeh type 
of eaneer is genetieally distinet, human 
eaneers appear to share a master set of 
genes—an aetivated group of 67 genes— 
and almost all eaneer eells have gained 
or lost entire ehromosomes. Whatever 
genetie faetors are at work, the "seeds 
of eaneer appear to be in our own genes. 
Cancer is an intimate enemy indeed. 

Let's look at the eareinogenesis 
of eoloreetal eaneer, one of the best- 
understood human eaneers. As with most 
eaneers, a metastasis develops gradually. 
One of the first signs is a polyp (see 
photo on p. 146), a small benign growth 


// 


eonsisting of apparently normal mucosa 
eells. As eell division continues, the polyp 
enlarges, beeoming an adenoma (a term 
for any neoplasm of glandular epithelium). 
As various tumor suppressor genes are 
inaetivated and the K-ras oneogene is 
mobilized, the mutations pile up and the 
adenoma beeomes inereasingly abnormal. 
The final consequence is eolon eareinoma, 
a form of eaneer that metastasizes quickly. 

Cancer Prevalenee 

Almost half of all Amerieans develop 
eaneer in their lifetime and a fifth of us 
will die of it. Cancer ean arise from almost 
any eell type, but the most eommon 
eaneers originate in the skin, lung, eolon, 
breast, and prostate. Although stomaeh 
and eolon eaneer ineidenee is down, 
skin and lymphoid eaneer rates 
are up. 

Many eaneers are preeeded by 
observable lumps or other structural 
ehanges in tissue—for instanee, 
leukoplakia, white patehes in the mouth 
caused by the ehronie irritation of ill-fitting 
dentures or heavy smoking. Although 
these lesions sometimes progress to 
eaneer, in many eases they remain 
stable or even revert to normal if the 
environmental irritant is removed. 

Diagnosis and Staging 

Sereening procedures are vital for 
early deteetion. Examples include 
mammography (X-ray examination of the 
breasts), examining breasts or testieles for 
lumps, examining the blood for eaneer 
markers, and eheeking feeal samples for 
blood. 

Unfortunately, most eaneers are 
diagnosed only after symptoms have 
already appeared. In this ease diagnosis 
is usually by biopsy: removing a tissue 
sample surgically and examining it 
mieroseopieally for malignant eells. 
inereasingly, diagnosis includes ehemieal 
or genetie analysis of the sample—typing 
eaneer eells by which genes are switched 
on or off, a technique deseribed below. 

Physieal and histologieal examinations, 
lab tests, and imaging techniques (MRI, 

CT) ean determine the extent of the 
disease (size of the neoplasm, degree 
of metastasis, ete.). Then, the eaneer is 
assigned a stage from 1 to 4 aeeording 
to the probability of cure. Stage 1 has the 
best probability of cure, stage 4 the worst. 
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Cancer Treatments 

Most eaneers are removed surgically 
if possible. To destroy metastasized 
eells, surgery is eommonly follovved 
by X irradiation and/or treatment 
vvith radioisotopes and ehemotherapy 
(treatment vvith cytotoxic drugs). Reeently, 
some oneologists have been using heat 
therapy (a slight upward temperature 
ehange) to make eaneer eells more 
vulnerable to ehemotherapy or radiation. 

ehemotherapy is beset with the problem 
of resistanee. Some eaneer eells ean ejeet 
the drugs in tiny bubbles or flattened 
vesieles dubbed exosomes, and these eells 
proliferate, forming new tumors that are 
resistant to ehemotherapy. Furthermore, 
antieaneer drugs have unpleasant side 
effeets—nausea, vomiting, hair loss— 
because they kill all rapidly dividing eells, 
including normal tissue eells. The antieaneer 
drugs also ean damage the brain, producing 
a phenomenon ealled ehemobrain—mental 
fuzziness and memory loss reported by 
many eaneer patients. X rays also have side 
effeets because, in passing through the 
body, they destroy healthy tissue as well as 
eaneer eells. 


Promising New Therapies 

Traditional eaneer treatments—"cut, burn, 
and poison"—are widely reeognized 
as crude and painful. Promising new 
therapies focus on 


lnterruptirig the signaling pathvvays 
that fuel eaneer grovvth. Imatinib 
(brand name Gleevee) ineapaeitates 
a mutated enzyme that triggers 
uncontrolled division of eells in two 
rare blood and digestive system 
eaneers. Trastuzumab (Hereeptin) is 
used to treat breast eaneer. These 


drugs ean provide a few extra weeks of 
life, before their proteetive effeets wear 
off and the disease progresses again. 

Delivering treatments more preeisely to 
the eaneer vvhile sparing normal tissue. 
One approaeh is to injeet the patient 
with tiny drug-coated metal beads; 
then a powerful magnet positioned 
over the eaneer guides the beads to the 
tumor. Or, a patient might take light- 
sensitive drugs that are drawn naturally 
into rapidly dividing eaneer eells. Then, 
exposure to eertain frequencies of 
laser light sets off reaetions that kill the 
malignant eells. Proton therapy delivers 
highly targeted killing doses of protons 
(radiation) with ineredible preeision 
and effeetiveness. Llnlike X rays, which 
pass through the eaneer and onward 
through the patient's body, protons ean 
be slowed down and even direeted to 
stop in the neoplasm. 


ilsing genetieally modified immune 
eells to target eaneer eells. One 
promising technique harvests a 
patient's most aggressive eaneer-killing 
immune eells (T lymphoeytes), inserts 
modified genes into them that make 
them even more effieient, multiplies 
the eells in the lab, and infuses them 
baek into the patient. 

Testing genotypes. A few major 
eaneer eenters are beginning to 
genotype (test for genetie markers) 
every patient's tumor. The hope is 
to mateh personalized markers with 
drugs tailored to go after the tumor's 
genetie weak spot. For example, 
taxol, quite successful in treating 
breast and ovarian eaneer, works only 
against tumors with a speeifie genetie 
makeup. 



A polyp in the eolon 


Other experimental treatments seek 
to starve eaneer eells by cutting off 
their blood supply, fix defeetive tumor 
suppressor genes and oneogenes, 
destroy eaneer eells with viruses, or 
signal eaneer eells to eommit suicide by 
apoptosis. A eaneer vaeeine (TRICOM) 
eontains genetieally engineered viruses 
earrying genes for a eaneer protein ealled 
eareinoembryonie antigen (CEA). VVhen 
CEA proteins are delivered into the 
patient's body, they stimulate an immune 
response that orehestrates an attaek on all 
CEA-bearing eaneer eells. 

At present, about half of all eaneer 
eases are cured. Although average survival 
rates have not inereased, eaneer patients' 
quality of life has improved in the last 
deeade. VVe ean offer better treatments 
for eaneer-assoeiated pain, and antinausea 
drugs and other helpful medieines ean 
soothe the side effeets of ehemotherapy. 


Given good nutrition, good circulation, and relatively infre- 
quent wounds and infeetions, our tissues normally function ef- 
fkiently through youth and middle age. But with inereasing age, 
epithelia thin and are more easily breaehed. Tissue repair is less 
efheient, and bone, muscle, and nervous tissues begin to atro- 
phy, particularly when a person is not physieally aetive. These 
events are due partly to deereased circulatory efheieney, which 
reduces delivery of nutrients to the tissues, but in some eases, 
diet is a contributing faetor. As ineome deelines or as chew- 
ing beeomes more difBcult, older people tend to eat soS foods, 
which may be low in protein and vitamins. As a result, tissue 
health suffers. 

Another problem of aging tissues is the likelihood of DNA 
mutations in the most aetively mitotie eells, which inereases the 
risk of eaneer (see A Closer Look on p. 145). 



Check Your IJnderstanding 


23. VVhat are the names of the three embryonie germ layers? 

24. VVhieh germ layer gives rise to the nervous system? 

25. VVhieh two tissue types remain highly mitotie throughout 
life? 


For ansvvers, see Appendix Fi. 


As we have seen, body eells eombine to form four diserete 
tissue types: epithelial, eonneetive, nervous, and muscle tissues. 
The eells making up eaeh of these tissues share eertain features 
but are by no means identieal. They “belong” together because 
they have basie functional similarities. The important eoneept 
to earry away with you is that tissues, despite their unique abili- 
ties, eooperate to keep the body safe, healthy, and whole. 
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Tissues are eolleetions of structurally similar eells with related func- 
tions. The four primary tissues are epithelial, eonneetive, nervous, 
and muscle tissues. 


10. Transitional epithelium is a modified stratified squamous 
epithelium, adapted for responding to streteh. It lines hollow 
urinary system organs. 

Glandular Epithelia (pp. 124-126) 

11. A gland is one or more eells speeialized to seerete a product. 

12. On the basis of site of product release, glands are elassified as 
exocrine or endoerine. Glands are elassified structurally as 
multicellular or unicellular. 

13. Unicellular glands, typified by goblet eells and mucous eells, are 
mucus-secreting single-eelled glands. 

14. Multicellular exocrine glands are elassified aeeording to duct 
structure as simple or compound, and aeeording to the structure 
of their seeretory parts as tubular, alveolar, or tubuloalveolar. 

15. Multicellular exocrine glands of humans are elassified 
fimetionally as meroerine or holoerine. 


Preparing Human Tissue for Mieroseopy (pp. 117-118) 

1. Preparation of tissues for mieroseopie examination involves 
cutting thin seetions of the tissue and using dyes to stain the 
tissue. Minor distortions ealled artifaets ean be introduced by the 
tissue preparation proeess. 

Epithelial Tissue (pp. 118-126) 

1. Epithelial tissue is the eovering, lining, and glandular tissue of 
the body. Its fimetions include proteetion, absorption, excretion, 
filtration, seeretion, and sensory reeeption. 


Connective Tissue (pp. 127-136) 

1. Connective tissue is the most abundant and widely distributed 
tissue of the body. Its fimetions include binding and support, 
proteetion, insulation, fat storage, and transportation (blood). 

Common Gharaeteristies of Connective Tissue (p. 127) 

2. Connective tissues originate from embryonie mesenehyme and 
have a matrix. Depending on type, a eonneetive tissue may be 
well vascularized (most), poorly vascularized (dense eonneetive 
tissue), or avascular (eartilage). 


Speeial Characteristics of Epitheliiim (pp. 118-119) 

2. Epithelial tissues exhibit speeialized eontaets, polarity, avaseiilarity, 
support from eonneetive tissue, and high regenerative eapaeity. 

dassifieation of Epithelia (pp. 119-124) 

3. Epithelium is elassified by arrangement as simple (one layer) or 
stratified (more than one layer) and by eell shape as squamous, 
cuboidal, or columnar. The terms denoting eell shape and 
arrangement are eombined to deseribe the epithelium fully. 

4. Simple squamous epithelium is a single layer of squamous eells. 
Highly adapted for filtration and exchange of substances, it forms 
walls of air saes of the hrngs and lines blood vessels. It contributes 
to serosae as mesothelhim and lines all hollow circulatory system 
organs as endothelium. 

5. Simple cuboidal epithelium, eommonly aetive in seeretion and 
absorption, is found in glands and in kidney tubules. 

6. Simple eolmnnar epithelium, speeialized for seeretion and 
absorption, eonsists of a single layer of tall columnar eells that 
exhibit mierovilli and often mucus-producing eells. It lines most 
of the digestive traet. 

7. Pseudostratified columnar epithelium is a simple columnar 
epithelium that appears stratified. Its eiliated variety, rieh in mucus- 
seereting eells, lines most of the upper respiratory passages. 

8. Stratified squamous epithelimn is multilayered; eells at the free 
surface are squamous. It is adapted to resist abrasion. It lines 
the esophagus and vagina; its keratinized variety forms the skin 
epidermis. 

9. Stratified cuboidal epithelia are rare in the body, and are found 
ehiefly in ducts of large glands. Stratified columnar epithelium 
has a very limited distribution, found mainly in the male urethra 
and at transition areas between other epithelia types. 


Structural Elements of Connective Tissue (pp. 127-129) 

3. The structural elements of all eonneetive tissues are extracellular 
matrix and eells. 

4. The extracellular matrix eonsists of ground substance and fibers 
(eollagen, elastie, and reticular). It may be fhiid, gel-like, or firm. 

5. Eaeh eonneetive tissue type has a primary eell type that ean exist 
as a mitotie, matrix-secreting eell (blast) or as a mature eell (eyte) 
responsible for maintaining the matrix. The undifferentiated eell 
type of eonneetive tissue proper is the fibroblast; that of eartilage is 
the ehondroblast; that of bone is the osteoblast; and that of blood- 
forming tissue is the hematopoietie stem eell (see Chapter 17). 

Types of Connective Tissue (pp. 129-136) 

6. Embryonie eonneetive tissue is ealled mesenehyme. 

7. Connective tissue proper eonsists of loose and dense varieties. 

The loose eonneetive tissues are 

■ Areolar: gel-like ground substance; all three fiber types loosely 
interwoven; a variety of eells; forms the lamina propria and soft 
paeking around body organs; the prototype. 

■ Adipose: eonsists largely of adipoeytes; seant matrix; insulates 
and proteets body organs; provides reserve energy fuel. Brown 
fat is more important for generating body heat. 

■ Reticular: finely woven reticular fibers in soft ground 
substance; the stroma of lymphoid organs and bone marrow. 

8. Dense eonneetive tissue proper includes 

■ Dense regular: dense parallel bundles of eollagen fibers; few eells, 
little ground substance; high tensile strength; forms tendons, 
ligaments, aponeuroses; in eases where this tissue also eontains 
numerous elastie fibers it is ealled elastie eonneetive tissue. 

■ Dense irregular: like regular variety, but fibers are arranged 
in different planes; resists tension exerted from many 
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different direetions; forms the dermis of the skin and 
organ capsules. 

9. Cartilage exists as 

■ Hyaline: fìrm ground substance eontaining eollagen fibers; 
resists eompression well; found in fetal skeleton, at articulating 
surfaces of bones, and traehea; most abundant type. 

■ Elastie eartilage: elastie fibers predominate; provides flexible 
support of the external ear and epiglottis. 

■ Fibroeartilage: parallel eollagen fibers; provides support with 
eompressibility; forms intervertebral dises and knee eartilages. 

10. Bone (osseous tissue) eonsists of a hard, eollagen-eontaining 
matrix embedded with calcium salts; forms the bony skeleton. 

11. Blood eonsists of blood eells in a flmd matrix (plasma). 

Muscle Tissue (pp. 136-139) 

1. Muscle tissue eonsists of elongated eells speeialized to eontraet 
and cause movement. 

2. Based on structure and fimetion, the muscle tissues are 

■ Skeletal muscle: attaehed to and moves the bony skeleton; eells 
are eylindrieal and striated. 

■ Cardiac muscle: forms the walls of the heart; prnnps blood; 
eells are branehed and striated. 

■ Smooth muscle: in the walls of hollow organs; propels 
substances through the organs; eells are spindle shaped and 
laek striations. 

Nervous Tissue (p. 140) 

1. Nervous tissue forms organs of the nervous system. It is 
eomposed of nernons and supporting eells. 


2. Neurons are branehing eells that reeeive and transmit eleetrieal 
impulses. They are involved in body regulation. Supporting eells 
support and proteet nernons. 

iP Nervous System I; Topie: Anatomy Review f pp. 1 f 3. 

Covering and Lining Membranes (pp. 140-142) 

1. Membranes are simple organs, eonsisting of an epithelium bound 
to an underlying eonneetive tissue layer. They include mucosae, 
serosae, and the cutaneous membrane. 

Tissue Repair (pp. 142-144) 

1. Inflammation is the bodys response to injury. Tissue repair 
begins during the inflammatory proeess. It may lead to 
regeneration, fibrosis, or both. 

2. Tissue repair begins with organization, during which the blood 
elot is replaeed by granulation tissue. If the wound is small and 
the damaged tissue is aetively mitotie, the tissue will regenerate 
and eover the fibrous tissue. When a wound is extensive or the 
damaged tissue amitotie, it is repaired only by fibrous eonneetive 
(sear) tissue. 

Developmental Aspeets of Tissues (pp. 144-146) 

1. Epithelium arises from all three primary germ layers (eetoderm, 
mesoderm, endoderm); muscle and eonneetive tissue from 
mesoderm; and nervous tissue from eetoderm. 

2. The deerease in mass and viability seen in most tissues during old 
age offen refleets circulatory defieits or poor nutrition. 


Review Questions 


Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 


1. Use the key to elassify eaeh of the following deseribed tissue types 
into one of the four major tissue eategories. 


Key: (a) eonneetive tissue 

(b) epithelium 


(e) muscle 
(d) nervous tissue 


(1) Tissue type eomposed largely of nonliving extracellular 
matrix; important in proteetion and support 

(2) The tissue immediately responsible for body 
movement 

(3) The tissue that enables us to be aware of the external 
environment and to reaet to it 

(4) The tissue that lines body eavities and eovers surfaces 


2. An epithelimn that has several layers, with an apieal layer of 
flattened eells, is ealled (ehoose all that apply): (a) eiliated, (b) 
columnar, (e) stratified, (d) simple, (e) squamous. 

3. Mateh the epithelial types named in column B with the 
appropriate deseription(s) in column A. 


Column A 

(1) Lines most of the 
digestive traet 

(2) Lines the esophagus 

(3) Lines much of the 
respiratory traet 

(4) Forms the walls of the 
air saes of the lungs 


Column B 

(a) pseudostratified 
eiliated columnar 

(b) simple eohimnar 
(e) simple cuboidal 

(d) simple squamous 

(e) stratified 
columnar 


_(5) Found in urinary (f) stratified 

traet organs squamous 

_(6) Endothelium and (g) transitional 

mesothelium 

4. The gland type that seeretes products such as milk, saliva, bile, or 
sweat through a duct is (a) an endoerine gland, (b) an exocrine 
gland. 

5. The membrane which lines body eavities that open to the exterior 
is a(n) (a) endothelium, (b) cutaneous membrane, (e) mucous 
membrane, (d) serous membrane. 

6. Sear tissue is a variety of (a) epithelimn, (b) eonneetive tissue, 

(e) muscle tissue, (d) nervous tissue, (e) all of these. 

Short Ansvver Essay Questions 

7. Define tissue. 

8. Name four important fimetions of epithelial tissue and provide at 
least one example of a tissue that exemplifies eaeh fimetion. 

9. Deseribe the eriteria used to elassify eovering and lining epithelia. 

10. Explain the fimetional elassifieation of multicellular exocrine 
glands and supply an example for eaeh elass. 

11. Provide examples from the body that ilhistrate four of the major 
fimetions of eonneetive tissue. 

12. Name the primary eell type in eonneetive tissue proper; in 
eartilage; in bone. 

13. Name the two major eomponents of matrix and, if applieable, 
subclasses of eaeh eomponent. 

14. Matrix is extracellular. How does the matrix get to its 
eharaeteristie position? 













ehapter 4 Tissue:The Living Fabrie 


149 


15. Name the speeifìe eonneetive tissue type found in the following 
body loeations: (a) forming the soít paeking around organs, 

(b) supporting the ear pinna, (e) forming “stretehy” ligaments, 

(d) fìrst eonneetive tissue in the embryo, (e) forming the 
intervertebral dises, (f) eovering the ends ofbones at joint 
surfaces, (g) main eomponent of subcutaneous tissue. 

16. What is the hmetion of maerophages? 

17. Differentiate between the roles of neurons and the supporting 
eells of nervous tissue. 

18. Compare and eontrast skeletal, eardiae, and smooth muscle tissue 
relative to structure, body loeation, and speeifìe function. 

19. Deseribe the proeess of tissue repair, making sure you indieate 
faetors that infhienee this proeess. 

20. indieate which primary tissue elasses derive from eaeh embryonie 
germ layer. 

21. In what ways are adipose tissue and bone similar? How are they 
different? 

Critical Thinking 
and eiinieal Applieation 
Questions 

1. John sustained a severe injury during football praetiee and is 
told that he has a torn knee eartilage. Can he expect a quick, 
uneventful reeovery? Explain your response. 


2. The epidermis (epithelium of the cutaneous membrane or skin) 
is a keratinized stratified squamous epithelium. Explain why 
that epithelium is much better suited for proteeting the body s 
external surface than a mucosa eonsisting of a simple columnar 
epithelium would be. 

3. Your friend is trying to eonvinee you that if the ligaments binding 
the bones together at your freely movable joints (such as your 
knee, shoulder, and hip joints) eontained more elastie fibers, you 
would be much more flexible. Although there is some trath to this 
statement, such a eondition would present serious problems. Why? 

4. In adults, over 90% of all eaneers are either adenomas 
(adenoeareinomas) or eareinomas. (See Related Clinical Terms for 
this ehapter.) In faet, eaneers of the skin, lung, eolon, breast, and 
prostate are all in these eategories. Which one of the four basie 
tissue types gives rise to most eaneers? Why do you think this is so? 

5. Cindy, an overweight high sehool student, is overheard telling her 
friend that shes going to researeh how she ean transform some of 
her white fat to brown fat. What is her rationale here (assuming it 
is possible)? 

6. Mrs. Delaney went to the loeal meat market and bought a beef 
tenderloin (cut from the loin, the region along the steer s vertebral 
column) and some tripe (cows stomaeh). What type of muscle 
was she preparing to eat in eaeh ease? 



AT THE e L I N I e 


Related Clínical Terms 

Adenoma (ad"é-no'mah; aden = gland, oma = tumor) Any 
neoplasm of glandular epithelmm, benign or malignant. 

The malignant type is more speeifieally ealled 
adenoeareinoma. 

Autopsy (aw'top-se) Examination of the body, its organs, and its 
tissues after death to determine the actual cause of death; also 
ealled postmortem examination and neeropsy. 

Carcinoma (kar"sì-no'mah; karkinos = erab, eaneer) Cancer arising 
in an epithelium; accounts for 90% of human eaneers. 

Healing by íìrst intention The simplest type of healing; occurs when 
the edges of the wound are brought together by sutures, staples, 
or other means used to elose surgical ineisions. Only small 
amounts of granulation tissue need be formed. 

Healing by seeond intention The wound edges remain separated, 
and relatively large amounts of granulation tissue bridge the gap; 
the manner in which unattended wounds heal. Healing is slower 
than in wounds in which the edges are brought together, and 
larger sears result. 

Keloid (ke'loid) Abnormal proliferation of eonneetive tissue during 
healing of skin wounds; results in large, unsightly mass of sear 
tissue at the skin surface. 

Lesion (le'zhun; “wound”) Any injury, wound, or infeetion that 
aífeets tissue over an area of a definite size (as opposed to being 
widely spread throughout the body). 

Marfan’s syndrome Genetie disease resulting in abnormalities of 
eonneetive tissues due to a defeet in fibrillin, a protein that is 
assoeiated with elastin in elastie fibers. Clinical signs inehide 
loose-jointedness, long limbs and spiderlike fingers and toes, 


visual problems, and weakened blood vessels (espeeially the 
aorta) due to poor eonneetive tissue reinforeement. 

Osteogenesis imperfeeta (brittle bone disease) An inherited eondition 
that causes defeetive eollagen production. Because eollagen 
reinforees many body structures including bones, the result is weak 
bones that break easily. It is not unusual for its vietims to have 30 
or more fractures during their lifetime. Occurs in 1 out of 20,000 
births. Misdiagnosis results in many infants eoming to the ER with 
multiple fractures being treated as battered babies. 

Pathology (pah-thol'o-je) Seientifie study of ehanges in organs and 
tissues produced by disease. 

Pus A eolleetion of tissue fluid, baeteria, dead and dying tissue eells, 
white blood eells, and maerophages in an inflamed area. 

Sareoma (sar-ko'mah; sarkos = flesh; oma = tumor) Cancer arising 
in the mesenehyme-derived tissues, that is, in eonneetive tissues 
and muscle. 

Scurvy A mitritional defieieney caused by laek of adequate vitamin 
C needed to synthesize eollagen; signs and symptoms include 
blood vessel disruption, delay in wound healing, weakness of 
sear tissue, and loosening of teeth. 

VAC (vacuum-assisted closure) Innovative healing proeess for 

open-skin wounds and skin ulcers. Often induces healing when 
all other methods fail. Involves eovering the wound with a 
speeial sponge, and then applying suction through the sponge. 

In response to the subsequent skin stretehing, fibroblasts in 
the wound form more eollagen tissue and new blood vessels 
proliferate, bringing more blood into the injured area, which also 
promotes healing. 









The Skin (pp. 150-157) 

Epidermis (pp. 151-154) 

Dermis (pp. 154-156) 

Skin Color (pp. 156-157) 

Appendages of the Skin (pp. 157-162) 

Hairs and Hair Follieles (pp. 157-160) 

Nails (p. 160) 

Sweat (Sudoriferous) Glands (pp. 160-161) 
Sebaceous (Oil) Glands (pp. 161-162) 


Functions of the lntegumentary 
System (pp. 162-164) 

Proteetion (pp. 162-163) 

Body Temperature Regulation (p. 163) 

Cutaneous Sensation (p. 163) 

Metabolie Functions (p. 163) 

Blood Reservoir (p. 163) 

Excretion (p. 163) 


Homeostatie imbalanees of Skin 

(pp. 164-167) 

Skin Cancer (pp. 164-165) 

Burns (pp. 165-166) 

Developmental Aspeets of the 
lntegumentary System (p. 167) 

From infaney to Adulthood (p. 167) 

Aging Skin (p. 167) 


W ould you be entieed by an ad for a eoat that is waterproof, 

stretehable, washable, and permanent-press, that automatically repairs small 
cuts, rips, and burns? How about one thats guaranteed to last a lifetime? 
Sounds too good to be tme, but you already have such a eoat—your skin. 

The skin and its derivatives (sweat and oil glands, hairs, and nails) make up a complex 
set of organs that serves several functions, mostly proteetive. Together, these organs form 
the integumentary system (in-teg"u-men'tar-e). 


The Skin 

Name the tissue types eomposing the epidermis and dermis. List the major layers of 
eaeh and deseribe the functions of eaeh layer. 

Deseribe the faetors that normally contribute to skin eolor. Briefly deseribe how 
ehanges in skin eolor may be used as elinieal signs of eertain disease states. 
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Hair shaft 


Epidermis 


Dermis 


Papillary 

layer 


Reticular 

layer 


Hypodermis - 

(subcutaneous 
tissue; not part 
of skin) 



Nervoiis structures 

• Sensory nerve fiber 
with free nerve endings 

• Lamellar corpuscle 

• Hair folliele reeeptor 
(root hair plexus) 


Dermal papillae 


Subpapillary 

plexus 

Sweat pore 



Appendages of skin 

• Eeerine sweat gland 

• Arreetor pili muscle 

• Sebaceous (oil) gland 

• Hair folliele 

• Hair root 


5 




Cutaneous plexus 


Adipose tissue 


Figure 5.1 Skin structure. Three-dimensional vievv of the skin and underlying subcutaneous 
tissue. The epidermal and dermal layers have been pulled apart at the right eorner to reveal the 
dermal papillae. 


The skin reeeives little respeet from its inhabitants, but arehi- 
tecturally it is a marvel. It eovers the entire body, has a surface 
area of 1.2 to 2.2 square meters, weighs 4 to 5 kilograms (4-5 kg 
= 9-11 lb), and accounts for about 7% of total body weight in 
the average adult. Also ealled the integument (“eovering”), the 
skin multitasks. Its functions go well beyond serving as a bag for 
body eontents. Pliable yet tough, it takes eonstant punishment 
from external agents. Without our skin, we would quickly fall 
prey to baeteria and perish from water and heat loss. 

Varying in thiekness from 1.5 to 4.0 millimeters (mm) or 
more in different parts of the body, the skin is eomposed of two 
distinet regions (Figure 5.1): 

■ The epidermis (ep"í-der'mis), eomposed of epithelial eells, is 
the outermost proteetive shield of the body (epi = upon). 

■ The underlying dermis, making up the bulk of the skin, is a 
tough, leathery layer eomposed mostly of fibrous eonneetive 
tissue. 

Only the dermis is vascularized. Nutrients reaeh the epider- 
mis by diffiising through the tissue fluid from blood vessels in 
the dermis. 


The subcutaneous tissue just deep to the skin is known as 
the hypodermis (Figure 5.1). Strietly speaking, the hypodermis 
is not part of the skin, but it shares some of the skins protee- 
tive fimetions. The hypodermis, also ealled superficial faseia 
because it is superficial to the tough eonneetive tissue wrapping 
(faseia) of the skeletal muscles, eonsists mostly of adipose tissue. 

Besides storing fat, the hypodermis anehors the skin to the un- 
derlying structures (mostly to muscles), but loosely enough that 
the skin ean slide relatively freely over those structures. Sliding skin 
proteets us by ensuring that many blows just glanee off our bodies. 
Because of its fatty eomposition, the hypodermis also aets as a shoek 
absorber and an insulator that reduces heat loss. The hypodermis 
thiekens markedly when a person gains weight. In females, this c ex- 
tra” subcutaneous fat accumulates first in the thighs and breasts, but 
in males it first eolleets in the anterior abdomen (as a “beer belly’). 

Epidermis 

Structurally, the epidermis is a keratinized stratified squamous 
epithelium eonsisting of four distinet eell types and four or five 
distinet layers. 
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UNIT 2 Covering, Support, and Movement of the Body 


Cells of the Epidermis 

The eells populating the epidermis include keratinoeytes , 
melanoeytes , dendritie eells , and taetile eells. 








Keratinoeytes The ehief role of keratinoeytes (ké-rat'ì-no- 
sìtz"; “keratin eells”) is to produce keratin, the fibrous protein 
that helps give the epidermis its proteetive properties (Greek 
kera — horn) ( igure 5.2b, orange eells). Most epidermal eells 
are keratinoeytes. 

Tightly eonneeted to one another by desmosomes, the ke- 
ratinoeytes arise in the deepest part of the epidermis from a eell 
layer ealled the stratum basale. These eells undergo almost eon- 
tinuous mitosis in response to prompting by epidermal growth 
faetor, a peptide produced by various eells throughout the body. 
As these eells are pushed upward by the production of new eells 
beneath them, they make the keratin that eventually dominates 
their eell eontents. By the time the keratinoeytes reaeh the skin 
surface, they are dead, sealelike structures that are little more 
than keratin-filled plasma membranes. 

Millions of dead keratinoeytes mb off every day, giving us a 
totally new epidermis every 25 to 45 days, but eell production 
and keratin formation is aeeelerated in body areas regularly sub- 
jeeted to frietion, such as the hands and feet. Persistent frietion 
(from a poorly fitting shoe, for example) causes a thiekening of 
the epidermis ealled a ealliis. 


Melanoeytes Melanoeytes (mel'ah-no-sìtz), the spider- 
shaped epithelial eells that synthesize the pigment melanin 
(mel'ah-nin; melan — blaek), are found in the deepest layer of 
the epidermis (Figure 5.2b, gray eells). As melanin is made, it 
accumulates in membrane-bound granules ealled melanosomes 
that motor proteins move along aetin filaments to the ends of 
the melanoeytes proeesses (the “spider arms”). From there they 
are transferred to a number of nearby keratinoeytes (4 to 10 
depending on body area). The melanin granules accumulate 
on the superficial, or “sunny,” side of the keratinoeyte nucleus, 
forming a pigment shield that proteets the nucleus from the 
damaging effeets of ultraviolet (UV) radiation in sunlight. 

Dendritie Cells The star-shaped dendritie eells arise from 
bone marrow and migrate to the epidermis. Also ealled Lang- 
erhans eells (lahng'er-hanz) after a German anatomist, they 
ingest foreign substances and are key aetivators of our immune 
system, as deseribed later in this ehapter. Their slender pro- 
eesses extend among the surrounding keratinoeytes, forming a 
more or less continuous network (Figure 5.2b, purple eell). 

Taetile Cells Oeeasional taetile (Merkel) eells are present at 
the epidermal-dermal junction. Shaped like a spiky hemisphere 
(Figure 5.2b, blue eell), eaeh taetile eell is intimately assoeiated 
with a diselike sensory nerve ending. The eombination, ealled a 
taetile or Merkel dise , fimetions as a sensory reeeptor for touch. 


Layers of the Epidermis 

Variation in epidermal thiekness determines if skin is thiek or thin. 
In thiek skin, which eovers areas subject to abrasion—the palms, 
fingertips, and soles of the feet—the epidermis eonsists of five lay- 
ers, or strata (stra'tah; “bed sheets”). From deep to superficial, 


these layers are stratum basale, stratum spinosum, stratum gran- 
ulosum, stratum lucidum, and stratum corneum. In thin skin, 
which eovers the rest of the body, the stratum lucidum appears to 
be absent and the other strata are thinner (Figure 5.2a, b). 

Note that the terms “thiek skin” and “thin skin” are really 
misnomers because they refer to the epidermis only. Indeed, the 
thiekest skin in the body is on the upper baek. 

Stratum Basale (Basal Layer) The stratum basale (stra'tum 
bah-sa'le), the deepest epidermal layer, is attaehed to the underly- 
ing dermis along a wavy borderline that reminds one of eormgated 
eardboard. For the most part, it eonsists of a single row of stem 
eells—a continually renewing eell population—representing the 
youngest keratinoeytes. The many mitotie nuclei seen in this layer 
refleet the rapid division of these eells and account for its alternate 
name, stratum germinativum (jer'mí-nà"tiv-um; “germinating 
layer”). Eaeh time one of these basal eells divides, one daughter eell 
is pushed into the eell layer just above to begin its speeialization into 
a mature keratinoeyte. The other daughter eell remains in the basal 
layer to continue the proeess of producing new keratinoeytes. 

Some 10-25% of the eells in the stratum basale are melano- 
eytes, and their branehing proeesses extend among the surround- 
ing eells, reaehing well into the more superficial stratum spinosum 
layer. Oeeasional taetile eells also occur in this stratum. 

Stratum Spinosum (Priekly Layer) The stratum spinosum 

(spi'no-sum; “priekly”) is several eell layers thiek. These eells 
eontain a weblike system of intermediate filaments, mainly 
tension-resisting bundles of pre-keratin filaments, which span 
their eytosol to attaeh to desmosomes. Looking like tiny ver- 
sions of the spiked iron balls used in medieval warfare, the ke- 
ratinoeytes in this layer appear to have spines, causing them 
to be ealled priekle eells. The spines do not exist in the living 
eells; they are artifaets that arise during tissue preparation when 
these eells shrink but their numerous desmosomes hold tight. 
Seattered among the keratinoeytes are melanin gramiles and 
dendritie eells, which are most abundant in this epidermal layer. 

Stratum Granulosum (Granular Layer) The thin stratum 
granulosum (gran"u-lo'sum) eonsists of four to six eell layers 
in which keratinoeyte appearanee ehanges drastieally, and the 
proeess of keratinization (in which the eells fill with the protein 
keratin) begins. These eells flatten, their nuclei and organelles 
begin to disintegrate, and they accumulate two types of gran- 
ules. The keratohyaline granules (ker"ah-to-hi'ah-lin) help to 
form keratin in the upper layers, as we will see. 

The lamellar granules (lam'el-ar; “a small plate”) eontain a 
water-resistant glyeolipid that is spewed into the extracellular 
spaee and is a major faetor in slowing water loss aeross the epi- 
dermis. The plasma membranes of these eells thieken as eytosol 
proteins bind to the inner membrane faee and lipids released by 
the lamellar granules eoat their external surfaces. These events 
produce an epidermal water barrier and make the eells more 
resistant to destmetion. So, you might say that keratinoeytes 
“toughen up” to make the outer strata the strongest skin region. 

Like all epithelia, the epidermis relies on eapillaries in the 
underlying eonneetive tissue (the dermis in this ease) for its nu- 
trients. Above the stratum granulosum, the epidermal eells are 
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Figure 5.2 The main structural features of the skin epidermis. 

(a) Photomierograph of the four major epidermal layers (200x). (b) Diagram 
showing these four layers and the distribution of different eell types. The four eell 
types are keratinoeytes (orange), melanoeytes (gray), dendritie eells (purple) 7 and 
taetile eells (blue). A sensory nerve ending (yellow), extending from the dermis 
(pink), is shown assoeiated with the taetile eell forming a taetile dise (touch 
reeeptor). Notiee that numerous desmosomes join the keratinoeytes together. 

The stratum lucidum, found only in thiek skin, is not illustrated here. 



Stratum corneum- 

Most siiperfieial layer; 20-30 layers of dead 
eells, essentially flat membranous saes filled 
with keratin. Glyeolipids in extracellular spaee. 


Stratum granulosum- 

Typieally five layers of flattened eells, 
organelles deteriorating; eytoplasm full of 
lamellar granules (release lipids) and 
keratohyaline granules. 

Stratum spinosum- 

Several layers of keratinoeytes unified by 
desmosomes. Cells eontain thiek bundles of 
intermediate filaments made of pre-keratin. 

Stratum basale- 

Deepest epidermal layer; one row of aetively 
mitotie stem eells; some newly formed eells 
beeome part of the more superficial layers. 
See oeeasional melanoeytes and dendritie 
eells. 



Dermis 


Keratinoeytes 



Melanin 

granule 


Sensory— 7 Taetile 


nerve (Merkel) 

eell 


ending 


Desmosomes Melanoeyte Dendritie eell — 



too far from the dermal eapillaries and the glyeolipids eoating 
their external surfaces cut them off from mitrients, so they die. 
This is a normal sequence of events. 

Stratum Lucidum (Clear Layer) Through the light miero- 
seope, the stratum lucidum (loo'sid-um; “light”)> visible only 
in thiek skin, is a thin translucent band just above the stratum 


granulosum. Considered by some to be a subdivision of the su- 
perfieial stratum corneum, it eonsists of two or three rows of 
elear, flat, dead keratinoeytes with indistinet boundaries. Here, 
or in the stratum corneum above, the gummy substance of the 
keratohyaline granules elings to the keratin filaments in the 
eells, causing them to aggregate in large, eable-like, parallel ar- 
rays of intermediate filaments ealled tonofilaments. 









































154 


UNIT 2 Covering, Support, and Movement of the Body 


1 




J 


Stratum Corneum (Horny Layer) An abmpt transition occurs 
between the nucleated eells of the stratum granulosum and the 
flattened anucleate eells of the stratiim corneum (kor'ne-um). 
This outermost epidermal layer is a broad zone 20 to 30 eell 
layers thiek that accounts for up to three-quarters of the epider- 
mal thiekness. Keratin and the thiekened plasma membranes of 
eells in this stratum proteet the skin against abrasion and pen- 
etration, and the glyeolipid between its eells nearly waterproofs 
this layer. For these reasons, the stratum corneum provides a 
durable “overeoat” for the body, proteeting deeper eells from 
the hostile external environment (air) and from water loss, and 
rendering the body relatively insensitive to biologieal, ehemieal, 
and physieal assaults. It is amazing that even dead eells ean still 
play so many roles. 

The differentiation from basal eells to those typieal of the 
stratum corneum is a speeialized form of apoptosis in which the 
nucleus and other organelles break down and the plasma mem- 
brane thiekens. So, the terminal eells do not fragment, but in- 
stead eventually slough off the skin surface. The shingle-like eell 
remnants of the stratum corneum are referred to as eornified, 
or horny ; eells (cornu = horn). They are familiar to everyone as 
dandmff, shed from the sealp, and dander, the loose flakes that 
skrngh off dry skin. 

The average persons skin sheds some 50,000 dead eells every 
minute and 18 kg (40 lb) of these skin flakes in a lifetime, pro- 
viding a lot of fodder for the dust mites that inhabit our homes 
and bed linens. The saying a Beauty is only skin deep” is espe- 
eially interesting in light of the faet that nearly everything we see 
when we look at someone is dead! 



Epidermis 


Papillary 

layer 


Reticular 

layer 


Dermis 


gure 5.3 Light mierograph of the dermis identifying the 
papillary layer eomposed of areolar eonneetive tissue and the 
reticular layer of dense irregular eonneetive tissue (110x). 



Check Your Linderstanding 


1. While walking barefoot in a barn, Jeremy stepped on a rusty 
nail that penetrated the epidermis on the sole of his foot. 
Name the layers the nail piereed from the superficial skin 
surface to the junction with the dermis. 

2. The stratum basale is also ealled the stratum germinativum, a 
name that refers to its major function. What is that function? 

3. Why are the desmosomes eonneeting the keratinoeytes so 
important? 

4. Given that epithelia are avascular, which layer would you 
expect to have the best-nourished eells? 

_ For ansvvers, see Appendix Fi. 


Dermis 

The dermis ( derm = skin), the seeond major skin region, is 
strong, flexible eonneetive tissue. Its eells are typieal of those 
found in any eonneetive tissue proper: fibroblasts, maerophages, 
and oeeasional mast eells and white blood eells. Its semiflmd 
matrix, embedded with fibers, binds the entire body together 
like a body stoeking. It is your cc hide” and eorresponds exactly to 
animal hides used to make leather. 

The dermis has a rieh supply of nerve fibers, blood vessels, 
and lymphatie vessels. The major portions of hair follieles, as 
well as oil and sweat glands, derive from epidermal tissue but 
reside in the dermis. 


The dermis has two layers, the papillary and reticular, which 
abut one another along an indistinet boundary Figure 5.3). 

Papillary Layer The thin superficial papillary layer (pap'il- 
er-e) is areolar eonneetive tissue in which fine interlaeing eollagen 
and elastie fibers form a loosely woven mat that is heavily invested 
with small blood vessels. The looseness of this eonneetive tissue 
allows phagoeytes and other defensive eells to wander freely as 
they patrol the area for baeteria that have breaehed the skin. 

Peglike projeetions from its surface, ealled dermal papillae 
(pah-pil'e; papill = nipple), indent the overlying epidermis (see 
Figure 5.1). Many dermal papillae eontain eapillary loops. Others 
house free nerve endings (pain reeeptors) and touch reeeptors 
ealled taetile or Meissners eorpnseles (mìs'nerz kor'pus-lz). Note 
that taetile eells and taetile corpuscles are different structures. 
(We eonsider them in more detail in Ohapter 13.) In thiek skin, 
such as the palms of the hands and soles of the feet, these papillae 
lie atop larger mounds ealled dermal ridges , which in turn cause 
the overlying epidermis to form epidermal ridges Figure 5Aa . 
Oolleetively, these skin ridges, referred to as frietion ridges, are 
assumed to enhanee the gripping ability of the fingers and feet 
like tire treads help grip the road. Reeent studies indieate that they 
also contribute to our sense of touch by amplifying vibrations de- 
teeted by the large lamellar corpuscles (reeeptors) in the dermis. 
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Openings of 

sweat gland ducts Frietion ridges 



(a) Frietion ridges of fingertip (SEM 12x) 



Flexure lines 
on digit 


Flexure lines 
on the palm 
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(b) eieavage lines in the 
reticular dermis 


(e) Flexure lines of the hand 


gure 5.4 Dermal modifieations result 
in eharaeteristie skin markings. 

(a) Seanning eleetron mierograph of frietion 
ridges (epidermal ridges topping the deeper 
dermal papillary ridges). Notiee the svveat 


duct openings along the erests of the ridges, 
vvhieh are responsible for fingerprints. 

(b) eieavage (tension) lines represent 
separations betvveen underlying eollagen 
fiber bundles in the reticular region of the 


dermis. They tend to run circularly around the 
trunk and longitudinally in the limbs. 

(e) Flexure lines form vvhere the dermis is 
elosely attaehed to the underlying faseia. 


Frietion ridge patterns are genetieally determined and unique 
to eaeh of us. Because sweat pores open along their erests, our 
fingertips leave identifying films of sweat ealled fingerprints on 
almost anything we touch. 

Reticular Layer The deeper reticular layer, accounting for 
about 80% of the thiekness of the dermis, is eoarse, irregularly 
arranged, dense fibrous eonneetive tissue (Figure 5.3). The net- 
work of blood vessels that nourishes this layer, the cutaneous 
plexus , lies between this layer and the hypodermis. Its extracel- 
lular matrix eontains poekets of adipose eells and thiek bundles 
of interlaeing eollagen fibers. The eollagen fibers run in various 
planes, but most run parallel to the skin surface. Separations, or 
less dense regions, between these bundles form eleavage (ten- 
sion) lines in the skin. These externally invisible lines tend to 
mn longitudinally in the skin of the head and limbs and in eir- 
cular patterns around the neek and tmnk (Figure 5.4b). 

Cleavage lines are important to surgeons because when an inei- 
sion is made parallel to these lines, the skin gapes less and heals 
more readily. The eollagen fibers of the dermis give skin strength 


and resilieney that prevent most jabs and serapes from penetrating 
the dermis. In addition, eollagen binds water, helping to keep skin 
hydrated. Elastie fibers provide the streteh-reeoil properties of skin. 

Flexure lines, a third type of skin marking, are dermal folds 
that occur at or near joints, where the dermis is tightly secured 
to deeper structures. (Notiee the deep ereases on your palms.) 
Sinee the skin eannot slide easily to aeeommodate joint move- 
ment in such regions, the dermis folds and deep skin ereases 
form (Figure 5.4c). Flexure lines are also visible on the wrists, 
fingers, soles, and toes. 



Homeostatie imbalanee 5.1 


Extreme stretehing of the skin, such as during pregnaney, ean 
tear the dermis, leaving silvery white sears ealled striae (stri'e; 
“streaks”), eommonly ealled “streteh marks.” Short-term but 
acute trauma (as from a burn or wielding a hoe) ean cause a 
blister , a flmd-filled poeket that separates the epidermal and 
dermal layers. + 
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Check Your Understanding 


5. Which layer of the dermis is responsible for producing 
fingerprint patterns? 

6. Which tissue of the hypodermis makes it a good shoek 
absorber? 

7. You have just gotten a paper cut. It is very painful # but it 
doesn't bleed. Has the cut penetrated into the dermis or just 
the epidermis? 

_ For ansvvers, see Appendix Fi. 


Skin Color 








Three pigments contribute to skin eolor: melanin, earotene, and 
hemoglobin. Of these, only melanin is made in the skin. 

Melanin is a polymer made of tyrosine amino aeids. Its two 
forms range in eolor from reddish yellow to brownish blaek. Its 
synthesis depends on an enzyme in melanoeytes ealled tyrosi- 
nase (ti-ro'sì-nàs) and, as noted earlier, it passes from melano- 
eytes to the basal keratinoeytes. Eventually, lysosomes break 
down the melanosomes, so melanin pigment is found only in 
the deeper layers of the epidermis. 

Human skin eomes in different eolors. However, distribution 
of those eolors is not random—populations of darker-skinned 
people tend to be found nearer the equator (where greater pro- 
teetion from the sun is needed), and those with the lightest 
skin are found eloser to the poles. Sinee all humans have the 
same relative number of melanoeytes, diíferenees in skin eolor- 
ing refleet the kind and amount of melanin made and retained. 
Melanoeytes of blaek- and brown-skinned people produce 
many more and darker melanosomes than those of fair-skinned 
individuals, and their keratinoeytes retain it longer. Freekles and 
pigmented nevi (moles) are loeal accumulations of melanin. 

When we expose our skin to sunlight, keratinoeytes seerete 
ehemieals that stimulate melanoeytes. Prolonged sun exposure 
causes a substantial melanin buildup, which helps proteet the 
DNA of viable skin eells from UV radiation by absorbing the 
rays and dissipating the energy as heat. Indeed, the initial signal 
for speeding up melanin synthesis seems to be a faster repair 
rate of DNA that has suffered photodamage ( photo = light). In 
all but the darkest people, this defensive response causes skin to 
darken visibly (tanning occurs). 



Homeostatie imbalanee 5.2 


Despite melanins proteetive effeets, excessive sun exposure eventu- 
ally damages the sldn. It causes elastie fibers to elrnnp, which results 
in leathery sldn; temporarily depresses the immune system; and 
ean alter the DNA of sldn eells leading to sldn eaneer. The faet that 
dark-skinned people get sldn eaneer less offen than fair-sldnned 
people and get it in areas with less pigment—the soles of the feet and 
nail beds—attests to melanins effeetiveness as a natural sunscreen. 

Ultraviolet radiation has other consequences as well, such as 
destroying the body s folie aeid stores neeessary for DNA syn- 
thesis. This ean have serious consequences, particularly in preg- 
nant women because the defieit may impair the development of 
the embryos nervous system. 


One eondition sun exposure does not cause, regardless of 
its name, is sunspots , small circular white spots on the skin that 
stand out like a sore thumb in tanned skin. Actually a fungus in- 
feetion, this eondition—more accurately ealled tinea versieolor 
(yers = ehange)—occurs mainly on the arms, legs, upper ehest, 
and baek. Largely a eosmetie problem, its growth is encouraged 
by oily, sweaty sldn. Antifimgal medieation works, but it takes 
a long time for the white patehes to beeome pigmented again. 

Many ehemieals induce photosensitivity; that is, they 
heighten the skins sensitivity to UV radiation and ean cause 
an unsightly skin rash. Such substances include some antibiotie 
and antihistamine dmgs, and many ehemieals in perfiimes and 
detergents. Small, itehy blisters empt all over the body. Then the 
peeling begins—in sheets! + 

Carotene (kar'o-tén) is a yellow to orange pigment found in 
eertain plant products such as earrots. It tends to accumulate in 
the stratum corneum and in fatty tissue of the hypodermis. Its 
eolor is most obvious in the palms and soles, where the stratum 
corneum is thiekest, and most intense when large amounts of 
earotene-rieh foods are eaten. However, the yellowish tinge of 
the skin of some Asian peoples is due to variations in melanin, 
as well as to earotene. In the body, earotene ean be eonverted to 
vitamin A, a vitamin that is essential for normal vision, as well 
as for epidermal health. 

The pinkish hue of fair skin refleets the erimson eolor of the 
oxygenated pigment hemoglobin (he'mo-glo"bin) in the red 
blood eells circulating through the dermal eapillaries. Because 
Caucasian skin eontains only small amounts of melanin, the 
epidermis is nearly transparent and allows hemoglobins eolor 
to show through. 



Homeostatie imbalanee 5.3 


When hemoglobin is poorly oxygenated, both the blood and 
the skin of Caucasians appear blue, a eondition ealled eya- 
nosis (si"ah-no'sis; eyan = dark blue). Skin often beeomes 
eyanotie during heart failure and severe respiratory disor- 
ders. In dark-skinned individuals, the skin does not appear 
eyanotie because of the masking effeets of melanin, but eya- 
nosis is apparent in their mucous membranes and nail beds 
(the same sites where the red east of oxygenated blood is 
normally visible). 

Many alterations in skin eolor signal eertain disease states or 
even emotional states: 


■ Redness , or erythema (er"ì-the'mah): Reddened skin may 
indieate embarrassment (blushing), fever, hypertension, in- 
flammation, or allergy. 

■ Pallor , or blanehing : During fear, anger, and eertain other 
types of emotional stress, some people beeome pale. Pale 
skin may also signify anemia or low blood pressure. 

■ Jaundice (jawn'dis), or yellow east : An abnormal yellow skin 
tone usually signifies a liver disorder, in which yellow bile 
pigments accumulate in the blood and are deposited in body 
tissues. [Normally, the liver eells seerete the bile pigments 
(bilimbin) as a eomponent of bile.] 
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■ Bronzing : A bronze, almost metallie appearanee of the skin 
is a sign of Addisons disease, in which the adrenal cortex 
produces inadequate amounts of its steroid hormones; or a 
sign of pituitary gland tumors that inappropriately seerete 
melanocyte-stimulating hormone (MSH). 

■ Blaek-and-blue marks , or brnises : Black-and-blue marks re- 
veal where blood eseaped from the circulation and elotted 
beneath the skin. Such elotted blood masses are ealled he- 
matomas (he"mah-to'mah; “blood swelling”). + 



Check Your Llnderstanding' 


8. Melanin and earotene are two pigments that contribute to 
skin eolor. What is the third and where is it found? 

9. What is eyanosis and what does it indieate? 

10. Which alteration in skin eolor may indieate a liver disorder? 

_ For ansvvers, see Appendix H. 


Appendages of the Skin 

List the parts of a hair folliele and explain the fiinetion 
of eaeh part. Also deseribe the functional relationship of 
arreetor pili muscles to the hair follieles. 

Name the regions of a hair and explain the basis of hair 
eolor. Deseribe the distribution f growth # replaeement, and 
ehanging nature of hair during the life span. 

✓ Deseribe the structure of nails. 

Compare the structure and loeations of sweat and oil 
glands. Also eompare the eomposition and functions of 
their seeretions. 

Compare and eontrast eeerine and apoerine glands. 

Along with the skin itself, the integumentary system includes 
several derivatives of the epidermis. These skin appendages 
include hair and hair follieles, nails, sweat glands, and seba- 
ceous (oil) glands. Eaeh plays a unique role in maintaining body 
homeostasis. 

A key step in beginning to form any of the skins appendages 
is formation of an epithelial bud. This proeess is stimulated by 
a reduced production of eell adhesion faetor (eadherin). Onee 
the eell-to-eell attraetions are broken, the eells ean move about 
and rearrange themselves, allowing an epithelial bud to form. 


the head against physieal trauma, heat loss, and sunlight. (Pity 
the bald man.) Eyelashes shield the eyes, and nose hairs fìlter 
large partieles like lint and inseets from the air we inhale. 


Structure of a Hair 


Hairs, or pili (pi'li), are flexible strands produced by hair folli- 
eles and eonsist largely of dead, keratinized eells. The hard kera- 
tin that dominates hairs and nails has two advantages over the 
soft keratin found in typieal epidermal eells: (1) It is tougher and 
more durable, and (2) its individual eells do not flake off. 

The ehief regions of a hair are the shaft, the portion in which 
keratinization is eomplete, and the root , where keratinization is 
still ongoing. The shaft, which projeets from the skin, extends 
about halfway down the portion of the hair embedded in the 
skin =i ure 5.5]. The root is the remainder of the hair deep 
within the folliele. If the shaft is flat and ribbonlike in eross see- 
tion, the hair is kinky; if it is oval, the hair is silky and wavy; if 
it is perfeetly round, the hair is straight and tends to be eoarse. 

A hair has three eoneentrie layers of keratinized eells: the 
medulla, cortex, and cuticle (Figure 5.5a, b). 

■ The medulla (mé-dul'ah; “middle”), its eentral eore, eonsists of 
large eells and air spaees. The medulla, which is the only part 
of the hair that eontains soft keratin, is absent in fine hairs. 

■ The cortex , a bulky layer surrounding the medulla, eonsists 
of several layers of flattened eells. 

■ The outermost cuticle is formed from a single layer of eells 
overlapping one another like shingles on a roof. This ar- 
rangement helps separate neighboring hairs so the hair does 
not mat. (Hair eonditioners smooth out the rough surface of 
the cuticle and make our hair look shiny.) The most heavily 
keratinized part of the hair, the cuticle provides strength and 
helps keep the inner layers tightly eompaeted. 

Because it is subjected to the most abrasion, the cuticle tends 
to wear away at the tip of the hair shaft, allowing keratin fibrils 
in the cortex and medulla to frizz out, ereating “split ends.” 


r 
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Hair pigment is made by melanoeytes at the base of the hair 
folliele and transferred to the eortieal eells. Various proportions 
of melanins of different eolors (yellow, rust, brown, and blaek) 
eombine to produce hair eolor from blond to piteh blaek. Ad- 
ditionally, red hair is eolored by the iron-eontaining pigment 
triehosiderin. When melanin production deereases (mediated 
by delayed-aetion genes) and air bubbles replaee melanin in the 
hair shaft, hair turns gray or white. 


Hairs and Hair Follieles 

Hair is an important part of our body image—eonsider, for 
example, the spiky hair style of punk roekers and the flowing, 
glossy manes of some high-fashion models. Millions of hairs 
are distributed over our entire skin surface except our palms, 
soles, lips, nipples, and parts of the external genitalia (the head 
of the penis, for instanee). Although hair helps to keep other 
mammals warm, our sparse body hair is far less hmiriant 
and useful. Its main fimetion in humans is to sense inseets on 
the skin before they bite or sting us. Hair on the sealp guards 


Structure of a Hair Folliele 

Hair follieles ( folli = bag) fold down from the epidermal sur- 
faee into the dermis. In the sealp, they may even extend into the 
hypodermis. The deep end of the folliele, loeated about 4 mm 
(1/6 in.) below the skin surface, expands to form a hair bulb 
(Figure 5.5c, d). A knot of sensory nerve endings ealled a hair 
folliele reeeptor, or root hair plexus, wraps around eaeh hair 
bulb (see Figure 5.1). Bending the hair stimulates these endings. 
Consequently, our hairs aet as sensitive touch reeeptors. 

■ Feel the tiekle as you run your hand over the hairs on your 
forearm. 
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Hair shaft 


Arreetor 

pili 




(a) Diagram of a eross seetion of a hair within its folliele 



Sebaceous 

gland 


Hair root 


Hair bulb 



(e) Diagram of a longitiidinal view of the expanded hair 
bulb of the folliele, which eneloses the matrix 


Folliele wall 

• Peripheral 
eonneetive tissue 
(fibrous) sheath 

• Glassy membrane 

• Epithelial root sheath 

• External root sheath 

• Internal root sheath 


Hair root 

• Cuticle 

• Cortex 

• Medulla 


Hair matrix 


Hair papilla 


Melanoeyte 


Subcutaneous 
adipose tissue 


(b) Photomierograph of a eross seetion of a 
hair and hair folliele (100x) 
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(d) Photomierograph of longitudinal view 
of the hair bulb in the folliele (160x) 


gure 5.5 Skin appendages: Structure of a hair and hair follide. 


A hair papilla , a nipple-like bit of dermal tissue, protmdes 
into the hair bulb. This papilla eontains a knot of eapillaries that 
supplies nutrients to the growing hair and signals it to grow. Ex- 
eept for its loeation, this papilla is similar to the dermal papillae 
underlying other epidermal regions. 


The wall of a hair folliele is eomposed of an outer peripheral 
eonneetive tissue sheath (or fibrous sheath ), derived from the 
dermis; a thiekened basal lamina ealled the glassy membrane ; 
and an inner epithelial root sheath, derived mainly from an 
invagination of the epidermis (Figure 5.5). The epithelial root 
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sheath, which has external and internal parts, thins as it ap- 
proaehes the hair bulb, so that only a single layer of epithelial 
eells eovers the papilla. 

The eells that eompose the hair matrix, or aetively divid- 
ing area of the hair bulb that produces the hair, originate in a 
region ealled the hair bulge loeated a fraetion of a millimeter 
above the hair bulb. When ehemieal signals diífusing from 
the hair papilla reaeh the hair bulge, some of its eells migrate 
toward the papilla, where they divide to produce the hair eells. 
As the matrix produces new hair eells, the older part of the 
hair is pushed upward, and its fused eells beeome inereasingly 
keratinized and die. 

Assoeiated with eaeh hair folliele is a bundle of smooth mus- 
ele eells ealled an arreetor pili (ah-rek'tor pi'li; “raiser of hair”) 
muscle. As you ean see in Figure 5.1, most hair follieles approaeh 
the skin surface at a slight angle. The arreetor pili muscle is at- 
taehed in such a way that its eontraetion pulls the hair folliele 
upright and dimples the skin surface to produce goose bumps 
in response to eold temperatures or fear. This “hair-raising” re- 
sponse is not very useful to humans, with our short sparse hairs, 
but it is an important way for other animals to retain heat and 
proteet themselves. Furry animals stay warmer by trapping a 
layer of insulating air in their fur; and a seared animal with its 
hair on end looks larger and more formidable to its enemy. The 
more important role of the arreetor pili in humans is that its 
eontraetions foree sebum out of hair follieles to the skin surface 
where it aets as a skin lubricant. 

Types and Growth of Hair 

Hairs eome in various sizes and shapes, but as a rule they ean 
be elassified as vellus or terminal. The body hair of ehildren 
and adult females is pale, fine vellus hair (vel'us; vell = wool, 
fleeee). The eoarser, longer hair of the eyebrows and sealp is 
terminal hair, which may also be darker. 

At puberty, terminal hairs appear in the axillary and pubic re- 
gions of both sexes and on the faee and ehest (and typieally the 
arms and legs) of males. These terminal hairs grow in response 
to the stimulating eífeets of androgens (of which testosterone is 
the most important), and when male hormones are present in 
large amounts, terminal hair growth is hmiriant. 

Many faetors influence hair growth and density, espeeially 
mitrition and hormones. Poor nutrition means poor hair 
growth, whereas eonditions that inerease loeal dermal blood 
flow (such as ehronie physieal irritation or inflammation) may 
enhanee loeal hair growth. Many old-time brieklayers who 
earried their hod on one shoulder all the time developed one 
hairy shoulder. IJndesirable hair growth (such as on a womans 
upper lip) may be arrested by eleetrolysis or laser treatments, 
which use eleetrieity or light energy, respeetively, to destroy 
the hair roots. 



Homeostatie imbalanee 5.4 


In women, both the ovaries and the adrenal glands normally 
produce small amounts of androgens. Excessive hairiness, or 
hirsutism (her'soot-izm; hirsut = hairy), as well as other signs 
of masculinization, may result from an adrenal gland or ovarian 


tumor that seeretes abnormally large amounts of androgens. 
Sinee few women want a beard or hairy ehest, such tumors are 
surgically removed as soon as possible. + 


The rate of hair growth varies from one body region to another 
and with sex and age, but it averages 2.5 mm per week. Eaeh folliele 
goes through growth eyeles. In eaeh eyele, an aetive growth phase, 
ranging from weeks to years, is followed by a regressive phase. 
During the regressive phase, the hair matrix eells die and the fol- 
liele base and hair bulb shrivel somewhat, dragging the hair papilla 
upward to abut the region of the folliele that does not regress. The 
folliele then enters a resting phase for one to three months. After 
the resting phase, the eyeling part of the folliele regenerates and 
aetivated bulge eells migrate toward the papilla. As a result, the 
matrix proliferates again and forms a new hair to replaee the old 
one that has fallen out or will be pushed out by the new hair. 

The life span of hairs varies and appears to be eontrolled by 
a slew of proteins. The follieles of the sealp remain aetive for six 
to ten years before beeoming inaetive for a few months. Because 
only a small pereentage of the hair is shed at any one time, we lose 
an average of 90 sealp hairs daily. The follieles of the eyebrow hairs 
remain aetive for only three to four months, which explains why 
your eyebrows are never as long as the hairs on your head. 

HairThinning and Baldness 

A folliele has only a limited number of eyeles in it. Given ideal 
eonditions, hair grows fastest from the teen years to the 40s, 
and then its growth slows. The faet that hairs are shed faster 
than they are replaeed leads to hair thinning and some degree 
of baldness, or alopeeia (al"o-pe'she-ah), in both sexes. By age 
35, notieeable hair loss occurs in 40% of men, and by age 60 
that number jumps to 85%. Much less dramatie in women, the 
proeess usually begins at the anterior hairline and progresses 
posteriorly. Coarse terminal hairs are replaeed by vellus hairs, 
and the hair beeomes inereasingly wispy. 

True , or frank, baldness is a diíferent story entirely. The most 
eommon type, male pattern baldness, is a genetieally deter- 
mined, sex-influenced eondition. It is thought to be caused 
by a delayed-aetion gene that “switches on” in adulthood and 
ehanges the response of the hair follieles to DHT (dihydrotes- 
tosterone), a metabolite of testosterone. As a result, the follicu- 
lar growth eyeles beeome so short that many hairs never even 
emerge from their follieles before shedding, and those that do 
are fine vellus hairs that look like peaeh fuzz in the “bald” area. 

Until reeently, the only cure for male pattern baldness was 
dmgs that inhibit testosterone production, but they also cause 
loss of sex drive—a trade-off few men would ehoose. Quite by 
aeeident, it was diseovered that minoxidil (Rogaine), a drug 
used to reduce high blood pressure, has the interesting side ef- 
feet in some bald men (and balding women) of stimulating hair 
regrowth. Although its results are variable, minoxidil is available 
over the counter in dropper bottles or spray form for applieation 
to the sealp. Finasteride (better known as Propeeia), aeeording 
to some the most promising cure for male pattern baldness, has 
had moderate success. Available only by preseription in onee-a- 
day pill form, it must be taken for the rest of a persons life. Onee 
the patient stops taking it, all of the new growth falls out. 
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Homeostatie imbalanee 5.5 


Hair thinning ean be induced by a number of faetors that upset 
the normal balanee between hair loss and replaeement. Out- 
standing examples are acutely high fever, surgery, severe emo- 
tional trauma, and eertain drugs (excessive vitamin A, some 
antidepressants and blood thinners, anabolie steroids, and most 
ehemotherapy dmgs). Protein-defieient diets and laetation lead 
to hair thinning because new hair growth stops when protein 
needed for keratin synthesis is not available or is being used for 
milk production. In all of these eases, hair regrows if the cause 
is removed or eorreeted. 

In the rare eondition alopeeia areata , the immune system at- 
taeks the follieles and the hair falls out in patehes. But again, the 
follieles survive. Hair loss due to severe burns, excessive radia- 
tion, or other faetors that eliminate the follieles is permanent. + 



Check Your Llnderstanding' 


11. VVhat are the eoneentrie regions of a hair shaft, from the 
outside in? 

12. VVhy is having your hair cut painless? 

13. VVhat is the role of an arreetor pili muscle? 

14. VVhat is the function of the hair papilla? 

_ For ansvvers, see Appendix Fi. 


Nails 

A nail is a sealelike modifieation of the epidermis that forms a 
elear proteetive eovering on the dorsal surface of the distal part 
of a finger or toe gure 5.6’ . Nails, which eorrespond to the 
hooves or claws of other animals, are useful as “tools” to help 
piek up small objeets or serateh an iteh. 

In eontrast to soft keratin of the epidermis, nails (like hairs) 
eontain hard keratin. Eaeh nail has a free edge , a nail plate or 
body (visible attaehed portion), and a proximal root (embedded 
in the skin). The deeper layers of the epidermis extend beneath 
the nail as the nail bed , and the nail itself eorresponds to the 
superficial keratinized layers. The thiekened proximal portion 
of the nail bed, ealled the nail matrix, is responsible for nail 
growth. As the nail eells produced by the matrix beeome heavily 
keratinized, the nail body slides distally over the nail bed. 

Nails normally appear pink because of the rieh bed of eapillar- 
ies in the underlying dermis. However, the region that lies over 
the thiek nail matrix appears as a white ereseent ealled the lunule 
(hi'nool; “little moon”). The proximal and lateral borders of the 
nail are overlapped by skin folds, ealled nail folds. The proximal 
nail fold projeets onto the nail body as the cuticle or eponychium 
(ep"o-nik'e-um; “on the nail”). The thiekened region beneath the 
free edge of the nail where dirt and debris tend to accumulate is 
the hyponychium (“below nail”), informally ealled the quick. It 
secures the free edge of the nail plate at the fingertip. 

Changes in nail appearanee ean help diagnose eertain eon- 
ditions. For example, yellow-tinged nails may indieate a respi- 
ratory or thyroid gland disorder, while thiekened yellow nails 
may signal a fungus infeetion. An outward eoneavity of the nail 
(spoon nail) may signal an iron defieieney, and horizontal lines 
(Beaus lines) aeross the nails may hint of malnutrition. 
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of nail 
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gure 5.6 Skin appendages: Structure of a nail. (a) Surface 
vievv of the distal part of a finger. (b) Sagittal seetion of the 
fingertip. The nail matrix that forms the nail lies beneath the lunule. 



Check Your Understanding 


15. VVhy is the lunule of a nail vvhite instead of pink like the rest 
of the nail? 

16. VVhy are nails so hard? 

_ For ansvvers, see Appendix H. 


Sweat (Sudoriferous) Glands 

Sweat glands, also ealled sudoriferous glands (su "do-rif er- 
us; sudor = sweat), are distributed over the entire skin surface 
except the nipples and parts of the external genitalia. Their 
number is staggering—up to 3 million per person. 

We have two types of sweat glands: eeerine and apoerine. 
In both types, the seeretory eells are assoeiated with myoepi- 
thelial eells, speeialized eells that eontraet when stimulated by 
the nervous system. Their eontraetion forees the sweat into and 
through the glands duct system to the skin surface. 

Eeerine (Meroerine) Sweat Glands 

Eeerine sweat glands (ek'rin; “seereting”), also ealled mero- 
erine sweat glands, are far more numerous and are particu- 
larly abundant on the palms, soles of the feet, and forehead. 
Eaeh is a simple, eoiled, tubular gland. The seeretory part lies 
eoiled in the dermis, and the duct extends to open in a fimnel- 
shaped pore (por = ehannel) at the skin surface Figure 5.7b] . 
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(b) Photomierograph of a seetioned 
eeerine gland (140x) 
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Figure 5.7 Skin appendages: Cutaneous glands. 


(These sweat pores are diíferent from the so-ealled pores of a 
persons complexion, which are actually the external outlets of 
hair follieles.) 

Eeerine gland seeretion, eommonly ealled sweat, is a hypo- 
tonie filtrate of the blood that passes through the seeretory eells 
of the sweat glands and is released by exocytosis. It is 99% wa- 
ter, with some salts (mostly sodium ehloride), vitamin C, anti- 
bodies, a mierobe-killing peptide dubbed dermeidin , and traees 
of metabolie wastes (urea, uric aeid, and ammonia). The exact 
eomposition depends on heredity and diet. Small amounts of 
ingested drugs may also be excreted by this route. Normally, 
sweat is aeidie with a pH between 4 and 6. 

The sympathetie division of the autonomic nervous system, 
over which we have little eontrol, regulates sweating. Its ma- 
jor role is to prevent the body from overheating. Heat-induced 
sweating begins on the forehead and spreads inferiorly over the 
remainder of the body. Emotionally induced sweating—the so- 
ealled ‘ eold sweat” brought on by fright or nervousness—begins 
on the palms, soles, and axillae (armpits) and then spreads to 
other body areas. 

Apoerine Sweat Glands 

Apoerine sweat glands (ap'o-krin), approximately 2000 of 
them, are largely eonfined to the axillary and anogenital areas. 
In spite of their name, they are meroerine glands, which release 
their product by exocytosis like the eeerine sweat glands. Larger 
than eeerine glands, they lie deeper in the dermis or even in the 
hypodermis, and their ducts empty into hair follieles. 


Apoerine seeretion eontains the same basie eomponents as 
tme sweat, plus fatty substances and proteins. Consequently, it 
is viscous and sometimes has a milky or yellowish eolor. The se- 
eretion is odorless, but when baeteria on the skin deeompose its 
organie molecules, it takes on a musky and generally unpleasant 
odor, the basis of body odor. 

Apoerine glands begin fimetioning at puberty under the in- 
fhienee of the male sex hormones ( androgens ) and play little 
role in maintaining a eonstant body temperature. Their preeise 
fimetion is not yet known, but they are aetivated by sympathetie 
nerve fibers during pain and stress. Because sexual foreplay 
inereases their aetivity, and they enlarge and reeede with the 
phases of a womans menstmal eyele, they may be the human 
equivalent of other animals sexual seent glands. 

Ceruminous glands (sé-roo'mí-nus; eera = wax) are modi- 
fied apoerine glands found in the lining of the external ear 
eanal. Their seeretion mixes with sebum produced by nearby 
sebaceous glands to form a stieky, bitter substance ealled ceru- 
men , or earwax, that is thought to deter inseets and bloek entry 
of foreign material. 

Mammary glands, another variety of speeialized sweat 
glands, seerete milk. Although they are properly part of the in- 
tegumentary system, we will eonsider the mammary glands in 
Chapter 27 with female reproductive organs. 

Sebaceous (Oil) Glands 

The sebaceous glands (se-ba'shus; “greasy”), or oil glands 
(Figure 5.7a), are simple branehed alveolar glands that are 
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found all over the body except in the thiek skin of the palms 
and soles. They are small on the body trunk and limbs, but 
quite large on the faee, neek, and upper ehest. These glands 
seerete an oily substance ealled sebum (se'bum). The eentral 
eells of the alveoli accumulate oily lipids until they beeome 
so engorged that they burst, so functionally these glands are 
holoerine glands (see p. 125). The accumulated lipids and eell 
fragments constitute sebum. 

Most, but not all, sebaceous glands develop as outgrowths 
of hair follieles and seerete sebum into a hair folliele, or oeea- 
sionally to a pore on the skin surface. Arreetor pili eontraetions 
foree sebum out of the hair follieles to the skin surface. Sebum 
softens and hibrieates the hair and skin, prevents hair from be- 
eoming brittle, and slows water loss from the skin when external 
humidity is low. Perhaps even more important is its baeterieidal 
(bacterium-killing) aetion. 

Hormones, espeeially androgens, stimulate the seeretion of 
sebum. Sebaceous glands are relatively inaetive during ehild- 
hood but are aetivated in both sexes during puberty, when an- 
drogen production begins to rise. 
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If accumulated sebum bloeks a sebaceous gland duct, a white- 
head appears on the skin surface. If the material oxidizes and 
dries, it darkens to form a blaekhead. Aene is an aetive inflam- 
mation of the sebaceous glands aeeompanied by “pimples” 
(pustules or eysts) on the skin. It is usually caused by baeterial 
infeetion, particularly by staphylococcus, and ean range from 
mild to severe, leading to permanent searring. 

Overaetive sebaceous glands ean cause seborrhea (seb"o-re'ah; 
“fast-flowing sebum”), known as “eradle eap” in infants. Sebor- 
rhea begins on the sealp as pink, raised lesions that gradually be- 
eome yellow to brown and begin to slough off oily seales. + 



Check Your IJnderstanding 


17. Which cutaneous glands are assoeiated with hair follieles? 

18. When Anthony returned home from a run in 85°F weather, 
his faee was dripping with sweat. Why? 

19. What is the differenee between heat-induced sweating and a 
"eold sweat," and which variety of sweat gland is involved? 

20. Sebaceous glands are not found in thiek skin. Why is their 
absenee in those body regions desirable? 

_ For ansvvers, see Appendix Fi. 


Fiinetions of the lntegumentary 
System 

Deseribe how the skin aeeomplishes at least five different 
functions. 

First and foremost, our skin is a barrier. Like the skin of a grape, it 
keeps its eontents juicy and whole. The skin is also a master at self 
(wound) repair, and interaets immediately with other body sys- 
tems by making potent moleeriles, all the while proteeting deeper 


tissues from damaging external agents. Even this short list hints 
that the skin and its derivatives perform a variety of flmetions, in- 
cluding: proteetion, body temperature regulation, cutaneous sen- 
sation, metabolie flinetions, blood reservoir, and excretion. 

Proteetion 

Given its superficial loeation, the skin is our most vulnerable or- 
gan system, exposed to mieroorganisms, abrasion, temperature 
extremes, and harmflil ehemieals. The skin constitutes at least 
three types of barriers: ehemieal, physieal, and biologieal. 

ehemieal Barriers 

Chemical barriers inehide skin seeretions and melanin. Al- 
though the skins surface teems with baeteria, the low pH of 
skin seeretions—the so-ealled aeid mantle —retards their mul- 
tiplieation. In addition, dermeidin in sweat and baeterieidal 
substances in sebum kill many baeteria outright. Skin eells also 
seerete natural antibioties ealled defensins that literally punch 
holes in baeteria, making them look like sieves. Wounded skin 
releases large quantities of proteetive peptides ealled eatheliei- 
dins that are particularly effeetive in preventing infeetion by 
group A streptococcus baeteria. 

As discussed earlier, melanin provides a ehemieal pigment 
shield to prevent UV damage to skin eells. 

Physieal Barriers 

The continuity of skin and the hardness of its keratinized eells pro- 
vide physieal barriers. As a physieal barrier, the skin is a remarkable 
eompromise. A thieker epidermis would be more impenetrable, 
but we would pay the priee in loss of suppleness and agility. 

The outstanding barrier eapaeity of the skin arises from the 
structure of its stratum corneum, which has been eompared 
to brieks and mortar. Multiple layers of dead flat eells are the 
brieks and the glyeolipids surrounding them are the mortar. 
Epidermal continuity works hand in hand with the aeid mantle 
and eertain ehemieals in skin seeretions to ward off baeterial 
invasion. The water-resistant glyeolipids of the epidermis bloek 
most diffiision of water and water-soluble substances between 
eells, preventing both their loss from and entry into the body 
through the skin. However, there is a continual small loss of wa- 
ter through the epidermis, and if immersed in water (other than 
salt water), the skin will take in some water and swell slightly. 

Substances that do penetrate the skin in limited amounts 
include 

■ Lipid-sohible substances , such as oxygen, earbon dioxide, fat- 
soluble vitamins (A, D, E, and K), and steroids (estrogens) 

■ Oleoresins (o"le-o-rez'inz) of eertain plants, such as poison 
ivy and poison oak 

■ Organie solvents , such as aeetone, dry-eleaning fluid, and 
paint thinner, which dissolve the eell lipids 

■ Salts ofheavy metals , such as lead and mercury 

■ Seleeted drugs (nitroglyeerine, nieotine, seasiekness 
medieations) 
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■ Drug agents ealled penetration enhaneers that help ferry 
other drugs into the body 

Aleoholie drinks dramatieally enhanee skin permeability for at 
least 24 hours after their ingestion. 



Homeostatie imbalanee 5.7 


Organie solvents and heavy metals are devastating to the body and 
ean be lethal. Passage of organie solvents through the skin into 
the blood ean shut down the kidneys and also cause brain dam- 
age. Absorption of lead results in anemia and neurological defeets. 
These substances should never be handled with bare hands. + 


Biologieal Barriers 

Biologieal barriers include the dendritie eells of the epidermis, 
maerophages in the dermis, and DNA itself. 

Dendritie eells are aetive elements of the immune system. To 
aetivate the immune response, the foreign substances, or anti- 
gens , must be presented to speeialized white blood eells ealled 
lymphoeytes. In the epidermis, the dendritie eells play this role. 

Dermal maerophages constitute a seeond line of defense to 
dispose of vimses and baeteria that manage to penetrate the 
epidermis. They, too, aet as antigen “presenters.” 

Although melanin provides a fairly good ehemieal sun- 
sereen, DNA itself is a remarkably effeetive biologieally based 
sunscreen. Eleetrons in DNA molecules absorb UV radiation 
and transfer it to the atomie nuclei, which heat up and vibrate 
vigorously. Sinee the heat dissipates to surrounding water mole- 
cules instantaneously, the DNA eonverts potentially destmetive 
radiation into harmless heat. 


Body Temperature Regulation 

The body works best when its temperature remains within 
homeostatie limits. Like ear engines, we need to get rid of the 
heat generated by our internal reaetions. As long as the external 
temperature is lower than body temperature, the skin surface 
loses heat to the air and to eooler objeets in its environment, 
just as a ear radiator loses heat to the air and other nearby parts. 

Under normal resting eonditions, and as long as the environ- 
mental temperature is below 31-32°C (88-90°F), sweat glands 
seerete about 500 ml (0.5 L) of sweat per day. This routine and un- 
notieeable sweating is ealled insensible perspiration. When body 
temperature rises, the nervous system stimulates dermal blood 
vessels to dilate and the sweat glands into vigorous seeretory ae- 
tivity. Indeed, on a hot day, sweat beeomes notieeable and ean ae- 
count for the loss of up to 12 L (about 3 gallons) of body water in 
one day. This visible output of sweat is ealled sensible perspiration. 
Evaporation of sweat from the skin surface dissipates body heat 
and effieiently eools the body, preventing overheating. 

When the external environment is eold, dermal blood vessels 
eonstriet. Their eonstrietion causes the warm blood to bypass the 
skin temporarily and allows skin temperature to drop to that of 
the external environment. This slows passive heat loss from the 
body, eonserving body heat. Chapter 24 discusses body tempera- 
ture regulation. 


Cutaneous Sensation 


The skin is riehly supplied with cutaneous sensory reeeptors, 
which are actually part of the nervous system. The cutaneous re- 
eeptors are elassified as exteroceptors (ek"ster-o-sep'torz) because 
they respond to stimuli arising outside the body. For example, tae- 
tile (Meissner s) corpuscles (in the dermal papillae) and taetile dises 
allow us to beeome aware of a earess or the feel of our elothing 
against our skin, whereas lamellar (also ealled Paeinian) corpuscles 
(in the deeper dermis or hypodermis) alert us to bumps or eon- 
taets involving deep pressure. Hair folliele reeeptors report on wind 
blowing through our hair and a playfiil tug on a pigtail. Free nerve 
endings that meander throughout the skin sense painfiil stimuli 
(irritating ehemieals, extreme heat or eold, and others). We defer 
detailed discussion of these cutaneous reeeptors to Chapter 13. 

Figure 5.1 illustrates all the cutaneous reeeptors mentioned 
above except for taetile corpuscles, which are found only in skin 
that laeks hairs, and taetile eells, shown in Figure 5.2b. 

Metabolie Functions 

The skin is a ehemieal faetory, fiieled in part by the suns rays. 
When sunlight bombards the skin, modified eholesterol mol- 
ecules are eonverted to a vitamin D precursor, which is trans- 
ported via the blood to other body areas to be ultimately 
eonverted to vitamin D, which plays various roles in calcium 
metabolism. For example, ealemm eannot be absorbed from the 
digestive traet without vitamin D. 

Among its other metabolie fimetions, the epidermis makes 
ehemieal eonversions that supplement those of the liver. For 
example, keratinoeyte enzymes ean 

■ “Disarm” many cancer-causing ehemieals that penetrate the 
epidermis 

■ Convert some harmless ehemieals into eareinogens 

■ Aetivate some steroid hormones—for instanee, they ean 
transform eortisone applied to irritated skin into hydroeorti- 
sone, a potent anti-inflammatory drug 


r 
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Skin eells also make several biologieally important proteins, 
including eollagenase, an enzyme that aids the natural turnover 
of eollagen (and deters wrinkles). 


Blood Reservoir 

The dermal vascular supply is extensive and ean hold about 5% 
of the bodys entire blood volume. When other body organs, 
such as vigorously working muscles, need a greater blood sup- 
ply, the nervous system eonstriets the dermal blood vessels. This 
eonstrietion shunts more blood into the general circulation, 
making it available to the muscles and other body organs. 


Excretion 

The body eliminates limited amounts of nitrogen-eontaining 
wastes (ammonia, urea, and uric aeid) in sweat, although most 
such wastes are excreted in urine. Profiise sweating is an impor- 
tant avenue for water and salt (sodium ehloride) loss. 
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(a) Basal eell eareinoma 


(b) Squamous eell eareinoma 


(e) Melanoma 


Figure 5.8 Photographs of skin eaneers. 




CheckYour Understanding 



21. What ehemieals produced in the skin help provide barriers to 
baeteria? List at least three and explain hovv the ehemieals 
are proteetive. 

22. Which epidermal eells play a role in body immunity? 

23. Hovv is sunlight important to bone health? 

24. Hovv does the skin contribute to body metabolism? 

_ For ansvvers, see Appendix Fi. 


Homeostatie imbalanees 
of Skin 

Simnmarize the eharaeteristies of the three major types of 
skin eaneers. 

s Explain vvhy serious burns are life threatening. Deseribe 
hovv to determine the extent of a burn and differentiate 
first- # seeond-, and third-degree burns. 


Loss of homeostasis in body eells and organs reveals itself on the 
skin, sometimes in startling ways. The skin ean develop more 
than 1000 different eonditions and ailments. The most eommon 
skin disorders are baeterial, viral, or yeast infeetions. Related 
dinieal Terms on pp. 171-172 summarizes a number of these. 
Less eommon, but far more damaging to body well-being, are 
skin eaneer and burns, eonsidered next. 


Interestingly, sunburned skin aeeelerates its production 
of Fas, a protein that causes genetieally damaged skin eells to 
eommit suicide, reducing the risk of mutations that will cause 
sun-linked skin eaneer. The death of these gene-damaged eells 
causes the skin to peel after a sunburn. 

There is no such thing as a “healthy tan,” but the good news 
for sun worshippers is the newly developed skin lotions that ean 
fix damaged DNA before the involved eells beeome cancerous. 
These lotions eontain tiny oily vesieles (liposomes) filled with en- 
zymes that initiate repair of the DNA mutations most eommonly 
caused by sunlight. The liposomes penetrate the epidermis and 
enter the keratinoeytes, ultimately making their way into the nu- 
elei to bind to speeifie sites where two DNA bases have fused. 
There, by seleetively cutting the DNA strands, they begin a DNA 
repair proeess that is eompleted by cellular enzymes. 

The three major forms of skin eaneer are basal eell earei- 
noma, squamous eell eareinoma, and melanoma. 

Basal Cell Carcinoma 

Basal eell eareinoma (kar"sì-no'mah), the least malignant and 
most eommon, accounts for nearly 80% of eases. Stratum basale 
eells proliferate, invading the dermis and hypodermis. The ean- 
eer lesions occur most often on sun-exposed areas of the faee 
and appear as shiny, dome-shaped nodules that later develop 
a eentral ulcer with a pearly, beaded edge gure 5.8a). Basal 
eell eareinoma is relatively slow-growing, and metastasis sel- 
dom occurs before it is notieed. Full cure by surgical excision is 
the mle in 99% of eases. 


Skin Cancer 

One in five Amerieans develops skin eaneer at some point. Most 
tumors that arise in the skin are benign and do not spread (me- 
tastasize) to other body areas. (A wart, a neoplasm caused by a 
virus, is one example.) However, some skin tumors are malig- 
nant, or cancerous, and invade other body areas. 

The single most important risk faetor for skin eaneer is 
overexposure to the UV radiation in sunlight, which damages 
DNA bases. Adjaeent pyrimidine bases often respond by fusing, 
forming lesions ealled dimers. UV radiation also appears to dis- 
able a tumor suppressor gene [p53 or the patehed ( pte ) gene]. 
In limited numbers of eases, however, frequent irritation of the 
skin by infeetions, ehemieals, or physieal trauma seems to be a 
predisposing faetor. 


Squamous Cell Carcinoma 

Squamous eell eareinoma, the seeond most eommon skin ean- 
eer, arises from the keratinoeytes of the stratum spinosum. The 
lesion appears as a sealy reddened papule (small, rounded eleva- 
tion) that arises most often on the head (sealp, ears, and lower 
lip), and hands (Figure 5.8b). It tends to grow rapidly and metas- 
tasize if not removed. If it is caught early and removed surgically 
or by radiation therapy, the ehanee of eomplete cure is good. 

Melanoma 

Melanoma (mel"ah-no'mah), eaneer of melanoeytes, is the 
most dangerous skin eaneer because it is highly metastatie and 
resistant to ehemotherapy. It accounts for only 2-3% of skin 
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eaneers, but its ineidenee is inereasing rapidly (by 3-8% per 
year in the United States). Melanoma ean begin wherever there 
is pigment. Most such eaneers appear spontaneously, and about 
one-third develop from preexisting moles. It usually appears as 
a spreading brown to blaek pateh (Figure 5.8c) that metastasizes 
rapidly to surrounding lymph and blood vessels. 

The key to surviving melanoma is early deteetion. The ehanee 
of survival is poor if the lesion is over 4 mm thiek. The usual 
therapy for melanoma is wide surgical excision aeeompanied by 
immunotherapy (imimmizing the body against its eaneer eells). 

The Ameriean Cancer Soeiety suggests that we regularly ex- 
amine our skin for new moles or pigmented spots. Apply the 
ABCD rule for reeognizing melanoma: 

Asymmetry: The two sides of the pigmented spot or mole 
do not mateh. 

Border irregularity: The borders of the lesion exhibit 
indentations. 

Color: The pigmented spot eontains several eolors (blaeks, 
browns, tans, and sometimes blues and reds). 

Diameter: The spot is larger than 6 mm in diameter (the size 
of a peneil eraser). 

Some experts add an E, for elevation above the skin surface. 

Burns 

Burns are a devastating threat to the body primarily because of 
their effeets on the skin. A burn is tissue damage inflieted by 
intense heat, eleetrieity, radiation, or eertain ehemieals, all of 
which denature eell proteins and kill eells in the affeeted areas. 

The immediate threat to life resulting from severe burns is 
a eatastrophie loss of body fluids eontaining proteins and elee- 
trolytes. This leads to dehydration and eleetrolyte imbalanee, 
and then renal failure (kidney shutdown) and circulatory shoek 
(inadequate blood circulation due to reduced blood volume). 
To save the patient, the lost fluids must be replaeed immediately 
via the intravenous (IV) route. 

Evaliiating Burns 

In adults, the vohime of fluid lost ean be estimated by computing 
the pereentage of body surface burned using the rule of nines. 
This method divides the body into 11 areas, eaeh accounting for 
9% of total body area, plus an additional area surrounding the 
genitals accounting for 1% of body surface area Figure 5.9] . 
The rule of nines is only approximate, so speeial tables are used 
when greater accuracy is desired. 

Burn patients also need thousands of extra food ealories 
daily to replaee lost proteins and allow tissue repair. No one 
ean eat enough food to provide these ealories, so burn patients 
are given supplementary nutrients through gastrie tubes and 
IV lines. After the initial erisis has passed, infeetion beeomes 
the main threat and sepsis (widespread baeterial infeetion) 
is the leading cause of death in burn vietims. Burned skin 



Totals 


Anterior and posterior 
head and neek, 9% 


Anterior and posterior 
upper limbs, 18% 


Anterior and posterior 
trunk, 36% 


(Perineum, 1%) 


Anterior and posterior 
lower limbs, 36% 



100% 


Figure 5.9 Estimating the extent and severity of burns using 
the rule of nines. Surface area values for the anterior body surface 
are indieated on the human figure. Total surface area (anterior and 
posterior body surfaces) for eaeh body region is indieated to the 
right of the figure. 


is sterile for about 24 hours. Thereafter, baeteria, fungi, and 
other pathogens easily invade areas where the skin barrier is 
destroyed, and they multiply rapidly in the nutrient-rich en- 
vironment of dead tissues. Adding to this problem is the faet 
that the immune system beeomes defieient within one to two 
days after severe burn injury. 

Burns are elassified aeeording to their severity (depth) as 
first-, seeond-, or third-degree burns. In first-degree burns, 
only the epidermis is damaged. Symptoms include loealized 
redness, swelling, and pain. First-degree burns tend to heal in 
two to three days without speeial attention. Sunburn is usually 
a first-degree burn. 
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Ist-degree burn 







2nd-degree burn 


(a) Skin bearing partial thiekness burn (Ist- and 
2nd-degree burns) 



3rd-degree burn 


(b) Skin bearing full thiekness burn (3rd-degree 
burn) 


Figure 5.10 Partial thiekness and full thiekness burns. 


Seeond-degree burns injure the epidermis and the upper 
region of the dermis. Symptoms mimie those of first-degree 
burns, but blisters also appear. The burned area is red and pain- 
ful, but skin regeneration occurs with little or no searring within 
three to four weeks if eare is taken to prevent infeetion. First- 
and seeond-degree burns are referred to as partial-thiekness 
burns (Figure 5.1 Oa). 

Third-degree burns are full-thickness burns , involving the 
entire thiekness of the skin (Figure 5.10b). The burned area ap- 
pears gray-white, eherry red, or blaekened, and initially there is 
little or no edema. Sinee the nerve endings have been destroyed, 
the burned area is not painful. Although skin might eventually 
regenerate by proliferating epithelial eells at the edges of the 
burn or stem eells in hair follieles, it is usually impossible to 
wait that long because of fluid loss and infeetion. Skin grafting 
is advised. 

In general, burns are eonsidered eritieal if any of the follow- 
ing eonditions exists: 

■ Over 25% of the body has seeond-degree burns 

■ Over 10% of the body has third-degree burns 

■ There are third-degree burns of the faee, hands, or feet 

Faeial burns introduce the possibility of burned respiratory 
passageways, which ean swell and cause suífocation. Burns at 
joints are also troublesome because sear tissue ean severely limit 
joint mobility. 


Treating Bums 

To prepare a burned area for a skin graft, the esehar (es'kar), 
or burned skin, must first be debrided (removed). To prevent 
infeetion and fluid loss, the area is then flooded with antibioties 
and eovered temporarily with a synthetie membrane, animal 
(pig) skin, eadaver skin, or “living bandage” made from the thin 
amniotie sae membrane that surrounds a fetus. Then healthy 
skin is transplanted to the burned site. Unless the graft is taken 
from the patient (an autograff), however, there is a good ehanee 
that the patients immune system will rejeet it (see p. 790 in 
Chapter 21). Even if the graft “takes,” extensive sear tissue offen 
forms in the burned areas. 

An exciting technique eliminates many of the traditional 
problems of skin grafting and rejeetion. Synthetie skin—a sili- 
eone c epidermis” bound to a spongy “dermal” layer eomposed 
of eollagen and ground eartilage—is applied to the debrided 
area. In time, the patients own dermal tissue absorbs and re- 
plaees the artifieial one. Then the silieone sheet is peeled off and 
replaeed with a network of epidermal eells cultured from the 
patients own skin. The body does not rejeet this artifieial skin, 
which saves lives and results in minimal searring. However, it is 
more likely to beeome infeeted than is an autograft. 




Check Your IJnderstanding 

25. VVhieh type of skin eaneer develops from the youngest 
epidermal eells? 

26. VVhat name is given to the rule for reeognizing the signs of 
melanoma? 
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27. The healing of burns and epidermal regeneration is usually 
uneventful unless the burn is a third-degree burn. What 
accounts for this differenee? 

28. Although the anterior head and faee represent only a small 
pereentage of the body surface, burns to this area are often 
more serious than those to the body trunk. Why? 

_ For ansvvers, see Appendix H. 

Developmental Aspeets 
of the lntegumentary System 

Deseribe and attempt to explain the causes of ehanges that 

occur in the skin from birth to old age. 

The epidermis develops from the embryonie eetoderm, and 
the dermis and hypodermis develop from mesoderm. By the 
end of the fourth month of development, the skin is fairly well 
formed. The epidermis has all its strata, dermal papillae are ob- 
vious, fingerprints have developed, and mdimentary epidermal 
derivatives have formed by downward projeetions of eells from 
the basal layer. During the fifth and sixth months, the fetus is 
eovered with a downy eoat of delieate eolorless hairs ealled the 
lanugo eoat (lah-nu'go; ‘Vool”). This hairy eloak is shed by the 
seventh month, and vellus hairs appear. 

From infaney to Adulthood 

When a baby is born, its skin is eovered with vernix easeosa (ver' - 
niks kà-se-o'sah; “varnish of eheese”), a white, eheesy-looking 
substance produced by the sebaceous glands that proteets the 
fetuss skin within the water-filled amnion. The newborns skin 
is very thin and oft en has accumulations in the sebaceous glands 
on the forehead and nose that appear as small white spots ealled 
milia (mil'e-ah). These normally disappear by the third week 
after birth. 

During infaney and ehildhood, the skin thiekens, and more 
subcutaneous fat is deposited. Although we all have approxi- 
mately the same mimber of sweat glands, the number that func- 
tion inereases in the first two years after birth and is determined 
by elimate. For this reason, people who grow up in hot elimates 
have more aetive sweat glands than those raised in eooler areas 
of the world. 

During adoleseenee, the skin and hair beeome oilier as seba- 
ceous glands are aetivated, and aene may appear. Aene generally 
subsides in early adulthood, and skin reaehes its optimal ap- 
pearanee when we reaeh our 20s and 30s. Thereafter, the skin 
starts to show the effeets of cumulative environmental assaults 
(abrasion, wind, sun, ehemieals). Sealing and various kinds 
of skin inflammation, or dermatitis (der"mah-ti'tis), beeome 
more eommon. 


Aging Skin 

As old age approaehes, the rate of epidermal eell replaeement 
slows, the skin thins, and its susceptibility to bruises and other 


injuries inereases. The lubricating substances produced by the 
skin glands that make young skin so soft beeome defieient. Skin 
beeomes dry and itehy, although people with naturally oily skin 
seem to postpone this dryness until later in life. Elastie fibers 
clump, and eollagen fibers beeome fewer and stiffer. The subcu- 
taneous fat layer diminishes, leading to the intoleranee to eold 
so eommon in elderly people. Additionally, deelining levels of 
sex hormones result in similar fat distribution in elderly men 
and women. 

The deereasing elastieity of the skin, along with the loss of 
subcutaneous tissue, inevitably leads to wrinkling. Deereas- 
ing nmnbers of melanoeytes and dendritie eells enhanee the 
risk and ineidenee of skin eaneer in this age group. As a rule, 
redheads and fair-skinned individuals, who have less melanin 
to begin with, show age-related ehanges more rapidly than do 
those with darker skin and hair. 

By age 50, the nrnnber of aetive hair follieles has deelined by 
two-thirds and continues to fall, resulting in hair thinning. Hair 
loses its luster in old age, and the delayed-aetion genes responsi- 
ble for graying and male pattern baldness beeome aetive. 

Although there is no known way to avoid skin aging, one 
of the best ways to slow the proeess is to shield your skin from 
both the UVA (aging rays) and UVB (rays that burn) of the sun. 
Aged skin that has been proteeted from the sun, while it grows 
thinner and loses some elastieity, still remains unwrinkled and 
unmarked. Wear proteetive elothing and apply sunscreens or 
sunblocks with a sun proteetion faetor (SPF) of 15 or higher. 
Remember, the same sunlight that produces that fashionable 
tan also causes the sagging, blotehy, wrinkled skin of old age 
eomplete with pigmented “liver spots.” Much of this havoe is 
due to UVA aetivation of enzymes ealled matrix metallopro- 
teinases, which degrade eollagen and other dermal eomponents. 
A dmg ealled tretinoin, related to vitamin A, inhibits these en- 
zymes and is used in some skin ereams to slow photo-aging. 
Good mitrition, plenty of fluids, and eleanliness may also delay 
the proeess. 


r 




L 



Check Your IJnderstandingf 


29. What is the source of vernix easeosa that eovers the skin of 
the nevvborn baby? 

30. What ehange in the skin leads to eold intoleranee in the 
elderly? 

31. Hovv does UV radiation contribute to skin vvrinkles? 

_ For ansvvers, see Appendix H. 


The skin is only about as thiek as a paper towel—not too im- 
pressive as organ systems go. Yet, when it is severely damaged, 
nearly every body system reaets. Metabolism aeeelerates or may 
be impaired, immune system ehanges occur, bones may soften, 
the cardiovascular system may fail—the list goes on and on. 
On the other hand, when the skin is intaet and performing its 
fimetions, the body as a whole benefits. System Connections on 
p. 168 summarizes homeostatie interrelationships between the 
integumentary system and other organ systems. 








SYSTEM 


CONNECTIONS 


Homeostatie Interrelationships Between 

the Integiimentary System and Other Body Systems 



Skeletal System Chapters 6-8 

■ Skin proteets bones; skin synthesizes a vitamin D precursor 
needed for normal calcium absorption and deposit of bone 
(calcium) salts, vvhieh make bones hard 

■ Skeletal system provides support for skin 

Muscular System Chapters 9-10 

■ Skin proteets muscles 

■ Aetive muscles generate large amounts of heat, vvhieh inereases 
blood flovv to the skin and may aetivate svveat glands in skin 

Nervous System Chapters 11-15 

■ Skin proteets nervous system organs; cutaneous sensory 
reeeptors for touch, pressure, pain, and temperature loeated in 
skin (see Figure 5.1) 


■ Nervous system regulates diameter of blood vessels in skin; 
aetivates svveat glands, contributing to thermoregulation; 
interprets cutaneous sensation; aetivates arreetor pili muscles 


Endoerine System Chapter 16 

■ Skin proteets endoerine organs; eonverts some hormones to 
their aetive forms; synthesizes a vitamin D precursor 

■ Androgens produced by the endoerine system aetivate 
sebaceous glands and are involved in regulating hair grovvth 


Cardiovascular System Chapters 17-19 

■ Skin proteets cardiovascular organs; prevents fluid loss from 
body; serves as blood reservoir 

■ Cardiovascular system transports oxygen and nutrients to skin 
and removes vvastes from skin; provides substances needed by 
skin glands to make their seeretions 


Lymphatie System/lmmunity Chapters 20-21 

■ Skin proteets lymphatie organs; prevents pathogen invasion; 
dendritie eells and maerophages help aetivate the immune 
system 

■ Lymphatie system prevents edema by pieking up excessive 
leaked fluid; immune system proteets skin eells 


Respiratory System Chapter 22 

■ Skin proteets respiratory organs; hairs in nose help filter out 
dust from inhaled air 

■ Respiratory system furnishes oxygen to skin eells and removes 
earbon dioxide via gas exchange vvith blood 


Digestive System Chapter 23 

■ Skin proteets digestive organs; provides vitamin D needed 
for calcium absorption; performs some of the same ehemieal 
eonversions as liver eells 

■ Digestive system provides needed nutrients to the skin 

IJrinary System Chapters 25-26 

■ Skin proteets urinary organs; excretes salts and some 
nitrogenous vvastes in svveat 

■ Llrinary system aetivates vitamin D precursor made by 
keratinoeytes; disposes of nitrogenous vvastes of skin 
metabolism 


Reproductive System Chapter27 

■ Skin proteets reproductive organs; cutaneous reeeptors respond 
to erotie stimuli; highly modified svveat glands (mammary 
glands) produce milk 

■ During pregnaney, skin stretehes to aeeommodate grovving 
fetus; ehanges in skin pigmentation may occur 
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Chapter Summary 





For more ehapter study tools, go to the Study Area of 
MasteringA&P at www.masteringaandp.com. 

There you will find: 

■ interaetive Physiology ÌP 

■ A&PFIix A&PFIix 

■ Praetiee Anatomy Lab PÀL 


PhysioEx 


PEx 


Videos, Praetiee Quizzes and Tests, MP3 Tutor Sessions, Case 
Studies, and much more! 


The Skin (pp. 150-157) 

1. The skin, or integument, is eomposed of two diserete tissue layers, 
an outer epidermis and a deeper dermis, resting on subcutaneous 
tissue, the hypodermis. 

Epidermis (pp. 151-154) 

2. The epidermis is an avascular, keratinized sheet of stratified 
squamous epithelium. Most epidermal eells are keratinoeytes. 
Seattered among the keratinoeytes in the deepest epidermal layers 
are melanoeytes, dendritie eells, and taetile eells. 

3. From deep to superficial, the strata, or layers of the epidermis, 
are the basale, spinosum, granulosum, lucidum, and corneum. 

Tbe stratum lucidum is absent in thin skin. Tbe mitotieally aetive 
stratum basale is the source of new eells for epidermal growth. The 
most superficial layers are inereasingly keratinized and less viable. 


Hairs and Hair Follieles (pp. 157-160) 

2. A hair, produced by a hair folliele, eonsists of heavily keratinized 
eells. A typieal hair has a eentral medulla, a cortex, and an outer 
cuticle and root and shaft portions. Hair eolor refleets the amount 
and kind of melanin present. 

3. A hair folliele eonsists of an inner epithelial root sheath and 
an outer peripheral eonneetive tissue sheath derived from the 
dermis. The base of the hair folliele is a hair bulb with a matrix 
that produces the hair. A hair folliele is riehly vascularized and 
well supplied with nerve fibers. Arreetor pili muscles pull the 
follieles into an upright position, producing goose bumps, and 
propel sebum to the skin surface when they eontraet. 

4. Except for hairs of the sealp and around the eyes, hairs formed 
initially are fine vellus hairs; at puberty, under the influence of 
androgens, eoarser, darker terminal hairs appear in the axillae 
and the genital region. 

5. The rate of hair growth varies in different body regions and 
with sex and age. Differenees in life span of hairs account for 
differenees in length on different body regions. Hair thinning 
refleets faetors that lengthen follicular resting periods, age-related 
atrophy of hair follieles, and a delayed-aetion gene. 

Nails (p. 160) 

6. A nail is a sealelike modifieation of the epidermis that eovers the 
dorsum of a finger (or toe) tip. The aetively growing region is the 
nail matrix. 

Sweat (Sudoriferous) Glands (pp. 160-161) 


Dermis (pp. 154-156) 

4. The dermis, eomposed mainly of dense, irregular eonneetive 
tissue, is well supplied with blood vessels, lymphatie vessels, and 
nerves. Cutaneous reeeptors, glands, and hair follieles reside 
within the dermis. 

5. The more superficial papillary layer exhibits dermal papillae 
that protrude into the epidermis above, as well as dermal ridges. 
Dermal ridges and epidermal ridges together form the frietion 
ridges that produce fingerprints. 

6. In the deeper, thieker reticular layer, the eonneetive tissue fibers 
are much more densely interwoven. Less dense regions between 
the eollagen bundles produce eleavage, or tension, lines in the 
skin. Points of tight dermal attaehment to the hypodermis 
produce dermal folds, or flexure lines. 

Skin Color (pp. 156-157) 

7. Skin eolor refleets the amount of pigments (melanin and earotene) 
in the skin and the oxygenation level of hemoglobin in blood. 

8. Melanin production is stimulated by exposure to ultraviolet 
radiation in sunlight. Melanin, produced by melanoeytes and 
transferred to keratinoeytes, proteets the keratinoeyte nuclei from 
the damaging effeets of UV radiation. 

9. Skin eolor is affeeted by emotional state. Alterations in normal 
skin eolor (jaundice, bronzing, erythema, and others) may 
indieate eertain disease states. 

Appendages of the Skin (pp. 157-162) 

1. Skin appendages, which derive from the epidermis, include hairs 
and hair follieles, nails, and glands (sweat and sebaceous). 


7. Eeerine (meroerine) sweat glands, with a few exceptions, are 
distributed over the entire body surface. Their primary fimetion 
is thermoregulation. They are simple eoiled tubular glands that 
seerete a salt solution eontaining small amounts of other solutes. 
Their ducts usually empty to the skin surface via pores. 

8. Apoerine sweat glands, which may fimetion as seent glands, 
are found primarily in the axillary and anogenital areas. Their 
seeretion is similar to eeerine seeretion, but it also eontains 
proteins and fatty substances on which baeteria thrive. 

Sebaceous (Oil) Glands (pp. 161-162) 

9. Sebaceous glands occur all over the body surface except for 
the palms and soles. They are simple alveolar glands; their oily 
holoerine seeretion is ealled sebum. Sebaceous gland ducts 
usually empty into hair follieles. 

10. Sebum lubricates the skin and hair, prevents water loss from 
the skin, and aets as a baeterieidal agent. Sebaceous glands are 
aetivated (at puberty) and eontrolled by androgens. 

Functions of the lntegumentary System (pp. 162-164) 

1. Proteetion. The skin proteets by ehemieal barriers (the 
antibaeterial nature of sebum, defensins, eathelieidins, the aeid 
mantle, and the UV shield of melanin), physieal barriers (the 
hardened keratinized and lipid-rieh surface), and biologieal 
barriers (dendritie eells, maerophages, and DNA). 

2. Body temperature regulation. The skin vasculature and sweat 
glands, regulated by the nervous system, play an important role 
in maintaining body temperature homeostasis. 

3. Cutaneous sensation. Cutaneous sensory reeeptors respond to 
temperature, touch, pressure, and pain stimuli. 





170 


UNIT 2 Covering, Support, and Movement of the Body 


4. Metabolie functions. A vitamin D precursor is synthesized from 
eholesterol by epidermal eells. Skin eells also play a role in some 
ehemieal eonversions. 

5. Blood reservoir. The extensive vascular supply of the dermis 
allows the skin to aet as a blood reservoir. 

6. Excretion. Sweat eontains small amounts of nitrogenous wastes 
and plays a minor role in excretion. 

Homeostatie imbalanees of Skin (pp. 164-167) 

1. The most eommon skin disorders result from infeetions. 

Skin Cancer (pp. 164-165) 

2. The most eommon cause of skin eaneer is exposure to ultraviolet 
radiation. 

3. Basal eell eareinoma and squamous eell eareinoma are cured 
if they are removed before metastasis. Melanoma, a eaneer of 
melanoeytes, is less eommon but more dangerous. 

Burns (pp. 165-166) 

4. In severe burns, the initial threat is loss of protein- and 
eleetrolyte-rieh body flmds, which may lead to circulatory 
eollapse. The seeond threat is overwhelming baeterial infeetion. 

5. The extent of a burn may be evaluated by using the mle of nines. 
The severity of burns is indieated by the terms fìrst degree, seeond 


degree, and third degree. Third-degree burns are full-thickness 
burns that require grafting for successful reeovery. 

Developmental Aspeets of the lntegumentary 
System (p. 167) 

1. The epidermis develops from embryonie eetoderm; the dermis 
(and hypodermis) develops from mesoderm. 

2. The fetus exhibits a downy lanugo eoat. Fetal sebaceous glands 
produce vernix easeosa, which helps proteet the fetuss skin from 
its watery environment. 

From infaney to Adulthood (p. 167) 

3. A newborn’s skin is thin. During ehildhood the skin 
thiekens and more subcutaneous fat is deposited. At puberty, 
sebaceous glands are aetivated and terminal hairs appear in 
greater numbers. 

Aging Skin (p. 167) 

4. In old age, the rate of epidermal eell replaeement deelines and 
the skin and hair thin. Skin glands beeome less aetive. Loss 
of eollagen and elastie fìbers and subcutaneous fat leads to 
wrinkling; delayed-aetion genes cause graying and balding. 
Photodamage is a major cause of skin aging. 


Review Questions 


'* 


Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. Which epidermal eell type is most numerous? (a) keratinoeyte, 
(b) melanoeyte, (e) dendritie eell, (d) taetile eell. 

2. Which eell functions as part of the immune system? 

(a) keratinoeyte, (b) melanoeyte, (e) dendritie eell, (d) taetile eell. 

3. The epidermis provides a physieal barrier due largely to the 
presenee of (a) melanin, (b) earotene, (e) eollagen, (d) keratin. 

4. Skin eolor is determined by (a) the amount of blood, 

(b) pigments, (e) oxygenation level of the blood, (d) all of these. 

5. The sensations of touch and pressure are pieked up by reeeptors 
loeated in (a) the stratum spinosum, (b) the dermis, (e) the 
hypodermis, (d) the stratum corneum. 

6. Which is not a true statement about the papillary layer of the 
dermis? (a) it is largely areolar eonneetive tissue, (b) it is most 
responsible for the toughness of the skin, (e) it eontains nerve 
endings that respond to stimuli, (d) it is highly vascular. 

7. Skin surface markings that refleet points of tight dermal 
attaehment to underlying tissues are ealled (a) tension lines, 

(b) papillary ridges, (e) flexure lines, (d) dermal papillae. 

8. Which of the following is not an epidermal derivative? (a) hair, 
(b) sweat gland, (e) sensory reeeptor, (d) sebaceous gland. 

9. An arreetor pili muscle (a) is assoeiated with eaeh sweat gland, 

(b) ean cause a hair to stand up straight, (e) enables eaeh hair 
to be stretehed when wet, (d) provides new eells for eontimied 
growth of its assoeiated hair. 

10. The product of this type of sweat gland includes protein and lipid 
substances that beeome odoriferous as a result of baeterial aetion: 
(a) apoerine gland, (b) eeerine gland, (e) sebaceous gland, 

(d) panereatie gland. 


11. Sebum (a) lubricates the surface of the skin and hair, (b) eonsists 
of eell fragments and fatty substances, (e) in excess may cause 
seborrhea, (d) all of these. 

12. The rule of nines is helpful elinieally in (a) diagnosing skin 
eaneer, (b) estimating the extent of a burn, (e) estimating how 
serious a eaneer is, (d) preventing aene. 

Short Ansvver Essay Questions 

13. Which epidermal eells are also ealled priekle eells? Which eontain 
keratohyaline and lamellar granules? 

14. Is a bald man really hairless? Explain. 

15. You go to the beaeh to swim on an extremely hot, sunny summer 
afternoon. Deseribe two ways in which your integumentary 
system aets to preserve homeostasis during your outing. 

16. Distinguish elearly between first-, seeond-, and third-degree 
burns. 

17. Deseribe the proeess of hair formation, and list several faetors 
that may influence (a) growth eyeles and (b) hair texture. 

18. What eolor does earotene impart to the skin? 

19. Why does skin wrinkle and what faetors aeeelerate the wrinkling 
proeess? 

20. Explain eaeh of these familiar phenomena in terms of what you 
learned in this ehapter: (a) pimples, (b) dandmff, (e) greasy hair 
and “shiny nose,” (d) streteh marks from gaining weight, 

(e) freekles. 

21. Count Dracula, the most famous vampire, rumored to have killed 
at least 200,000 people, was based on a real person who lived in 
eastern Europe about 600 years ago. He was indeed a “monster,” 
although he was not a real vampire. The historieal Count Dracula 
may have suffered from which of the following? (Hint: See 
Related Clinical Terms.) (a) porphyria, (b) EB, (e) halitosis, 

(d) vitiligo. Explain your answer. 
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22. Why are there no skin eaneers that originate from stratiim 
corneum eells? 

23. A man got his fìnger caught in a maehine at the faetory. The 
damage was less serious than expected, but the entire nail was 
torn off his right index fìnger. The parts lost were the body, root, 
bed, matrix, and eponyehimn of the nail. First, defìne eaeh of 
these parts. Then, tell if this nail is likely to grow baek. 

24. On an outline diagram of the human body, mark off various 
regions aeeording to the rule of nines. What pereentage of the total 
body surface is affeeted if the skin over the following body parts is 
burned? (a) the entire posterior tmnk and buttocks, (b) an entire 
lower limb, (e) the entire front of the left upper limb. 

25. A eommon belief is that having your hair cut makes it beeome 
thieker. Explain why this belief is not tme. 

í ì Critical Thinking 

and eiinieal Applieation 
'Xc/ Questions 

1. Dean, a 40-year-old aging beaeh boy, is eomplaining to you that 
although his suntan made him popular when he was young, 
now his faee is all wrinkled, and he has several darkly pigmented 
moles that are growing rapidly and are as big as large eoins. He 
shows you the moles, and immediately you think “ABCD.” What 
does that mean and why should he be eoneerned? 


2. Vietims of third-degree burns demonstrate the loss of vital 
functions performed by the skin. What are the two most 
important problems encountered elinieally with such patients? 
Explain eaeh in terms of the absenee of skin. 

3. Thelma, a 30-year-old resident of a mental hospital, has an 
abnormal growth of hair on the dorsum of her right index 
finger. The orderly eomments that she gnaws on that finger 
continuously. What do you think is the relationship between 
Thelmas gnawing aetivity and her hairy finger? 

4. A model is eoneerned about a new sear on her abdomen. She tells 
her surgeon that there is praetieally no sear from the appendix 
operation done when she was 16, but this new gallbladder sear 

is c gross.” Her appendeetomy sear is small, obliquely loeated on 
the inferior abdominal surface, and very indistinet. By eontrast, 
the gallbladder sear is large, lumpy, and mns at right angles to the 
eentral axis of the body tmnk. Can you explain why the sears are 
so different? 

5. Osteomalaeia, a eondition of soft bones, is prevalent in 
Muslim countries that deeree that their women wear the 
burka, a garment that eovers all but their eyes. What is the 
cause and effeet here? 

6. Mrs. Gaucher reeeived seeond-degree burns on her abdomen 
when she dropped a kettle of boiling water. She asked her doetor 
(worriedly) if she would need a skin graft. What do you think he 
told her? 


M 








AT THE C L I N I C 


Related eiinieal Terms 

Albinism (al'bì-nizm; alb = white) Inherited eondition in which 
melanoeytes do not synthesize melanin owing to a laek of 
tyrosinase. An albinos skin is pink, the hair pale or white, and 
the irises of the eyes unpigmented or poorly so. 

Boils and carbuncles (kar'bung-klz; “little glowing embers”) 

Inflammation of hair follieles and sebaceous glands in which an 
infeetion has spread to the underlying hypodermis; eommon 
on the dorsal neek. Carbuncles are eomposite boils. A eommon 
cause is baeterial infeetion. 

Cold sores (fever blisters) Small fluid-filled blisters that iteh and 
smart; usually occur around the lips and in the mucosa of the 
mouth; caused by a herpes simplex infeetion. The vims loealizes 
in a cutaneous nerve, where it remains dormant until aetivated 
by emotional upset, fever, or UV radiation. 

Contact dermatitis itehing, redness, and swelling, progressing to 
blister formation; caused by exposure of the skin to ehemieals 
(e.g., poison ivy oleoresin) that provoke an allergie response in 
sensitive individuals. 

Decubitus ulcer (de-ku'bi-tus) Loealized breakdown and ulceration 
of skin due to interferenee with its blood supply. Usually occurs 
over a bony prominenee, such as the hip or heel, that is subjected 
to continuous pressure; also ealled a bedsore. 

Dermatology The braneh of medieine that studies and treats 
disorders of the skin. 

Eezema (ek'ze-mah) A skin rash eharaeterized by itehing, blistering, 
oozing, and sealing of the skin. A eommon allergie reaetion in 
ehildren, but also occurs (typieally in a more severe form) in 
adults. Frequent causes include allergie reaetions to eertain foods 


(fish, eggs, and others) or to inhaled dust or pollen. Treated by 
methods used for other allergie disorders. 

Epidermolysis bullosa (EB) A group of hereditary disorders 
eharaeterized by inadequate or faulty synthesis of keratin, 
eollagen, and/or basement membrane c eement” that results 
in laek of eohesion between layers of the skin and mucosa. 

A simple touch causes layers to separate and blister. For this 
reason, EB vietims are ealled cc touch-me-nots.” In severe eases 
fatal blistering occurs in major vital organs. Because the blisters 
rupture easily, vietims suffer frequent infeetions. Treatments are 
aimed at relieving the symptoms and preventing infeetion. 

Impetigo (im"pé-ti'go; impet = an attaek) Pink, fluid-filled, raised 
lesions (eommon around the mouth and nose) that develop a 
yellow emst and eventually rupture. Caused by staphylococcus 
infeetion, it is contagious, and eommon in sehool-age ehildren. 

Porphyria (por-fer'e-ah; cc purple”) An inherited eondition in which 
eertain enzymes needed to form the heme of hemoglobin 
of blood are laeking. Without these enzymes, metabolie 
intermediates of the heme pathway ealled porphyrins build up, 
spill into the circulation, and eventually cause lesions throughout 
the body, espeeially when exposed to sunlight. The skin beeomes 
lesioned and searred; fingers, toes, and nose are disfigured; gums 
degenerate and teeth beeome prominent. Believed to be the basis 
of folklore about vampires. 

Psoriasis (so-ri'ah-sis) A ehronie autoimmune eondition 

eharaeterized by raised, reddened epidermal patehes eovered 
with silvery seales that iteh or burn, eraek, and sometimes bleed 
or beeome infeeted. When severe, it may be disfiguring and 
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Related ClinicalTerms (continued) 

debilitating. Trauma, infeetion, hormonal ehanges, or stress 
often trigger the autoimmune attaeks. Cortisone-containing 
topieals (medieations applied to the skin surface) may eontrol 
mild eases. For more severe eases, self-injeeted dmgs ealled 
biologieals and/or phototherapy with UV light in conjunction 
with chemotherapeutic drugs provides some relief. 

Rosaeea (ro-za'she-ah) A ehronie skin emption produced by dilated 
small blood vessels of the faee, particularly the nose and eheeks. 
Papules and aene-like pustules may or may not occur. More 
eommon in women, but tends to be more severe when it occurs 
in men. Cause is unknown, but stress, some endoerine disorders, 
and anything that produces flushing (hot beverages, aleohol, 
sunlight, ete.) ean aggravate this eondition. 

Vitiligo (vif'í-li'go; viti = a vine, winding) The most prevalent skin 
pigmentation disorder, eharaeterized by a loss of melanoeytes 


and uneven dispersal of melanin, so that unpigmented skin 
regions (light spots) are surrounded by normally pigmented 
areas. An autoimmune disorder. 

Seleroderma (seler = hard) An autoimmune disorder eharaeterized 
by stiff, hardened skin due to abnormal amounts of eollagen 
in the dermis that severely limit joint movements and faeial 
expressions. A elassie sign of the disorder is Raynaud disease in 
which the fingers and toes beeome white and painful because 
of poor blood flow to those areas. The fibrosis that occurs in 
systemie eases may affeet a variety of organs including the lungs, 
eventually leading to suffocation, and the kidneys, leading to 
renal hypertension because of blood vessel eonstrietion and 
occlusion. Environmental faetors including organie solvents, 
asbestos, and even silieone breast implants have all been suspect 
seleroderma triggers. 



Case Study 


lntegumentary System 


A terrible eollision betvveen a trailer 
truck and a bus has occurred on 
Route 91. Several of the passengers 
are rushed to area hospitals for 
treatment. We vvill follovv a fevv of these people in elinieal ease 
studies that vvill continue through the book from one organ system 
to the next. 

Examination of Mrs. DeStephano, a 45-year-old vvoman, reveals 
several impairments of homeostasis. Relative to her integumentary 
system, the follovving eomments are noted on her ehart: 

■ Epidermal abrasions of the right arm and shoulder 

■ Severe laeerations of the right eheek and temple 

■ Cyanosis apparent 


Relative to her signs: 

1. What proteetive meehanisms are impaired or defieient in the 
abraded areas? 

2. Assuming that baeteria are penetrating the dermis in these 
areas, vvhat remaining skin defenses might aet to prevent 
further baeterial invasion? 

3. What benefit is eonferred by suturing the laeerations? (Hint: 
See ehapter 4, p. 149, Related Clinieal Terms, healing by first 
intention.) 

4. Mrs. DeStephano's eyanotie skin may hint at vvhat additional 
problem (and impairment of vvhat body systems or functions)? 


The laeerated areas are eleaned, sutured (stitehed), and nsvvers m ppen ix 

bandaged by the emergeney room (ER) personnel, and 
Mrs. DeStephano is admitted for further tests. 












Skeletal Cartilages (pp. 173-174) 

Basie Structure, Types, and Loeations (p. 174) 
Grovvth of Cartilage (p. 174) 

eiassifieation of Bones (pp. 174-176) 
Functions of Bones (pp. 176-177) 

Bone Structure (pp. 177-183) 

GrossAnatomy (pp. 177-179) 

Mieroseopie Anatomy of Bone (pp. 179-182) 


ehemieal Composition of Bone (pp. 182-183) 

Bone Development (pp. 183-187) 

Formation of the Bony Skeleton 
(pp. 183-185) 

Postnatal Bone Grovvth (pp. 185-187) 

Bone Homeostasis: Remodeling and 
Repair (pp. 187-192) 

Bone Remodeling (pp. 187-191) 

Bone Repair (pp. 191-192) 


Homeostatie imbalanees of Bone 

(pp. 192-193) 

Osteomalaeia and Riekets (p. 192) 
Osteoporosis (pp. 192-193) 

Paget's Disease (p. 193) 

Developmental Aspeets of Bones: 
Timing of Events (pp. 193-194) 

Birth to Young Adulthood (p. 193) 

Age-Related ehanges in Bone (pp. 193-194) 


A ll of us have heard the expressions "bone tired" and "bag of 

bones" —rather unflattering and inaccurate images of one of our most phe- 
nomenal tissues and our main skeletal elements. Our brains, not our bones, eon- 
vey feelings of fatigue. As for “bag of bones,” they are indeed more prominent in some 
of us, but without bones to form our internal supporting skeleton we would all ereep 
along the ground like slugs, laeking any definite shape or form. Along with its bones, the 
skeleton eontains resilient eartilages, which we briefly discuss in this ehapter. However, 
our major focus is the structure and fimetion of bone tissue and the dynamies of its for- 
mation and remodeling throughout life. 

Skeletal Cartilages 

Deseribe the functional properties of the three types of eartilage tissue. 

✓ Loeate the major eartilages of the adult skeleton. 

✓ Explain how eartilage grows. 
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The human skeleton is initially made up of eartilages and fi- 
brous membranes, but bone soon replaees most of these early 
supports. The few eartilages that remain in adults are found 
mainly in regions where flexible skeletal tissue is needed. 


Basie Structure, Types, and Loeations 








A skeletal eartilage is made of some variety of eartilage tissue 
molded to fit its body loeation and function. Cartilage eon- 
sists primarily of water, which accounts for its resilienee, that 
is, its ability to spring baek to its original shape after being 
eompressed. 

The eartilage, which eontains no nerves or blood vessels, is 
surrounded by a layer of dense irregular eonneetive tissue, the 
perichondrium (per"í-kon'dre-um; cc around the eartilage”). The 
perichondrium aets like a girdle to resist outward expansion 
when the eartilage is eompressed. Additionally, the periehon- 
drium eontains the blood vessels from which nutrients diffuse 
through the matrix to reaeh the eartilage eells internally. This 
mode of nutrient delivery limits eartilage thiekness. 

As we deseribed in Chapter 4, there are three types of earti- 
lage tissue in the body: hyaline, elastie, and fibroeartilage. The 
skeletal eartilages include examples from all three. All three 
types have the same basie eomponents—eells ealled ehondro- 
eytes , eneased in small eavities (lacunae) within an extracellular 
matrix eontaining a jellylike ground substance and fibers. 


Hyaline Cartilages 

Hyaline eartilages, which look like frosted glass when freshly 
exposed, provide support with flexibility and resilienee. They 
are the most abundant skeletal eartilages. Their ehondroeytes 
are spherieal (see Figure 4.8g), and the only fiber type in their 
matrix is fine eollagen fibers (which are undetectable miero- 
seopieally). Colored blue in i< jure 6.1, skeletal hyaline earti- 
lages include 

■ Articular eartilages , which eover the ends of most bones at 
movable joints 

■ Costal eartilages , which eonneet the ribs to the sternum 
(breastbone) 

■ Respiratory eartilages , which form the skeleton of the larynx 
(yoicebox) and reinforee other respiratory passageways 

■ Nasal eartilages , which support the external nose 

Elastie Cartilages 

Elastie eartilages resemble hyaline eartilages (see Figure 4.8h), 
but they eontain more stretehy elastie fibers and so are better 
able to stand up to repeated bending. They are found in only 
two skeletal loeations, shown in green in Figure 6.1—the exter- 
nal ear and the epiglottis (the flap that bends to eover the open- 
ing of the larynx eaeh time we swallow). 


Fibroeartilages 

Highly eompressible with great tensile strength, fibroeartilages 
eonsist of roughly parallel rows of ehondroeytes alternating 
with thiek eollagen fibers (see Figure 4.8i). Fibroeartilages occur 


in sites that are subjected to both pressure and streteh, such as 
the padlike eartilages (menisei) of the knee and the dises be- 
tween vertebrae, eolored red in Figure 6.1. 


Growth of Carf ilage 

IJnlike bone, which has a hard matrix, eartilage has a flexible 
matrix which ean aeeommodate mitosis. It is the ideal tissue to 
use to rapidly lay down the embryonie skeleton and to provide 
for new skeletal growth. 

Cartilage grows in two ways. In appositional growth (ap"o- 
zish'un-al; cc growth from outside”), eartilage-forming eells in 
the surrounding periehondrmm seerete new matrix against 
the external faee of the existing eartilage tissue. In interstitial 
growth (in"ter-stish'al; cc growth from inside”), the lacunae- 
bound ehondroeytes divide and seerete new matrix, expanding 
the eartilage from within. Typieally, eartilage growth ends dur- 
ing adoleseenee when the skeleton stops growing. 

Under eertain eonditions—during normal bone growth in 
youth and during old age, for example—eartilage ean beeome 
ealeified (hardened due to deposit of calcium salts). Note, how- 
ever, that ealeified eartilage is not bone; eartilage and bone are 
always distinet tissues. 



Check Your IJnderstanding 


1. Which type of eartilage is most plentiful in the adult body? 

2. What tvvo body structures eontain flexible elastie eartilage? 

3. Cartilage grovvs by interstitial grovvth. What does this mean? 

_ For ansvvers, see Appendix H. 


eiassifìeation of Bones 

Name the major regions of the skeleton and deseribe their 
relative functions. 

Compare and eontrast the four bone elasses and provide 
examples of eaeh elass. 

The 206 named bones of the human skeleton are divided into 
two groups: axial and appendicular. 

The axial skeleton forms the long axis of the body and in- 
cludes the bones of the skull, vertebral column, and rib eage, 
shown in orange in Figure 6.1. Generally speaking these bones 
proteet, support, or earry other body parts. 

The appendicular skeleton (ap"en-dik'u-lar) eonsists of the 
bones of the upper and lower limbs and the girdles (shoulder 
bones and hip bones) that attaeh the limbs to the axial skeleton 
(eolored gold in Figure 6.1). Bones of the limbs help us move from 
plaee to plaee (loeomotion) and manipulate our environment. 

Bones eome in many sizes and shapes. For example, the pisi- 
form bone of the wrist is the size and shape of a pea, whereas the 
femur (thigh bone) is nearly 2 feet long in some people and has 
a large, ball-shaped head. The unique shape of eaeh bone fulfills 
a particular need. The femur, for example, withstands great pres- 
sure, and its hollow-cylinder design provides maximum strength 
with minimum weight to aeeommodate our upright posture. 
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gure 6.1 The bones and eartilages of the human skeleton. The eartilages that support 
the respiratory tubes and larynx are dravvn separately at the right. 


Generally, bones are elassified by their shape as long, short, 
flat, or irregular (Figure 6.2). 

■ Long bones, as their name suggests, are eonsiderably longer 
than they are wide (Figure 6.2a). A long bone has a shaft plus 
two ends which are often expanded. All limb bones except 
the patella (kneeeap) and the wrist and ankle bones are long 
bones. Notiee that these bones are named for their elongated 


shape, not their overall size. The three bones in eaeh of your 
fingers are long bones, even though they are small. 

■ Short bones are roughly cube shaped. The bones of the 
wrist and ankle are examples (Figure 6.2d). Sesamoid bones 
(ses'ah-moid; “shaped like a sesame seed”) are a speeial type 
of short bone that form in a tendon (for example, the patella). 
They vary in size and number in different individuals. Some 
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(e) Flat bone (sternum) 


(a) Long bone (humerus) 


(b) lrregular bone (vertebra), 
right lateral view 



(d) Short bone (talus) 


gure 6.2 Gassifieation of bones on the basis of shape 


sesamoid bones aet to alter the direetion of pull of a tendon. 
The function of others is not known. 

■ Flat bones are thin, flattened, and usually a bit curved. The 
stermim (breastbone), scapulae (shoulder blades), ribs, and 
most skull bones are flat bones (Figure 6.2c). 

■ Irregular bones have eomplieated shapes that fit none of the 
preeeding elasses. Examples include the vertebrae and the 
hip bones (Figure 6.2b). 



CheckYour Understanding 


4. VVhat are the eomponents of the axial skeleton? 

5. Contrast the general function of the axial skeleton to that of 
the appendicular skeleton. 

6. VVhat bone elass do the ribs and skull bones fall into? 


For ansvvers, see Appendix H. 


Functions of Bones 

s List and deseribe seven important fiinetions of bones. 

Our bones perform seven important functions: 

■ Support. Bones provide a framework that supports the body 
and eradles its soft organs. For example, bones of lower limbs 
aet as pillars to support the body trunk when we stand, and 
the rib eage supports the thoraeie wall. 

■ Proteetion. The fused bones of the skull proteet the brain. 
The vertebrae surround the spinal eord, and the rib eage 
helps proteet the vital organs of the thorax. 

■ Movement. Skeletal muscles, which attaeh to bones by ten- 
dons, use bones as levers to move the body and its parts. As a 
result, we ean walk, grasp objeets, and breathe. The design of 
joints determines the types of movement possible. 
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■ Mineral and grovvth faetor storage. Bone is a reservoir for 
minerals, most importantly calcium and phosphate. The 
stored minerals are released into the bloodstream in their 
ionie form as needed for distribution to all parts of the body. 
Indeed, “deposits” and a withdrawals” of minerals to and from 
the bones go on almost continuously. Additionally, mineral- 
ized bone matrix stores important growth faetors. 

■ Blood eell formation. Most blood eell formation, or hema- 
topoiesis (hem"ah-to-poi-e'sis), occurs in the red marrow 
eavities of eertain bones. 

■ Triglyeeride (fat) storage. Fat, a source of energy for the 
body, is stored in bone eavities. 

■ Hormone production. Bones produce osteoealein, a hor- 
mone which not only helps regulate bone formation, but also 
proteets against obesity, glucose intoleranee, and diabetes 
mellitus. (Osteoealein is discussed further in Ohapter 16.) 



Check Your IJnderstanding 


7. What is the fiinetional relationship between skeletal muscles 
and bones? 

8. What two types of substances are stored in bone matrix? 

9. Deseribe two functions of a bone's marrow eavities. 


For ansvvers, see Appendix H. 


Bone Stmetiire 

✓ Deseribe the gross anatomy of a typieal flat bone and a 
long bone. indieate the loeations and functions of red 
and yellow marrow, articular eartilage, periosteimn, and 
endosteum. 

s indieate the functional importanee of bone markings. 

s Deseribe the histology of eompaet and spongy bone. 

Discuss the ehemieal eomposition of bone and the 
advantages eonferred by its organie and inorganie 
eomponents. 

Because they eontain different types of tissue, bones are organs. 
(Reeall that an organ eontains several different tissues.) Although 
bone (osseous) tissue dominates bones, they also eontain nervous 
tissue in their nerves, eartilage in their articular eartilages, fibrous 
eonneetive tissue lining their eavities, and muscle and epithelial 
tissues in their blood vessels. We will eonsider bone structure at 
three levels: gross, mieroseopie, and ehemieal. 


Gross Anatomy 

BoneTextures: Compact and Spongy Bone 

Every bone has a dense outer layer that looks smooth and solid 
to the naked eye. This external layer is eompaet bone (Fig- 
ures 6.3 and 6.4). Internal to this is spongy bone (also ealled 
trabeeidar bone ), a honeyeomb of small needle-like or flat pieees 
ealled trabeculae (trah-bek'u-le; “little beams”). In living bones 
the open spaees between trabeculae are filled with red or yellow 
bone marrow. 





Spongy 

bone 

(diploè) 

Compact 

bone 




Trabeculae of 
spongy bone 


Figure 6.3 Flat bones eonsist of a layer of spongy bone 
sandwiched between two thin layers of eompaet bone. 

(Photomierograph at bottom, 25x) 


Structure of Short, lrregular, and Flat Bones 

Short, irregular, and flat bones share a simple design: They all 
eonsist of thin plates of spongy bone eovered by eompaet bone. 
These plates are eovered outside and inside by eonneetive tissue 
membranes, respeetively the periosteum and endosteum (de- 
seribed on pp. 178-179). However, these bones are not eylindri- 
eal and so they have no shaft or epiphyses. They eontain bone 
marrow (between their trabeculae), but no well-defined mar- 
row eavity. Where they form movable joints with their neigh- 
bors, hyaline eartilage eovers their surfaces. 

Figure 6.3 shows a typieal flat bone of the skull. In flat bones, 
the spongy bone is ealled the diploé (dip'lo-e; “folded”) and the 
whole arrangement resembles a stiffened sandwich. 

Structure of aTypieal Long Bone 

With few exceptions, all long bones have the same general struc- 
ture: a shaft, bone ends, and membranes Figure 6.4). 
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(a) 


(e) 


gure 6.4 The structure of a long 
bone (humerus of arm). (a) Anterior vievv 
vvith bone seetioned frontally to shovv the 
interior at the proximal end. (b) Enlarged 


vievv of spongy bone and eompaet bone of 
the epiphysis of (a). (For related images, see 
A BriefAtlas ofthe Human Body, Plates 20 
and 21.) (e) Enlarged eross-seetional vievv 


of the shaft (diaphysis) of (a). Note that the 
external surface of the diaphysis is eovered by 
periosteum 7 but the articular surface of the 
epiphysis is eovered vvith hyaline eartilage. 


Diaphysis A tubular diaphysis (di-af' ì-sis; dia — through, 
physis = growth), or shaft, forms the long axis of the bone. It 
is eonstmeted of a relatively thiek eollar of eompaet bone that 
surrounds a eentral medullary eavity (med'u-lar-e; “rniddle”), 
or marrow eavity. In adults, the medullary eavity eontains fat 
(yellow marrow) and is ealled the yellow marrow eavity. 

Epiphyses The epiphyses (e-pif'í-sèz; singular: epiphysis) are 
the bone ends (epi = upon). In many eases, they are broader 
than the diaphysis. An outer shell of eompaet bone forms the 
epiphysis exterior and their interior eontains spongy bone. A 
thin layer of articular (hyaline) eartilage eovers the joint surface 
of eaeh epiphysis, cushioning the opposing bone ends during 
movement and absorbing stress. 

Between the diaphysis and eaeh epiphysis of an adult long 
bone is an epiphyseal line, a remnant of the epiphyseal plate, 
a dise of hyaline eartilage that grows during ehildhood to 


lengthen the bone. The flared portion of the bone where the 
diaphysis and epiphysis meet, whether it is the epiphyseal plate 
or line, is sometimes ealled the metaphysis (meta = between). 

Membranes A glistening white, double-layered membrane 
ealled the periosteum (per"e-os'te-um; peri = around, osteo 
= bone) eovers the external surface of the entire bone except 
the joint surfaces. The outer fdorous layer of the periosteum is 
dense irregular eonneetive tissue. The inner osteogenie layer , 
abutting the bone surface, eonsists primarily of primitive stem 
eells, osteogenie eells , that give rise to all bone eells except bone- 
destroying eells. These eell types are deseribed shortly. 

The periosteum is riehly supplied with nerve fibers and blood 
vessels, which pass through the shaft to enter the marrow eavity 
via nutrient foramina (fo-ra'me-nah; “openings”). Perforating 
(Sharpeys) fihers —tufts of eollagen fibers that extend from its 
fibrous layer into the bone matrix—secure the periosteum to 
















































































ehapter 6 Bones and Skeletal Tissues 


179 


the underlying bone (Figure 6.4). The periosteum also provides 
anehoring points for tendons and ligaments. At these points the 
perforating fibers are exceptionally dense. 

A delieate eonneetive tissue membrane ealled the endos- 
teum (en-dos'te-um; cc within the bone”) eovers internal bone 
surfaces (Figure 6.4). The endosteum eovers the trabeculae of 
spongy bone and lines the eanals that pass through the eompaet 
bone. Like the periostemn, the endosteum eontains osteogenie 
eells that ean differentiate into other bone eells. 

Loeation of HematopoieticTissue in Bones 

Hematopoietie tissue, red marrow, is typieally found within the 
trabecular eavities of spongy bone of long bones and in the diploé 
of flat bones. For this reason, both these eavities are often ealled 
red marrow eavities. In newborn infants, the medullary eavity 
of the diaphysis and all areas of spongy bone eontain red bone 
marrow. In most adult long bones, the fat-eontaining medullary 
eavity extends well into the epiphysis, and little red marrow is 
present in the spongy bone eavities. For this reason, blood eell 
production in adult long bones routinely occurs only in the heads 
of the femur and humerus (the long bone of the arm). 

The red marrow found in the diploé of flat bones (such as the 
stermim) and in some irregular bones (such as the hip bone) is 
much more aetive in hematopoiesis. When elinieians suspect 
problems with the blood-forming tissue, they obtain red mar- 
row samples from these sites. However, yellow marrow in the 
medullary eavity ean revert to red marrow if a person beeomes 
very anemie and needs more red blood eells. 

Bone Markings 

The external surfaces of bones are rarely smooth and featureless. 
Instead, they display projeetions, depressions, and openings. 
These bone markings serve as sites of muscle, ligament, and 
tendon attaehment, as joint surfaces, or as conduits for blood 
vessels and nerves. 

Projeetions—bone markings that bulge outward from the 
surface—include heads, troehanters, spines, and others. Eaeh 


has distinguishing features and flmetions. In most eases, bone 
projeetions indieate the stresses ereated by muscles attaehed to 
and pulling on them or are modified surfaces where bones meet 
and form joints. 

Bone markings that are depressions and openings include 
fossae (singular: fossa), sinuses, foramina (singular: foramen), 
and grooves. They usually allow nerves and blood vessels to 
pass. Table 6.1 deseribes the most important types of bone 
markings. Familiarize yourself with these terms because you 
will meet them again as identifying marks of the individual 
bones studied in the lab. 


Mieroseopie Anatomy of Bone 


Cells of BoneTìssue 

Five major eell types populate bone tissue: osteogenie eells, os- 
teoblasts, osteoeytes, bone lining eells, and osteoelasts. All of 
these except for the osteoelasts originate from mesenehymal 
eells. Eaeh eell type is essentially a speeialized form of the same 
basie eell type that transforms to a mature or flmetional form 
that serves bone growth in some speeifie way Figure 6.5] . 
Bone eells, like other eonneetive tissue eells, are surrounded by 
an extracellular matrix of their making. 

Osteogenie Cells Osteogenie eells, also ealled osteoprogeni- 
tor eells, are mitotieally aetive stem eells found in the membra- 
nous periosteum and endosteum. In growing bones they are 
flattened or squamous eells. When stimulated, these eells dif- 
ferentiate into osteoblasts or bone lining eells (see below), while 
others persist as osteogenie eells. 


r 
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Osteoblasts Osteoblasts are bone-forming eells that seerete 
the bone matrix. Like their elose relatives, the fibroblasts and 
ehondroblasts, they are aetively mitotie. The unmineralized 
bone matrix they seerete includes eollagen (90% of bone pro- 
tein) and calcium-binding proteins that make up the initial un- 
mineralized bone, or osteoid. As deseribed later, osteoblasts also 
play a role in matrix ealeifieation. 


(a) Osteogenie eell 

(b) Osteoblast 

(e) Osteoeyte 

(d) Osteoelast 


Stem eell Matrix-synthesizing eell Mature bone eell that monitors Bone-resorbing eell 

responsible for bone growth and maintains the mineralized 

bone matrix 



Figure 6.5 Comparison of different types of bone eells. The bone lining eell, similar in 
appearanee to the osteogenie eell and similar to the osteoeyte in fiinetion, is not illustrated. 
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Table 6.1 Bone Markings 


NAME OF 

BONE MARKING DESCRIPTION 

ILLLISTRATIONS 

Projeetions That Are Sites of Muscle and Ligament Attaehment 



Tuberosity 

(too"bé-ros'T-te) 

Large rounded projeetion; may be 
roughened 

Crest 

Narrow ridge of bone; usually prominent 

Troehanter 

(tro-kan'ter) 

Very large, blunt, irregularly shaped 
proeess (the only examples are on the 
femur) 

Line 

Narrow ridge of bone; less prominent 
than a erest 

Tubercle 

(too'ber-kl) 

Small rounded projeetion or proeess 

Epieondyle 

(ep"T-kon'díl) 

Raised area on or above a eondyle 

Spine 

Sharp, slender, often pointed projeetion 

Proeess 

Any bony prominenee 




Coxal 

bone 


Vertebra 


erest 


isehial 

spine 


isehial 

tuberosity 


Spinous 

proeess 


Troehanter 



Femur 

of 

thigh 


Faeet 



intertroehanterie 


Adductor 

tubercle 


Medial 

epieondyle 

Oondyle 


Projeetions That Help to Form Joints 


Head 

Bony expansion earried on a narrow neek 

Faeet 

Smooth, nearly flat articular surface 

Condyle 

Rounded articular projeetion 

(kon'dTl) 


Ramus 

Armlike bar of bone 

(ra'mus) 




Oondyle 


Ramus 



Mandible 


Depressions and Openings 


For Passage of Blood Vessels and Nerves 


Groove 

Fissure 

Foramen 

(fo-ra'men) 

Noteh 

Others 

Meatus 

(me-a'tus) 

Sinus 


Fossa 

(fos'ah) 


Furrow 

Narrow, slitlike opening 

Round or oval opening through a bone 


Indentation at the edge of a structure 


Canal-like passageway 


Cavity within a bone, filled with air and 
lined with mucous membrane 

Shallow, basinlike depression in a bone, 
often serving as an articular surface 


Meatus 


Fossa - 

Noteh - 
G roove 



Sinus 


Inferior- 

orbital 

fissure 

Foramen 


Skull 



When aetively depositing matrix, osteoblasts are cube 
shaped. When inaetive, they resemble the flattened osteogenie 
eells or may differentiate into bone lining eells. When the os- 
teoblasts beeome eompletely surrounded by the matrix being 
seereted, they beeome osteoeytes. 

Osteoeytes The spidery osteoeytes (Figure 6.5) are mature 
bone eells that occupy spaees (lacunae) that eonform to their 
shape. Osteoeytes monitor and maintain the bone matrix. If 


they die, the surrounding matrix is resorbed. Osteoeytes also aet 
as stress or strain “sensors” and respond to meehanieal stimuli 
(bone loading, bone deformation, weightlessness). They eom- 
immieate this information to the eells responsible for bone re- 
modeling (osteoblasts and osteoelasts) so that bone matrix ean 
be made or degraded as neeessary to preserve calcium homeo- 
stasis. We discuss the bone-destroying osteoelast on p. 187 when 
we explore bone remodeling. 
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Bone Lining Cells Bone lining eells are flat eells found on bone 
surfaces where bone remodeling is not going on. Like osteoeytes, 
they are thought to help maintain the matrix. Bone lining eells on 
the external bone surface are also ealled periosteal eells , whereas 
those lining internal surfaces are ealled endosteal eells. 

Osteodasts Derived from the same hematopoietie stem eells 
that diíferentiate into maerophages, osteoelasts are giant multi- 
nucleate eells loeated at sites of bone resorption. When aetively 
resorbing (breaking down) bone, the osteoelasts rest in a shal- 
low depression ealled a resorption bay and exhibit a distinetive 
rnffled border which direetly eontaets the bone. The deep plasma 
membrane infoldings of the mífled border tremendously in- 
erease the surface area for enzymatieally degrading the bones 
and seal oíf that area from the surrounding matrix. 

Compact Bone 

Although eompaet bone looks solid, a mieroseope reveals that 
it is riddled with passageways that serve as conduits for nerves 
and blood vessels (see Figure 6.7). 

Osteon (Haversian System) The structural unit of eompaet 
bone is ealled either the osteon (os'te-on) or the Haversian 
system (ha-ver'zhen). Eaeh osteon is an elongated eylinder ori- 
ented parallel to the long axis of the bone. Functionally, osteons 
are tiny weight-bearing pillars. 

As shown in the c exploded” view in : igure 6.6, an osteon is 
a group of hollow tubes of bone matrix, one plaeed outside the 
next like the growth rings of a tree trunk. Eaeh matrix tube is 
a lamella (lah-mel'ah; “little plate”), and for this reason eom- 
paet bone is often ealled lamellar bone. Although all of the 
eollagen fibers in a particular lamella run in a single direetion, 
the eollagen fibers in adjaeent lamellae always run in different 
direetions. This alternating pattern is beautifully designed to 
withstand torsion stresses—the adjaeent lamellae reinforee one 
another to resist twisting. You ean think of the osteons design as 
a cc twister resister.” 

Collagen fibers are not the only part of bone lamellae that are 
beautifully ordered. The tiny erystals of bone salts align between 
the eollagen fibrils and thus also alternate their direetion in ad- 
jaeent lamellae. 

Canals and Canaliculi Running through the eore of eaeh 
osteon is the eentral eanal, or Haversian eanal, eontaining 
small blood vessels and nerve fibers that serve the osteons 
eells. Canals of a seeond type ealled perforating eanals, or 
Volkmann’s eanals (folk'mahnz), lie at right angles to the long 
axis of the bone and eonneet the blood and nerve supply of the 
periosteum to those in the eentral eanals and the medullary 
eavity Figure 6.7a] . Unlike the eentral eanals of osteons, the 
perforating eanals are not surrounded by eoneentrie lamellae, 
but like all other internal bone eavities, these eanals are lined 
with endosteum. 

Spider-shaped osteoeytes (Figures 6.5c and 6.7b) occupy la- 
cunae ( lae = hollow; una = little) at the junctions of the lamel- 
lae. Hairlike eanals ealled canaliculi (kan"ah-lik'u-li) eonneet 
the lacunae to eaeh other and to the eentral eanal. 


Structures 
in the 
eentral 
eanal 


Artery with 
eapillaries 

Vein 
Nerve fiber 


Oollagen 
fibers 
run in 
different 
direetions 


Twisting 

foree 



Lamellae 



Figure 6.6 A single osteon. The osteon is dravvn as if pulled out 
like a teleseope to illustrate the individual lamellae. 


The manner in which canaliculi are formed is interesting. 
When bone is forming, the osteoblasts seereting bone matrix 
surround blood vessels and maintain eontaet with one another 
and loeal osteoeytes by tentaele-like projeetions eontaining gap 
junctions. Then, as the newly seereted matrix hardens and the 
maturing eells beeome trapped within it, a system of tiny eanals— 
the canaliculi filled with tissue fluid and eontaining the osteoeyte 
extensions—is formed. The canaliculi tie all the osteoeytes in a 
mature osteon together, allowing them to communicate and per- 
mitting nutrients and wastes to be relayed from one osteoeyte to 
the next throughout the osteon. Although bone matrix is hard 
and impermeable to nutrients, its canaliculi and eell-to-eell relays 
(via gap junctions) allow bone eells to be well nourished. 

Interstitial and Circumferential Lamellae Not all the lamellae 
in eompaet bone are part of eomplete osteons. Lying between 
intaet osteons are ineomplete lamellae ealled interstitial lamel- 
lae (in"ter-stish'al) (Figure 6.7c, right photomierograph). They 
either fill the gaps between forming osteons or are remnants of 
osteons that have been cut through by bone remodeling (dis- 
cussed later). Circumferential lamellae, loeated just deep to 
the periosteum and just superficial to the endosteum, extend 
around the entire circumference of the diaphysis (Figure 6.7a) 
and effeetively resist twisting of the long bone. 

Spongy Bone 

In eontrast to eompaet bone, spongy bone looks like a 
poorly organized, even haphazard, tissue (see Figure 6.4 and 
Figure 6.3b). However, the trabeculae in spongy bone align 
preeisely along lines of stress and help the bone resist stress. 
These tiny bone struts are as carefully positioned as the ea- 
bles on a suspension bridge. 
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Compact bone 


Spongy bone 








Central- 

(Haversian) eanal 


Osteon- 

(Haversian system) 


6 


Circumferential 

lamellae 



(a) 



Perforating 
(Volkmann’s) eanal 


Endosteum lining bony eanals 
and eovering trabeculae 


Perforating (Sharpey’s) fibers 


Lamellae 



% 




Periosteal blood vessel 
Periosteum 


Nerve 


Vein 


Artery 


Canaliculi 


Osteoeyte 
in a lacuna 

(b) 



Lamellae 


Central 

eanal 


Lacunae 



(e) 



Interstitial 

lamella 


Lacuna (with osteoeyte) 


Figiire 6.7 Mieroseopie anatomy of eompaet bone. (a) Diagram of a pie-shaped segment 
of eompaet bone. (b) Close-up of a portion of one osteon. Note the position of osteoeytes in 
the lacunae. (e) SEM (left) of eross-seetional vievv of an osteon (410x). Light photomierograph 
(right) of a eross-seetional vievv of an osteon (410x). 


Only a few eells thiek, trabeculae eontain irregularly arranged 
lamellae and osteoeytes intereonneeted by canaliculi. No oste- 
ons are present. Nutrients reaeh the osteoeytes of spongy bone 
by diffusing through the canaliculi from eapillaries in the en- 
dosteum surrounding the trabeculae. 


ehemieal Composition of Bone 

Bone eontains both organie and inorganie substances. Organie 
eomponents include bone eells and osteoid. Its inorganie eompo- 
nents are mineral salts. 
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Organie Components 

The organie eomponents of bone include its eells (osteogenie 
eells, osteoblasts, osteoeytes, bone-lining eells, and osteoelasts) 
and osteoid (os'te-oid), the organie part of the matrix. Osteoid, 
which makes up approximately one-third of the matrix, includes 
ground substance (eomposed of proteoglyeans and glyeopro- 
teins) and eollagen fibers, both of which are made and seereted 
by osteoblasts. These organie substances, particularly eollagen, 
contribute both to a bones structure and to the flexibility and 
tensile strength that allow it to resist streteh and twisting. 

Bones resilienee is thought to eome from saerifieial bonds in 
or between eollagen molecules. These bonds streteh and break 
easily on impaet, dissipating energy to prevent the foree from 
rising to a fracture value. In the absenee of continued or addi- 
tional trauma, most of the saerifieial bonds re-form. 


inorganie Components 

The balanee of bone tissue (65% by mass) eonsists of inorganie 
hydroxyapatites (hi-drok"se-ap'ah-tìtz), or mineral salts , largely 
calcium phosphates present as tiny, tightly paeked, needle- 
like erystals in and around eollagen fibers in the extracellular 
matrix. The erystals account for the most notable eharaeteris- 
tie of bone—its exceptional hardness, which allows it to resist 
eompression. 

The proper eombination of organie and inorganie matrix 
elements makes bone exceedingly durable and strong without 
being brittle. Healthy bone is half as strong as steel in resisting 
eompression and fully as strong as steel in resisting tension. 

Because of the mineral salts they eontain, bones last long af- 
ter death and provide an enduring c monument.” In faet, skeletal 
remains many centuries old ean still reveal the shapes and sizes 
of aneient peoples, the kinds of work they did, and many of the 
ailments they suffered, such as arthritis. Growth arrest lines , hori- 
zontal lines on long bones, provide visible proof of illness when the 
body uses nutrients to fight disease and the bones stop growing. 



Check Your IJnderstanding 


10. Are erests, tubercles, and spines bony projeetions or 
depressions? 

11. How does the structure of eompaet bone differ from that of 
spongy bone when viewed with the naked eye? 

12. Which membrane lines the internal eanals and eovers the 
trabeculae of a bone? 

13. Which eomponent of bone—organie or inorganie—makes it 
hard? 

14. Which eell has a ruffled border and aets to break down bone 
matrix? 


For ansvvers, see Appendix H. 


Bone Development 

Compare and eontrast intramembranous ossifieation and 
endoehondral ossifieation. 

s Deseribe the proeess of long bone growth that occurs at 
the epiphyseal plates. 


Ossifieation and osteogenesis (os"te-o-jen'é-sis) are synonyms 
meaning the proeess of bone formation (os = bone, genesis = be- 
ginning). In embryos this proeess leads to the formation of the 
bony skeleton. Later another form of ossifieation known as bone 
growth goes on until early adulthood as the body inereases in size. 
Bones are eapable of growing thieker throughout life. However, 
ossifieation in adults serves mainly for bone remodeling and repair. 


Formation of the Bony Skeleton 


Before week 8, the skeleton of a human embryo is eonstmeted 
entirely from fibrous membranes and hyaline eartilage. Bone 
tissue begins to develop at about this time and eventually re- 
plaees most of the existing fibrous or eartilage structures. 

■ In endoehondral ossifieation (endo = within, ehondro = ear- 
tilage), a bone develops by replaeing hyaline eartilage. The 
resulting bone is ealled a eartilage, or endoehondral, bone. 

■ In intramembranoiis ossifieation , a bone develops from a fi- 
brous membrane and the bone is ealled a membrane bone. 

The beauty of using flexible structures (membranes and earti- 
lages) to fashion the embryonie skeleton is that they ean aeeom- 
modate mitosis. Were the early skeleton eomposed of ealeified 
bone tissue from the outset, growth would be much more difficult. 


á 






Endoehondral Ossifìeation 

Except for the elavieles, essentially all bones below the base of 
the skull form by endoehondral ossifieation (en"do-kon'dral). 
Beginning late in the seeond month of development, this pro- 
eess uses hyaline eartilage cc bones” formed earlier as models, 
or patterns, for bone eonstmetion. It is more complex than in- 
tramembranous ossifieation because the hyaline eartilage must 
be broken down as ossifieation proeeeds. 

For example, the formation of a long bone typieally be- 
gins in the eenter of the hyaline eartilage shaft at a region 
ealled the primary ossifieation eenter. First, blood vessels 
infiltrate the perichondrium eovering the hyaline eartilage 
cc bone,” eonverting it to a vascularized periosteum. As a re- 
sult of this ehange in mitrition, the underlying mesenehymal 
eells speeialize into osteoblasts. The stage is now set for os- 
sifieation to begin gure 6.8 : 

0 A bone eollar forms around the diaphysis of the hyaline 
eartilage model. Osteoblasts of the newly eonverted perios- 
teum seerete osteoid against the hyaline eartilage diaphysis, 
eneasing it in a cuff or eollar of bone ealled the periosteal 
bone eollar. 

@ Cartilage in the eenter of the diaphysis ealeifies and then 
develops eavities. As the bone eollar forms, ehondroeytes 
within the shaft hypertrophy (enlarge) and signal the sur- 
rounding eartilage matrix to ealeify. Then, because ealeified 
eartilage matrix is impermeable to difffising nutrients, the 
ehondroeytes die and the matrix begins to deteriorate. This 
deterioration opens up eavities, but the bone eollar stabi- 
lizes the hyaline eartilage model. Elsewhere, the eartilage 
remains healthy and continues to grow briskly, causing the 
eartilage model to elongate. 









184 


UNIT 2 Covering, Support, and Movement of the Body 


Week 9 


Month 3 


Birth 


Childhood to adoleseenee 


Articular 

eartilage 


Seeondary 

ossifieation 
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Spongy 

bone 
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eartilage matrix 


Epiphyseal 
blood vessel 


Hyaline 

eartilage 



Bone 
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ossifieation 
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Spongy- 

bone 

formation 
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eartilage 
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(T) Bone eollar forms 
around the diaphysis 
of the hyaline 
eartilage model. 


©Cartilage in the 
eenter of the diaphysis 
ealeifies and then 
develops eavities. 


©The periosteal 
bud invades the 
internal eavities and 
spongy bone forms. 


©The diaphysis 
elongates and a 
medullary eavity forms. 
Seeondary ossifieation 
eenters appear in the 
epiphyses. 


©The epiphyses ossify. 
VVhen eompleted, hyaline 
eartilage remains only in 
the epiphyseal plates and 
articular eartilages. 


Figure 6.8 Endoehondral ossifieation in a long bone. 


© The periosteal bud invades the internal eavities and 
spongy bone forms. In month 3, the forming eavities are 
invaded by a eolleetion of elements ealled the periosteal 
bud, which eontains a nutrient artery and vein, nerve fi- 
bers, red marrow elements, osteogenie eells, and osteo- 
elasts. The entering osteoelasts partially erode the ealeified 
eartilage matrix, and the osteogenie eells beeome osteo- 
blasts and seerete osteoid around the remaining ealeified 
fragments of hyaline eartilage, forming bone-eovered ear- 
tilage trabeculae. In this way, the earliest version of spongy 
bone forms in a developing long bone. 

© The diaphysis elongates and a medullary eavity forms. As 

the primary ossifieation eenter enlarges, osteoelasts break 
down the newly formed spongy bone and open up a med- 
ullary eavity in the eenter of the diaphysis. Throughout 
the fetal period (week 9 until birth), the rapidly growing 
epiphyses eonsist only of eartilage, and the hyaline eartilage 
models continue to elongate by division of viable eartilage 
eells at the epiphyses. Ossifieation “ehases” eartilage for- 
mation along the length of the shaft as eartilage ealeifies, 
erodes, and then is replaeed by bony spicules on the epiphy- 
seal surfaces faeing the medullary eavity. 


© The epiphyses ossify. At birth, most of our long bones have 
a bony diaphysis surrounding remnants of spongy bone, a 
widening medullary eavity, and two cartilaginous epiphy- 
ses. Shortly before or after birth, seeondary ossifieation 
eenters appear in one or both epiphyses, and the epiphyses 
gain bony tissue. (Typieally, the large long bones form see- 
ondary eenters in both epiphyses, whereas the small long 
bones form only one seeondary ossifieation eenter.) The 
eartilage in the eenter of the epiphysis ealeifies and dete- 
riorates, opening up eavities that allow a periosteal bud to 
enter. Then bone trabeculae appear, just as they did earlier 
in the primary ossifieation eenter. 

In short bones, only the primary ossifieation eenter is 
formed. Most irregular bones develop from several distinet 
ossifieation eenters. 

Seeondary ossifieation reproduces almost exactly the 
events of primary ossifieation, except that the spongy bone 
in the interior is retained and no medullary eavity forms 
in the epiphyses. When seeondary ossifieation is eomplete, 
hyaline eartilage remains only at two plaees: 

■ On the epiphyseal surfaces, as the artieiilar eartilages 

■ At the junction of the diaphysis and epiphysis, where it 
forms the epiphyseal plates 
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Mesenehymal 

eell 

Collagen 

fibril 

Ossifieation 

eenter 

Osteoid 

Osteoblast 


Ossifieation eenters appear in the fibrous eonneetive tissue 
membrane. 

• Seleeted eentrally loeated mesenehymal eells cluster and 
differentiate into osteoblasts, forming an ossifieation eenter 
that produces the first trabeculae of spongy bone. 



Osteoblast 

Osteoid 

Osteoeyte 

Newly ealeified 
bone matrix 


Osteoid is seereted within the fibrous membrane and ealeifies. 

• Osteoblasts begin to seerete osteoid, which ealeifies in a 
few days. 

• Trapped osteoblasts beeome osteoeytes. 



Mesenehyme 
eondensing 
to form the 
periosteum 

Trabeculae of 
woven bone 

Blood vessel 


(3) Woven bone and periosteum form. 

• Accumulating osteoid is laid down between embryonie blood 
vessels in a manner that results in a network (instead of 
eoneentrie lamellae) of trabeculae ealled woven bone. 

• Vascularized mesenehyme eondenses on the external faee of the 
woven bone and beeomesthe periosteum. 



Fibrous 

periosteum 

Osteoblast 

Plate of 
eompaet bone 

Diploè (spongy 
bone) eavities 
eontain red 
marrow 


K$J Lamellar bone replaees woven bone, just deep to the 
periosteum. Red marrow appears. 

• Trabeculae just deep to the periosteum thieken. Mature lamellar 
bone replaees them, forming eompaet bone plates. 

• Spongy bone (diploè), eonsisting of distinet trabeculae, persists 
internally and its vascular tissue beeomes red marrow. 


Intramembranoiis Ossifìeation 

Intramembranous ossifieation forms the eranial bones of the 
skull (frontal, parietal, oeeipital, and temporal bones) and the 
elavieles. Most bones formed by this proeess are flat bones. At 
about week 8 of development, ossifieation begins within fibrous 
eonneetive tissue membranes formed by mesenehymal eells. 
This proeess involves four major steps, depieted in igure 6.9. 


Postnatal Bone Growth 


During infaney and youth, long bones lengthen entirely by in- 
terstitial growth of the epiphyseal plate eartilage and its replaee- 
ment by bone, and all bones grow in thiekness by appositional 
growth. Most bones stop growing during adoleseenee. How- 
ever, some faeial bones, such as those of the nose and lower jaw, 
continue to grow almost impereeptibly throughout life. 


Growth in Length of Long Bones 


Longitudinal bone growth mimies many of the events of endo- 
ehondral ossifieation and depends on the presenee of epiphyseal 
eartilage. The eartilage is relatively inaetive on the side of the epi- 
physeal plate faeing the epiphysis, a region ealled the resting or qui- 
eseent zone. But the epiphyseal plate eartilage abutting the diaphysis 
organizes into a pattern that allows fast, effieient growth. The earti- 
lage eells here form tall columns, like eoins in a staek. The eells at the 
“top” (epiphysis-faeing) side of the staek abutting the resting zone 
eomprise th e proliferation or growth zone gure 6.10] . These eells 
divide quickly, pushing the epiphysis away from the diaphysis and 
lengthening the entire long bone. 

Meanwhile, the older ehondroeytes in the staek, which are 
eloser to the diaphysis ( hypertrophie zone in Figure 6.10), hyper- 
trophy, and their lacunae erode and enlarge, leaving large in- 
tereonneeting spaees. Subsequently, the surrounding eartilage 
matrix ealeifies and these ehondroeytes die and deteriorate, 
producing the ealeifieation zone. 

This leaves long slender spicules of ealeified eartilage at the 
epiphysis-diaphysis junction, which look like stalaetites hang- 
ing from the roof of a eave. These ealeified spicules ultimately 
beeome part of the ossifieation or osteogenie zone , and are in- 
vaded by marrow elements from the medullary eavity. Os- 
teoelasts partly erode the eartilage spicules, then osteoblasts 
quickly eover them with new bone, and ultimately spongy bone 
replaees them. Eventually as osteoelasts digest the spicule tips, 
the medullary eavity also lengthens. During growth, the epi- 
physeal plate maintains a eonstant thiekness because the rate of 
eartilage growth on its epiphysis-faeing side is balaneed by its 
replaeement with bony tissue on its diaphysis-faeing side. 

Longitudinal growth is aeeompanied by almost continuous 
remodeling of the epiphyseal ends to maintain the proportion 
between the diaphysis and epiphyses. Bone remodeling involves 
both new bone formation and bone resorption IFigure 6.11] . 



gure 6.9 lntramembranous ossifieation. Diagrams (5) and 
@ represent much lovver magnifieation than diagrams @ and @. 
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© Proliferation 
zone 

Oartilage eells 
undergo mitosis. 


(D Hypertrophie 
zone 

Older eartilage eells 
enlarge. 

(3) Galeifieation 
zone 

Matrix ealeifies; 
eartilage eells die; 
matrix begins 
deteriorating; blood 
vessels invade 
eavity. 

® Ossifieation 
zone 

New bone forms. 


Figure 6.10 Grovvth in length of a long bone occurs at the 
epiphyseal plate. The side of the epiphyseal plate faeing the 
epiphysis eontains resting eartilage eells. The eells of the epiphyseal 
plate proximal to the resting eartilage area are arranged in four 
zones—proliferation, hypertrophie, ealeifieation, and ossifieation— 
from the region of the earliest stage of grovvth ® to the region 
vvhere bone is replaeing the eartilage ® (11 5x). 


We deseribe it in more detail later in conjunction with the 
ehanges that occur in adult bones. 

As adoleseenee ends, the ehondroblasts of the epiphyseal 
plates divide less often and the plates beeome thinner and thin- 
ner until they are entirely replaeed by bone tissue. Longitudinal 
bone growth ends when the bone of the epiphysis and diaphysis 
fuses. This proeess, ealled epiphyseal plate closure , happens at 
about 18 years of age in females and 21 years of age in males. 
Onee this has occurred, only the articular eartilage remains in 
bones. However, as noted earlier, an adult bone ean still widen 
by appositional growth if stressed by excessive muscle aetivity 
or body weight. 

Grovvth in Width (Thiekness) 

Growing bones widen as they lengthen. As with eartilages, bones 
inerease in thiekness or, in the ease of long bones, diameter, by 
appositional growth. Osteoblasts beneath the periosteum seerete 
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gure 6.11 Long bone grovvth and remodeling during 
youth. The events at the left depiet endoehondral ossifieation that 
occurs at the articular eartilages and epiphyseal plates as the bone 
lengthens. Events at the right shovv bone remodeling during long 
bone grovvth to maintain proper bone proportions. The dashed red 
outline matehes the vievv on the left. 


bone matrix on the external bone surface as osteoelasts on the 
endosteal surface of the diaphysis remove bone (Figure 6.11). 
However, normally there is slightly more building up than break- 
ing down. This unequal proeess produces a thieker, stronger 
bone but prevents it from beeoming too heavy. 



Check Your Understanding 


15. Bones don't begin vvith bone tissue. What do they begin 
vvith? 

16. When deseribing endoehondral ossifieation, some say "bone 
ehases eartilage." What does that mean? 

17. Where is the primary ossifieation eenter loeated in a long 
bone? Where is (are) the seeondary ossifieation eenter(s) 
loeated? 

18. As a long bone grovvs in length, vvhat is happening in the 
hypertrophie zone of the epiphyseal plate? 

_ For ansvvers, see Appendix H. 


Hormonal Regiilation of Bone Grovvth 

The bone growth that occurs until young adulthood is exqui- 
sitely eontrolled by a symphony of hormones. During infaney 
and ehildhood, the single most important stimulus of epiphy- 
seal plate aetivity is growth hormone released by the anterior 
pituitary gland. Thyroid hormones modulate the aetivity of 
growth hormone, ensuring that the skeleton has proper propor- 
tions as it grows. 

At puberty, male and female sex hormones (testosterone and 
estrogens, respeetively) are released in inereasing amounts. Ini- 
tially these sex hormones promote the growth spurt typieal of 
adoleseenee, as well as the masculinization or feminization of 
speeifie parts of the skeleton. Later the hormones induce epi- 
physeal closure, ending longitudinal bone growth. 
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Excesses or defieits of any of these hormones ean result in ab- 
normal skeletal growth. For example, hyperseeretion of growth 
hormone in ehildren results in excessive height (gigantism), and 
defieits of growth hormone or thyroid hormone produce ehar- 
aeteristie types of dwarfism. 


Bone Homeostasis: 

Remodeling and Repair 

Compare the loeations and remodeling functions of the 
osteoblasts, osteoeytes, and osteoelasts. 

Explain how hormones and physieal stress regulate bone 
remodeling. 

Deseribe the steps of fracture repair. 

Bones appear to be the most lifeless of body organs, and may 
even summon images of a graveyard. But as you have just 
learned, bone is a dynamie and aetive tissue, and small-seale 
ehanges in bone architecture occur continually. Every week we 
reeyele 5-7% of our bone mass, and as much as half a gram of 
calcium may enter or leave the adult skeleton eaeh day! Spongy 
bone is replaeed every three to four years; eompaet bone, every 
ten years or so. This is fortunate because when bone remains in 
plaee for long periods more of the calcium salts erystallize (see 
deseription below) and the bone beeomes more brittle—ripe 
eonditions for fracture. 

When we break bones—the most eommon disorder of bone 
homeostasis—they undergo a remarkable proeess of self-repair. 


is the product of the loeal eoneentrations of calcium and phos- 
phate (Pj) ions (the ea 2 ^-^ product) in the endosteal eavity. 
When the Ca 2+ -Pi product reaehes a eertain level, tiny erystals 
of hydroxyapatite form spontaneously and eatalyze further 
erystallization of calcium salts in the area. Other faetors in- 
volved are matrix proteins that bind and eoneentrate calcium, 
and the enzyme alkaline phosphatase (shed in matrix vesieles 
by the osteoblasts), which is essential for mineralization. Onee 
proper eonditions are present, calcium salts are deposited all 
at onee and with great preeision throughout the “matured” 
matrix. 


Bone Resorption 


As noted earlier, the giant osteoelasts aeeomplish bone re- 
sorption. Osteoelasts move along a bone surface, digging de- 
pressions or grooves as they break down the bone matrix. The 
mífled border of the osteoelast elings tightly to the bone, seal- 
ing oíf the area of bone destmetion and seereting lysosomal 
enzymes that digest the organie matrix and protons ( H + ). The 
resulting aeidie brew in the resorption bay eonverts the calcium 
salts into soluble forms that pass easily into solution. Osteoelasts 
may also phagoeytize the demineralized matrix and dead os- 
teoeytes. The digested matrix end products, growth faetors, and 
dissolved minerals are then endoeytosed, transported aeross the 
osteoelast (by transeytosis), and released at the opposite side. 
There they enter the interstitial fluid and then the blood. 

When resorption of a given area of bone is eompleted, the 
osteoelasts undergo apoptosis. There is much to learn about os- 
teoelast aetivation, but PTH and proteins seereted by T eells of 
the immune system appear to be important. 


r 
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Bone Remodeling 

In the adult skeleton, bone deposit and bone resorption occur 
at the surfaces of both the periosteum and the endosteum. To- 
gether, the two proeesses constitute bone remodeling. “Paek- 
ets” of adjaeent osteoblasts and osteoelasts ealled remodeling 
units eoordinate bone remodeling (with help from the stress- 
sensing osteoeytes). 

In healthy young adults, total bone mass remains eonstant, 
an indieation that the rates of bone deposit and resorption are 
essentially equal. Remodeling does not occur uniformly, how- 
ever. For example, the distal part of the femur, or thigh bone, 
is fully replaeed every five to six months, whereas its shaft is 
altered much more slowly. 

Bone Deposit 

An osteoid seam —an unmineralized band of gauzy-looking 
bone matrix 10-12 mierometers (pm) wide—marks areas of 
new matrix deposits by osteoblasts. Between the osteoid seam 
and the older mineralized bone, there is an abrnpt transition 
ealled the ealeifieation front. Because the osteoid seam is ahvays 
of eonstant width and the ehange from unmineralized to min- 
eralized matrix is sudden, it seems that the osteoid must mature 
for about a week before it ean ealeify. 

The preeise trigger for ealeifieation is still eontroversial, but 
meehanieal signals are definitely involved. One eritieal faetor 


Control of Remodeling 

Remodeling goes on continuously in the skeleton, regulated by 
genetie faetors and two eontrol loops that serve different “mas- 
ters.” One is a negative feedbaek hormonal loop that maintains 
Ca 2+ homeostasis in the blood. The other involves responses to 
meehanieal and gravitational forees aeting on the skeleton. 

The hormonal feedbaek beeomes much more meaningful 
when you understand calciums importanee in the body. ionie 
calcium is neeessary for an amazing number of physiologieal 
proeesses, including transmission of nerve impulses, muscle 
eontraetion, blood coagulation, seeretion by glands and nerve 
eells, and eell division. 

The human body eontains 1200-1400 g of calcium, more 
than 99% present as bone minerals. Most of the remainder is 
in body eells. Less than 1.5 g is present in blood, and the hor- 
monal eontrol loop normally maintains blood Ca 2+ within the 
narrow range of 9-11 mg per dl (100 ml) of blood. Calcium is 
absorbed from the intestine under the eontrol of vitamin D me- 
tabolites. The daily dietary calcium requirement is 400-800 mg 
from birth until age 10, and 1200-1500 mg from ages 11 to 24. 

Hormonal Controls The hormonal eontrols primarily involve 
parathyroid hormone (PTH), produced by the parathyroid 
glands. To a much lesser extent ealeitonin (kar'sí-to'nin), pro- 
duced by parafollicular eells (C eells) of the thyroid gland, may 
be involved. 
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Calcium homeostasis of blood: 9-11 mg/100 ml 
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Figure 6.12 Parathyroid hormone (PTH) eontrol of blood calcium levels. 



When blood levels of ionie calcium deeline, PTH is released 
(Figiire 6.12]. The inereased PTH level stimulates osteoelasts 
to resorb bone, releasing calcium into blood. Osteoelasts are no 
respeeters of matrix age: When aetivated, they break down both 
old and new matrix. As blood eoneentrations of calcium rise, 
the stimulus for PTH release ends. The deeline of PTH reverses 
its effeets and causes blood Ca 2+ levels to fall. 

In humans, ealeitonin appears to be a hormone in seareh of a 
function because its effeets on calcium homeostasis are negligi- 
ble. When administered at pharmaeologieal (abnormally high) 
doses, it does lower blood calcium levels temporarily. 

These hormonal eontrols aet to preserve blood calcium 
homeostasis, not the skeletons strength or well-being. In faet, 
if blood calcium levels are low for an extended time, the bones 
beeome so demineralized that they develop large, punched-out- 
looking holes. Thus, the bones serve as a storehouse from which 
ionie calcium is drawn as needed. 



Homeostatie imbalanee 6.1 


Minute ehanges from the homeostatie range for blood calcium 
ean lead to severe neuromuscular problems ranging from hyper- 
excitability (when blood Ca 2+ levels are too low) to nonrespon- 
siveness and inability to function (with high blood Ca 2+ levels). 
In addition, sustained high blood levels of Ca 2+ , a eondition 
known as hyperealeemia (hi"per-kal-se'me-ah), ean lead to un- 
desirable deposits of ealeimn salts in the blood vessels, kidneys, 
and other soft organs, which may hamper their function. + 


Other hormones are also involved in modifying bone density 
and bone turnover. For example, leptin , a hormone released by 
adipose tissue, plays a role in regulating bone density. Best known 
for its effeets on weight and energy balanee (see pp. 940-941), in 
animal studies leptin appears to inhibit osteoblasts. It does so 


through an additional pathway mediated by the hypothalamus, 
which aetivates sympathetie nerves serving bones. However, the 
full seope of leptins bone-modifying aetivity in humans is still 
being worked out. 

It is also evident that the brain, intestine, and skeleton have 
ongoing eonversations that help regulate the balanee between 
bone formation and destmetion, with serotonin serving as a 
hormonal go-between. Serotonin is better known as a neu- 
rotransmitter that regulates mood and sleep, but most of the 
body s serotonin is made in the gut (intestine) and the blood- 
brain barrier (see Chapter 12) bars it from entering the brain. 
The role of gut serotonin is still poorly understood. What is 
known is that when we eat, serotonin is seereted and circulated 
via the blood to the bones where it interferes with osteoblast ae- 
tivity. Reduction of bone turnover after eating may loek calcium 
in bone when new ealeimn is flooding into the bloodstream. 

This is a troubling fìnding for those taking Prozae and other 
antidepressant dmgs that inhibit serotonin uptake, making it 
more available to bone eells. Such patients have lower bone den- 
sity and suffer more fractures than people not taking these dmgs. 

Response to Meehanieal Stress The seeond set of eontrols 
regulating bone remodeling, bones response to meehanieal 
stress (muscle pull) and gravity, keeps the bones strong where 
stressors are aeting. 

Wolffs law holds that a bone grows or remodels in response 
to the demands plaeed on it. The first thing to understand is 
that a bones anatomy refleets the eommon stresses it encoun- 
ters. For example, a bone is loaded (stressed) whenever weight 
bears down on it or muscles pull on it. This loading is usually 
off eenter and tends to bend the bone. Bending eompresses the 
bone on one side and subjects it to tension (stretehing) on the 
other (Figure 6.13). 
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gure 6.13 Bone anatomy and bending stress. Body vveight 
transmitted to the head of the femur (thigh bone) threatens to bend 
the bone along the indieated are, eompressing it on one side (eon- 
verging arrovvs on right) and stretehing it on the other side (diverging 
arrovvs on left). Because these tvvo forees eaneel eaeh other internally, 
much less bone material is needed internally than superfieially. 
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Figure 6.14 Vigorous exercise ean strengthen bone. The 

brovvn rings in (b) represent differenees in the eross-seetional areas 
of the serving and nonserving arms of a professional tennis player. 
Average inereases in bone rigidity and strength of 62% and 45%, 
respeetively, vvere reeorded in the serving arms. The structural 
ehanges vvere more pronounced in those vvho began training at an 
early age. 5ource: C. B. Ruff, "Graeilization of the Modern Human 
Skeleton," Ameriean Seientist 94(6): p. 513, Nov-Dee 2006. 


As a result of these meehanieal stressors, long bones are 
thiekest midway along the diaphysis, exactly where bending 
stresses are greatest (bend a stiek and it will split near the mid- 
dle). Both eompression and tension are minimal toward the 
eenter of the bone (they eaneel eaeh other out), so a bone ean 
cc hollow ouf ’ for lightness (using spongy bone instead of eom- 
paet bone) without jeopardy. 

Wolff s law also explains several other observations: 

■ Handedness (being right or left handed) results in the bones 
of one upper limb being thieker than those of the less-used 
limb. Vigorous exercise of the most-used limb leads to large 
inereases in bone strength Fí ure 6.14' . 

■ Curved bones are thiekest where they are most likely to buckle. 

■ The trabeculae of spongy bone form tmsses, or strnts, along 
lines of eompression. 

■ Large, bony projeetions occur where heavy, aetive muscles 
attaeh. The bones of weight lifters have enormous thieken- 
ings at the attaehment sites of the most-used muscles. 


Wolffs law also explains the featureless bones of the fetus 
and the atrophied bones of bedridden people—situations in 
which bones are not stressed. 

How do meehanieal forees communicate with the eells respon- 
sible for remodeling? Deforming a bone produces an eleetrieal 
current. Because eompressed and stretehed regions are oppositely 
eharged, it has been suggested that eleetrieal signals direet remod- 
eling. This prineiple underlies some of the deviees used to speed 
bone repair and heal fractures. Fluid flows within the canaliculi 
also appear to provide stimuli that direet the remodeling proeess. 

The skeleton is continuously subjected to both hormonal influ- 
enees and meehanieal forees. At the risk of eonstmeting too large a 
building on too small a foundation, we ean speculate that: 

■ Hormonal eontrols determine whether and when remodeling 

occurs in response to ehanging blood calcium levels. 

■ Meehanieal stress determines where remodeling occurs. 

For example, when bone must be broken down to inerease 
blood calcium levels, PTH is released and targets the osteoelasts. 
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Table 6.2 

Common Types of Fractures 



FRACTURE 


FRACTURE 


TYPE 

DESCRIPTION AND COMMENTS 

TYPE 

DESCRIPTION AND COMMENTS 


1 






Comminuted Bone fragments into three or more pieees. 


Compression Bone is crushed. 


Particularly eommon in the aged, whose bones are 
more brittle 



Common in porous bones (i.e., osteoporotie bones) 
subjected to extreme trauma, as in a fall 




Crushed 

vertebra 


Spiral Ragged break occurs when excessive twisting forees 

are applied to a bone. 

Common sports fracture 



Epiphyseal Epiphysis separates from the diaphysis along the 

epiphyseal plate. 

Tends to occur where eartilage eells are dying and 
ealeifieation of the matrix is occurring 



Depressed Broken bone portion is pressed inward. 

Typieal of skull fracture 




Greenstiek Bone breaks ineompletely, much in the way a green 

twig breaks. Only one side of the shaft breaks; the 
other side bends. 

Common in ehildren, whose bones have relatively 
more organie matrix and are more flexible than 
those of adults 



















ehapter 6 Bones and Skeletal Tissues 


191 



Hematoma 


Internal — 
callus 
(fibrous 
tissue and 
eartilage) 



External 

callus 


New 

blood 

vessels 

Spongy 

bone 

trabecula 



Bony 
callus of 
spongy 
bone 

Healed - 
fracture 




A hematoma forms. 


® Fibrocartilaginous 


callus forms. 



Bony callus forms. 


(4) Bone remodeling 


occurs 


Figure 6.15 Stages in the healing of a bone fracture. 

However, meehanieal forees determine which osteoelasts are 
most sensitive to PTH stimulation, so that bone in the least 
stressed areas (which is temporarily dispensable) is broken down. 

Bone Repair 

Despite their remarkable strength, bones are siiseeptible to 
fractures, or breaks. During youth, most fractures result from 
exceptional trauma that twists or smashes the bones (sports in- 
juries, automobile aeeidents, and falls, for example). In old age, 
most fractures occur as bones thin and weaken. 

Fracture Classifìcation 

Fractures may be elassified by 

■ Position of the bone ends after fracture: In nondisplaeed frae- 
tures , the bone ends retain their normal position. In displaeed 
fraetmes , the bone ends are out of normal alignment. 

■ Completeness of the break: If the bone is broken through, 
the fracture is a eomplete fraetme. If not, it is an ineomplete 
fraetme. 

■ Whether the bone ends penetrate the skin: If so, the fracture 
is an open ( compound ) fraetme. If not, it is a elosed ( simple ) 
fraetme. 

In addition to these three either-or elassifieations, all frae- 
tures ean be deseribed in terms of the loeation of the fracture, its 
external appearanee, and/or the nature of the break (Table 6.2). 

FractureTreatment and Repair 

Treatment involves reduction , the realignment of the broken 
bone ends. In elosed ( external ) reduction , the physieians hands 
coax the bone ends into position. In open ( internal ) reduction , 
the bone ends are secured together surgically with pins or wires. 

After the broken bone is reduced, it is immobilized either by 
a east or traetion to allow healing. A simple fracture of small or 
medium-sized bones in young adults heals in six to eight weeks, 


but it takes much longer for large, weight-bearing bones and for 

bones of elderly people (because of their poorer circulation). 

Repair in a simple fracture involves four major stages 

(Figure 6.15): 

® A hematoma forms. When a bone breaks, blood vessels in 
the bone and periosteum, and perhaps in surrounding tis- 
sues, are torn and hemorrhage. As a result, a hematoma 
(he"mah-to'mah), a mass of elotted blood, forms at the frae- 
ture site. Soon, bone eells deprived of nutrition die, and the 
tissue at the site beeomes swollen, painfiil, and inflamed. 

@ Fibrocartilaginous callus forms. Within a few days, several 
events lead to the formation of soft granulation tissm , also 
ealled the soft callus (kal'us; “hard skin”). Capillaries grow 
into the hematoma and phagoeytie eells invade the area and 
begin eleaning up the debris. Meanwhile, fibroblasts and ear- 
tilage and osteogenie eells invade the fracture site from the 
nearby periosteum and endosteum and begin reeonstmeting 
the bone. The fibroblasts produce eollagen fibers that span 
the break and eonneet the broken bone ends. Some precur- 
sor eells difiFerentiate into ehondroblasts that seerete eartilage 
matrix. Within this mass of repair tissue, osteoblasts begin 
forming spongy bone. The eartilage eells farthest from the 
eapillaries seerete an externally bulging cartilaginous ma- 
trix that later ealeifies. This entire mass of repair tissue, now 
ealled the fibrocartilaginous callus, splints the broken bone. 

@ Bony callus forms. Within a week, new bone trabeculae 
appear in the fibrocartilaginous ealhis and gradually eon- 
vert it to a bony (hard) callus of spongy bone. Bony callus 
formation continues until a firm union forms about two 
months later. This proeess generally repeats the events of 
endoehondral ossifieation. 

® Bone remodeling occurs. Beginning during bony callus for- 
mation and continuing for several months after, the bony 
callus is remodeled. The excess material on the diaphysis 
exterior and within the medullary eavity is removed, and 


















192 


UNIT 2 Covering, Support, and Movement of the Body 


eompaet bone is laid down to reeonstmet the shaft walls. 
The final structure of the remodeled area resembles the 
original unbroken bony region because it responds to the 
same set of meehanieal stressors. 



Check Your Understanding 


19. If osteoelasts in a long bone are more aetive than osteoblasts, 
hovv vvill bone mass ehange? 

20. Which stimulus—PTH (a hormone) or meehanieal forees 
aeting on the skeleton—is more important in maintaining 
homeostatie blood calcium levels? 

21. Hovv does an open fracture differ from a elosed fracture? 

22. Hovv do bone grovvth and bone remodeling differ? 



For ansvvers, see Appendix H. 



Homeostatie imbalanees 
of Bone 

Contrast the disorders of bone remodeling seen in 
osteoporosis, osteomalaeia, and Paget's disease. 


imbalanees between bone deposit and bone resorption underlie 
nearly every disease that affeets the human skeleton. 


Osteomalaeia and Riekets 

Osteomalaeia (os"te-o-mah-la'she-ah; “soft bones”) includes a 
number of disorders in which the bones are poorly mineralized. 
Osteoid is produced, but calcium salts are not adequately de- 
posited, so bones are soft and weak. The main symptom is pain 
when weight is put on the affeeted bones. 

Riekets is the analogous disease in ehildren. Because young 
bones are still growing rapidly, riekets is much more severe than 
adult osteomalaeia. Bowed legs and deformities of the pelvis, 
skull, and rib eage are eommon. Because the epiphyseal plates 
eannot ealeify, they continue to widen, and the ends of long 
bones beeome visibly enlarged and abnormally long. 

Osteomalaeia and riekets are caused by insufficient calcium 
in the diet or by a vitamin D defieieney. Drinking vitamin D- 
fortified milk and exposing the skin to sunlight (which spurs 
the body to form vitamin D) usually cure these disorders. Al- 
though the seeming elimination of riekets in the United States 
has been heralded as a public health success, riekets still rears 
its head in isolated situations. For example, if a mother who 
breast-feeds her infant beeomes vitamin D defieient because of 
sun-deprivation or dreary winter weather, the infant too will be 
vitamin D defieient and will develop riekets. 


Osteoporosis 

For most of us, the phrase “bone problems of the elderly” brings 
to mind the stereotype of a vietim of osteoporosis—a hunched- 
over old woman shuffling behind her walker. Osteoporosis 
(os"te-o-po-ro'sis) refers to a group of diseases in which bone 
resorption outpaces bone deposit. The bones beeome so fragile 



(a) Normal bone 



(b) Osteoporotie bone 

gure 6.16 The eontrasting architecture of normal versus 
osteoporotie bone. Seanning eleetron mierographs, 300 x. 


that something as simple as a hearty sneeze or stepping off a 
curb ean cause them to break. The eomposition of the matrix 
remains normal but bone mass deelines, and the bones beeome 
porous and light (Figure 6.16). 

Even though osteoporosis affeets the entire skeleton, the 
spongy bone of the spine is most vulnerable, and eompression 
fractures of the vertebrae are eommon. The femur, particularly 
its neek, is also very susceptible to fracture (a broken hip) in 
people with osteoporosis. 

Risk Faetors for Osteoporosis 

Osteoporosis occurs most often in the aged, particularly in 
postmenopausal women. Although men develop it to a lesser 
degree, 30% of Ameriean women between the ages of 60 and 70 
have osteoporosis, and 70% have it by age 80. Moreover, 30% of 
all Caucasian women (the most susceptible group) will experi- 
enee a bone fracture due to osteoporosis. 

Sex hormones—androgens in males and estrogens in 
females—help maintain the health and normal density of the 
skeleton by restraining osteoelasts and promoting deposit of 
newbone. After menopause, however, estrogen seeretion wanes, 
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and estrogen defieieney is strongly implieated in osteoporosis 
in older women. 

Several other faetors ean contribute to osteoporosis: 

■ Petite body form 

■ Insufficient exercise to stress the bones 

■ A diet poor in calcium and protein 

■ Abnormal vitamin D reeeptors 

■ Smoking (which reduces estrogen levels) 

■ Hormone-related eonditions such as hyperthyroidism, low 
blood levels of thyroid-stimulating hormone, and diabetes 
mellitus 


along with reduced mineralization, causes a spotty weaken- 
ing of the bones. Late in the disease, osteoelast aetivity wanes, 
but osteoblasts continue to work, often forming irregular bone 
thiekenings or filling the marrow eavity with Pagetie bone. 

Pagets disease may affeet any part of the skeleton, but it is 
usually a loealized eondition. The spine, pelvis, femur, and skull 
are most offen involved and beeome inereasingly deformed and 
painful. It rarely occurs before age 40, and it affeets about 3% of 
North Ameriean elderly people. Its cause is unknown, but a vi- 
rus may trigger it. Drug therapies include ealeitonin (adminis- 
tered by a nasal inhaler), and the newer bisphosphonates, which 
have shown success in preventing bone breakdown. 


Osteoporosis ean develop at any age as a result of immobility. 
It ean also occur in males with prostate eaneer who are being 
treated with androgen-suppressing dmgs. 

Treating Osteoporosis 

Osteoporosis has traditionally been treated with calcium and vi- 
tamin D supplements, weight-bearing exercise, and hormone (es- 
trogen ) replaeement therapy ( HRT ). Fmstratingly, HRT slows the 
loss of bone but does not reverse it. Additionally, because of the 
inereased risk of heart attaek, stroke, and breast eaneer assoeiated 
with estrogen replaeement therapy, it is a eontroversial treatment 
these days. Although not a substitute for HRT, estrogenie eom- 
pounds in soy products (prineipally the isoflavones daidzein and 
genistein) offer a good addition or adjunct for some patients. 

Newer dmgs are available. Bisphosphonates deerease oste- 
oelast aetivity and number, and partially reverse osteoporosis 
in the spine. Seleetive estrogen reeeptor modulators (SERMs), 
such as raloxifene, dubbed “estrogen light,” mimie estrogens 
benefieial bone-sparing properties without targeting the uterus 
or breast. Additionally, statins , dmgs used to lower eholesterol 
levels, have an unexpected side effeet of inereasing bone min- 
eral density up to 8% over four years. The monoelonal antibody 
dmg denosumab signifieantly reduces fractures in men fighting 
prostate eaneer and improves bone density in the elderly. 



Check Your IJnderstanding 


23. Which bone disorder is eharaeterized by excessive deposit of 
vveak, poorly mineralized bone? 

24. What are three measiires that may help to maintain healthy 
bone density? 

25. What name is given to "adult riekets"? 

_ For ansvvers, see Appendix H. 


Developmental Aspeets 
of Bones:Timing of Events 






- 


✓ Deseribe the timing and cause of ehanges in bone 
architecture and bone mass throughout life. 


Bones are on a preeise schedule from the time they form until 
death. The mesoderm germ layer gives rise to embryonie mesen- 
ehymal eells, which in turn produce the membranes and eartilages 
that form the embryonie skeleton. These structures then ossify 
aeeording to an amazingly predietable timetable that allows fetal 
age to be determined easily from either X rays or sonograms. Al- 
though eaeh bone has its own developmental schedule, most long 
bones begin ossifying by 8 weeks after eoneeption and have well- 
developed primary ossifieation eenters by 12 weeks Figure 6.1 1 . 


Preventing Osteoporosis 

How ean osteoporosis be prevented (or at least delayed)? The 
first requirement is to get enough calcium while your bones are 
still inereasing in density (bones reaeh their peak density during 
early adulthood). Seeond, keep in mind that excessive intake of 
earbonated beverages and aleohol leaehes minerals from bone 
and deereases bone density. Finally, get plenty of weight-bearing 
exercise (walking, jogging, tennis, ete.) throughout life. This will 
inerease bone mass above normal values and provide a greater 
buffer against age-related bone loss. 

Paget’s Disease 

Often diseovered by aeeident when X rays are taken for some 
other reason, Paget’s disease (paj'ets) is eharaeterized by ex- 
eessive and haphazard bone deposit and resorption. The newly 
formed bone, ealled Pagetie bone , is hastily made and has an 
abnormally high ratio of spongy bone to eompaet bone. This, 


Birth to Young Adulthood 

At birth, most long bones of the skeleton are well ossified except 
for their epiphyses. After birth, seeondary ossifieation eenters 
develop in a predietable sequence. The epiphyseal plates persist 
and provide for long bone growth all through ehildhood and the 
sex hormone-mediated growth spurt at adoleseenee. By age 25, 
nearly all bones are eompletely ossified and skeletal growth eeases. 

Age-Related Ghanges in Bone 

In ehildren and adoleseents, bone formation exceeds bone re- 
sorption. In young adults, these proeesses are in balanee, and 
in old age, resorption predominates. Despite the environmental 
faetors (discussed earlier) that influence bone density, genet- 
ies still plays the major role in determining how much a per- 
sons bone density will ehange over a lifetime. A single gene that 
eodes for vitamin D s eelhilar doeking site helps determine both 
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gure 6.1 Fetal primary ossifieation eenters at 12 vveeks. 

The darker areas indieate primary ossifieation eenters in the skeleton 
of a 12-week-old fetus. 


the tendeney to accumulate bone mass during early life and a 
persons risk of osteoporosis later in life. 

Beginning in the fourth deeade of life, bone mass deereases 
with age. The only exception appears to be in bones of the skull. 
Among young adults, skeletal mass is generally greater in males 
than in females. Age-related bone loss is faster in whites than in 
blaeks (who have greater bone density to begin with) and faster 
in females than in males. 

Qualitative ehanges also occur: More osteons remain ineom- 
pletely formed, mineralization is less eomplete, and the amount 
of nonviable bone inereases, refleeting a diminished blood sup- 
ply to the bones in old age. These age-related ehanges are also 
bad news because fractures heal more slowly in old people. 

Eleetrieal stimulation of fracture sites and daily ultrasound 
treatments hasten repair and healing. Presumably eleetrieal 
fields inhibit PTH stimulation of osteoelasts and induce forma- 
tion of growth faetors that stimulate osteoblasts. 



Check Your IJnderstanding 


26. What is the status of bone structure at birth? 

27. The deerease in bone mass that begins in the fourth deeade 
of life affeets nearly all bones. What are the exceptions? 

_ For ansvvers, see Appendix H. 


This ehapter has examined skeletal eartilages and bones—their 
architecture, eomposition, and dynamie nature. We have also dis- 
cussed the role of bones in maintaining overall body homeostasis, 
as summarized in System Connections. Now we are ready to look 
at the individual bones of the skeleton and how they contribute to 
its fimetions, both eolleetively and individually. 


Chapter Summary 



For more ehapter study tools, go to the Study Area of 
MasteringA&P at www.masteringaandp.com. 

There you will find: 

■ interaetive Physiology ÌP 

■ A&PFIix A&PFIix 


Praetiee Anatomy Lab PAL 


PhysioEx 


PEx 


abundant skeletal eartilages, accounting for the articular, eostal, 
respiratory, and nasal eartilages. 

3. Elastie eartilages eontain abundant elastie fibers, in addition to 
eollagen fibers, and are more flexible than hyaline eartilages. They 
support the outer ear and epiglottis. 

4. Fibroeartilages, which eontain thiek eollagen fibers, are the 
most eompressible eartilages and resist stretehing. They form 
intervertebral dises and knee joint eartilages. 


■ Videos, Praetiee Quizzes and Tests, MP3 Tutor Sessions, Case 
Studies, and much more! 


Growth of Gartilage (p. 174) 

5. Cartilages grow from within (interstitial growth) and by adding 
new eartilage tissue at the periphery (appositional growth). 


Skeletal Cartilages (pp. 173-174) 

Basie Structure, Types, and Loeations (p. 174) 

1. A skeletal eartilage exhibits ehondroeytes housed in lacunae 
(eavities) within the extracellular matrix (ground substance and 
fibers). It eontains large amounts of water (which accounts for its 
resilienee), laeks nerve fibers, is avascular, and is surrounded by a 
fibrous perichondrium that resists expansion. 

2. Hyaline eartilages appear glassy; the fibers are collagenous. They 
provide support with flexibility and resilienee and are the most 


eiassifieation of Bones (pp. 174-176) 

1. Bones are elassified as long, short, flat, or irregular on the basis of 
their shape and their proportion of eompaet or spongy bone. 

Functions of Bones (pp. 176-177) 

1. Bones give the body shape; proteet and support body organs; 
provide levers for muscles to pull on; store calcium and other 
minerals; store growth faetors and triglyeeride; and are the site of 
blood eell and osteoealein production. 






















SYSTEM CONNECTIONS 


Homeostatie Interrelationships Between the 
Skeletal System and Other Body Systems 



lntegumentary System Chapter 5 

■ Skeletal system provides support for body organs including the 
skin 

■ Skin provides vitamin D needed for proper calcium absorption 
and use 

Muscular System Chapters 9-10 

■ Skeletal system provides levers plus ionie calcium for muscle 
aetivity 

■ Muscle pull on bones inereases bone strength and viability; 
helps determine bone shape 

Nervous System Chapters 11-15 

■ Skeletal system proteets brain and spinal eord; provides depot 
for calcium ions needed for neural function 

■ Nerves innervate bone and joint capsules, providing for pain 
and joint sense 


Endoerine System Chapter 16 

■ Skeletal system provides some bony proteetion; stores calcium 
needed for seeond-messenger signaling meehanisms 

■ Hormones regulate uptake and release of calcium from bone; 
promote long bone grovvth and maturation 


Cardiovascular System Chapters 17-19 

■ Bone marrovv eavities provide site for blood eell formation; 
matrix stores calcium needed for eardiae muscle aetivity 

■ Cardiovascular system delivers nutrients and oxygen to bones; 
earries avvay vvastes 


Lymphatie System/lmmunity Chapters 20-21 

■ Skeletal system provides some proteetion to lymphatie organs; 
bone marrovv is site of origin for lymphoeytes involved in 
immune response 

■ Lymphatie system drains leaked tissue fluids; immune eells 
proteet against pathogens 


Respiratory System Chapter 22 

■ Skeletal system proteets lungs by enclosure (rib eage) 

■ Respiratory system provides oxygen; disposes of earbon dioxide 


r 




L 


Digestive System Chapter 23 

■ Skeletal system provides some bony proteetion to intestines, 
pelvie organs, and liver 

■ Digestive system provides nutrients needed for bone health and 
grovvth 

IJrinary System Chapters 25-26 

■ Skeletal system proteets pelvie organs (urinary bladder, ete.) 

■ Llrinary system aetivates vitamin D; disposes of nitrogenous 
vvastes 


Reproductive System Chapter27 

■ Skeletal system proteets some reproductive organs by enclosure 

■ Gonads produce hormones that influence the form of the 
skeleton and epiphyseal closure 



MasteríngA&P 



Aeeess more System Connections in the Study Area at www.masteringaandp.com. 
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Bone Structure (pp. 177-183) 

Gross Anatomy (pp. 177-179) 

1. Flat bones eonsist of two thin plates of eompaet bone enelosing a 
diploé (spongy bone layer). Short and irregiilar bones resemble 
flat bones structurally. 

2. A long bone is eomposed of a diaphysis (shaft) and epiphyses (ends). 
The medullary eavity of the diaphysis eontains yellow marrow; the 
epiphyses eontain spongy bone. The epiphyseal line is the remnant of 
the epiphyseal plate. Periosteiim eovers the diaphysis; endosteum lines 
inner bone eavities. Hyaline eartilage eovers joint surfaces. 

3. In adults, hematopoietie tissue (red marrow) is found within the 
diploè of flat bones and oeeasionally within the epiphyses of long 
bones. In infants, red marrow is also found in the medullary eavity. 

4. Bone markings are important anatomieal landmarks that reveal 
sites of muscle attaehment, points of articulation, and sites of 
blood vessel and nerve passage. 

Mieroseopie Anatomy of Bone (pp. 179-182) 

5. There are fìve types of bone eells—osteogenie eells (bone stem 
eells), osteoblasts (matrix-synthesizing eells), osteoeytes (bone 
matrix maintenanee eells), bone lining eells (line surfaces where no 
bone aetivity is ongoing), and osteoelasts (bone destmetion eells). 

6. The structural unit of eompaet bone, the osteon, eonsists of a 
eentral eanal surrounded by eoneentrie lamellae of bone matrix. 
Osteoeytes, embedded in lacunae, are eonneeted to eaeh other 
and the eentral eanal by canaliculi. 

7. Spongy bone has slender trabeculae eontaining irregular lamellae, 
which enelose red marrow-filled eavities. 

Chemical Composition of Bone (pp. 182-183) 

8. Bone is eomposed of living eells and matrix. The extracellular 
matrix includes osteoid, organie substances that are seereted by 
osteoblasts and give the bone tensile strength. Its inorganie (mineral) 
eomponents, the hydroxyapatites (calcium salts), make bone hard. 

Bone Development (pp. 183-187) 

Formation of the Bony Skeleton (pp. 183-185) 

1. Intramembranous ossifieation forms the elavieles and most skull 
bones. The ground substance of the bone matrix is deposited 
between eollagen fibers within the fibrous membrane to form 
bone. Eventually, eompaet bone plates enelose the diploè. 

2. Most bones are formed by endoehondral ossifieation of a hyaline 
eartilage model. Osteoblasts beneath the periosteum seerete bone 
matrix on the eartilage model, forming the bone eollar. As the 
eartilage model deteriorates, internal eavities open up, allowing 
periosteal bud entry. Bone matrix is deposited around the 
eartilage remnants but is later broken down. 


Postnatal Bone Grovvth (pp. 185-187) 

3. Long bones inerease in length by interstitial growth of the 
epiphyseal plate eartilage and its replaeement by bone. 

4. Appositional growth inereases bone diameter/thiekness. 

Bone Homeostasis: Remodeling and Repair (pp. 187-192) 

Bone Remodelíng (pp. 187-191) 

1. Bone is continually deposited and resorbed in response to 
hormonal and meehanieal stimuli. Together these proeesses 
constitute bone remodeling. 

2. An unmineralized osteoid seam appears at areas of new bone 
deposit; calcium salts are deposited a few days later. 

3. Osteoelasts release lysosomal enzymes and aeids on bone surfaces 
to be resorbed. The dissolved products are transeytosed to the 
opposite faee of the osteoelast for release to the extracellular flmd. 

4. The hormonal eontrols of bone remodeling serve blood calcium 
homeostasis. When blood calcium levels deeline, PTH is released 
and stimulates osteoelasts to digest bone matrix, releasing ionie 
calcium. As blood calcium levels rise, PTH seeretion deelines. 

5. Meehanieal stress and gravity aeting on the skeleton help maintain 
skeletal strength. Bones thieken, develop heavier prominenees, or 
rearrange their trabeculae in sites where stressed. 

Bone Repair (pp. 191-192) 

6. Fractures are treated by open or elosed reduction. The healing 
proeess involves formation of a hematoma, a fibrocartilaginous 
callus, a bony callus, and bone remodeling, in succession. 

Homeostatie imbalanees of Bone (pp. 192-193) 

1. imbalanees between bone formation and resorption underlie all 
skeletal disorders. 

2. Osteomalaeia and riekets occur when bones are inadequately 
mineralized. The bones beeome soft and deformed. The most 
frequent cause is inadequate vitamin D. 

3. Osteoporosis is any eondition in which bone breakdown outpaces 
bone formation, causing bones to beeome weak and porous. 
Postmenopausal women are particularly susceptible. 

4. Pagets disease is eharaeterized by excessive and abnormal bone 
remodeling. 

Developmental Aspeets of Bones: Timing of Events 

(pp.193-194) 

1 . Osteogenesis is predietable and preeisely timed. 

2. Longitudinal long bone growth continues until the end of 
adoleseenee. Skeletal mass inereases dramatieally during puberty 
and adoleseenee, when formation exceeds resorption. 

3. Bone mass is fairly eonstant in young adulthood, but beginning 
in the 40s, bone resorption exceeds formation. 


Review Questions 


Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. Which is a fimetion of the skeletal system? (a) support, 

(b) hematopoietie site, (e) storage, (d) providing levers for 
muscle aetivity, (e) all of these. 


2. A bone with approximately the same width, length, and height is 
most likely (a) a long bone, (b) a short bone, (e) a flat bone, 

(d) an irregular bone. 

3. The shaft of a long bone is properly ealled the (a) epiphysis, 

(b) periostemn, (e) diaphysis, (d) eompaet bone. 

4. Sites of hematopoiesis include all but (a) red marrow eavities of 
spongy bone, (b) the diploè of flat bones, (e) medullary eavities in 
bones of infants, (d) medullary eavities in bones of a healthy adult. 
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5. An osteon has (a) a eentral eanal earrying blood vessels, 

(b) eoneentrie lamellae, (e) osteoeytes in lacunae, (d) canaliculi 
that eonneet lacunae to the eentral eanal, (e) all of these. 

6. The organie portion of matrix is important in providing all but 

(a) tensile strength, (b) hardness, (e) ability to resist streteh, 

(d) flexibility. 

7. The flat bones of the skull develop from (a) areolar tissue, 

(b) hyaline eartilage, (e) fibrous eonneetive tissue, (d) eompaet bone. 

8. The remodeling of bone is a function of which eells? 

(a) ehondroeytes and osteoeytes, (b) osteoblasts and osteoelasts, 

(e) ehondroblasts and osteoelasts, (d) osteoblasts and osteoeytes. 

9. Bone remodeling in adults is regulated and direeted mainly by 
(a) growth hormone, (b) thyroid hormones, (e) sex hormones, 

(d) meehanieal stress, (e) PTH. 

10. Where within the epiphyseal plate are the dividing eartilage eells 
loeated? (a) nearest the shaft, (b) in the marrow eavity, (e) farthest 
from the shaft, (d) in the primary ossifieation eenter. 

11. Wolíf s law is eoneerned with (a) calcium homeostasis of the 
blood, (b) the shape of a bone being determined by meehanieal 
stresses plaeed on it, (e) the eleetrieal eharge on bone surfaces. 

12. Formation of the bony callus in fracture repair is followed by 

(a) hematoma formation, (b) fibrocartilaginous callus formation, 

(e) bone remodeling, (d) formation of granulation tissue. 

13. The fracture type in which the bone ends are ineompletely 
separated is (a) greenstiek, (b) compound, (e) simple, 

(d) comminuted, (e) eompression. 

14. The disorder in which bones are porous and thin but bone 
eomposition is normal is (a) osteomalaeia, (b) osteoporosis, 

(e) Pagets disease. 

Short Answer Essay Questions 

15. Compare bone to eartilage tissue relative to its resilienee, speed of 
regeneration, and aeeess to nutrients. 

16. Deseribe in proper sequence the events of endoehondral 
ossifieation. 

17. Osteoeytes residing in lacunae of osteons of healthy eompaet bone 
are loeated quite a distanee from the blood vessels in the eentral 
eanals, yet they are well nourished. How ean this be explained? 

18. As we grow, our long bones inerease in diameter, but the 
thiekness of the eompaet bone of the shaft remains relatively 
eonstant. Explain this phenomenon. 

19. Deseribe the proeess of new bone formation in an adult bone. Use 
the terms osteoid seam and ealeifieation front in your discussion. 

20. Compare and eontrast eontrols of bone remodeling exerted by 
hormones and by meehanieal and gravitational forees, including 
the actual purpose of eaeh eontrol system and ehanges in bone 
architecture that might occur. 

21. (a) During what period of life does skeletal mass inerease 
dramatieally? Begin to deeline? (b) Why are fractures most 
eommon in elderly individuals? (e) Why are greenstiek fractures 
most eommon in ehildren? 


22. Yolanda is asked to review a bone slide that her professor has set 
up under the mieroseope. She sees eoneentrie layers surrounding 
a eentral eavity. Is this bone seetion taken from the diaphysis or 
the epiphyseal plate of the speeimen? 

( ,1 Critical Thinking 
ípj \j and dinieal Applieation 

Questions 

1. Following a motoreyele aeeident, a 22-year-old man was mshed 
to the emergeney room. X rays revealed a spiral fracture of his 
right tibia (main bone of the leg). Two months later, X rays 
revealed good bony callus formation. What is bony callus? 

2. Mrs. Abbmzzo brought her 4-year-old daughter to the doetor, 
eomplaining that she didn t c Took right.” The ehilds forehead was 
enlarged, her rib eage was knobby, and her lower limbs were bent 
and deformed. X rays revealed very thiek epiphyseal plates. Mrs. 
Abbmzzo was advised to inerease dietary amounts of vitamin 

D and milk and to “shoo” the girl outside to play in the sun. 
Considering the ehilds signs and symptoms, what disease do you 
think she has? Explain the doetor s instmetions. 

3. You overhear some anatomy students imagining out loud what 
their bones would look like if they had eompaet bone on the 
inside and spongy bone on the outside, instead of the other way 
around. You tell them that such imaginary bones would be poorly 
designed meehanieally and would break easily. Explain your 
reason for saying this. 

4. What would a long bone look like at the end of adoleseenee if 
bone remodeling did not occur? 

5. Why do you think wheelchair-bound people with paralyzed 
lower limbs have thin, weak bones of the leg and thigh? 

6. Jay Beekenstein went to weight-lifting eamp in the summer 
between seventh and eighth grade. He notieed that the eamp 
trainer put tremendous pressure on him and his friends to 
improve their strength. After an espeeially vigorous workout, 

Jay s arm felt extremely sore and weak around the elbow. He 
went to the eamp doetor, who took X rays and then told him that 
the injury was serious, for the “end of his upper arm bone was 
starting to twist oíf.” What had happened? Could the same thing 
happen to Jays 23-year-old sister, Trixie, who was also starting a 
program of weight lifting? Why or why not? 

7. Old Norse stories tell of a famous Viking named Egil, who lived 
around 900 ad. His skull was greatly enlarged and misshapen, 
and the eranial bones were thiekened (6 em, more than 2 inehes, 
thiek). After he died, his skull was dug up and it withstood the 
blow of an ax without damage. In life, he had headaehes from 
the pressure exerted by enlarged vertebrae on his spinal eord. So 
much blood was diverted to his bones to support their extensive 
remodeling that his fingers and toes always felt eold and his heart 
was damaged through overexertion. What bone disorder did Egil 
probably have? 


AT THE e L I N I e 


Related eiinieal Terms 

Aehondroplasia (a-kon"dro-pla'ze-ah; a = without; ehondro = 

eartilage; plasi = mold, shape) A eongenital eondition involving 
defeetive eartilage and endoehondral bone growth so that the 
limbs are too short but the membrane bones are of normal size; a 
type of dwarfism. 


Bony spur Abnormal projeetion from a bone due to bony 
overgrowth; eommon in aging bones. 

Ostealgia (os"te-al'je-ah; algia = pain) Pain in a bone. 

Osteitis (os"te-i'tis; itis = inflammation) Inflammation of bony 
tissue. 
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Related ClinicalTerms (continued) 

Osteogenesis imperfeeta Also ealled brittle bone disease, a disorder 
in which the bone matrix eontains inadequate eollagen, putting 
it at risk for shattering. 

Osteomyelitis (os"te-o-mi"é-li'tis) Inflammation of bone and bone 
marrow caused by pus-forming baeteria that enter the body 
via a wound (e.g., compound bone fracture), or spread from 
an infeetion near the bone. Commonly aífeets the long bones, 
causing acute pain and fever. May result in joint stiífness, bone 
destmetion, and shortening of a limb. Treatment involves 
antibioties, draining any abseesses (loeal eolleetions of pus), and 
removing dead bone fragments (which prevent healing). 

Osteosareoma (os"te-o-sar-ko'mah) A form of bone eaneer typieally 
arising in a long bone of a limb and most often in those 10-25 
years of age. Grows aggressively, painfully eroding the bone; 


tends to metastasize to the lungs and cause seeondary lung 
tumors. Usual treatment is amputation of the aífeeted bone or 
limb, followed by ehemotherapy and surgical removal of any 
metastases. Survival rate is about 50% if deteeted early. 

Pathologie fracture Fracture in a diseased bone involving slight 
(coughing or a quick turn) or no physieal trauma. For example, 
a hip bone weakened by osteoporosis may break and cause the 
person to fall, rather than breaking because of the fall. 

Traetion (“pulling”) Plaeing sustained tension on a body region to 
keep the parts of a fractured bone in proper alignment. Also 
prevents spasms of skeletal muscles, which would separate 
the fractured bone ends or emsh the spinal eord in the ease of 
vertebral column fractures. 




Case Study 


Skeletal System 


Remember Mrs. DeStephano? When 
vve last heard about her she vvas being 
admitted for further studies. Relative 
to her skeletal system, the follovving 


notes have been added to her ehart. 

■ Fracture of superior right tibia (shinbone of leg); skin laeerated; 
area eleaned and protruding bone fragments subjected to 
internal (open) reduction and easted 

■ Nutrient artery of tibia damaged 

■ Medial meniscus (fibroeartilage dise) of right knee joint crushed; 
knee joint inflamed and painful 

Relative to these notes: 

1. What type of fracture does Mrs. DeStephano have? 


2. What problems ean be predieted vvith such fractures and hovv 
are they treated? 

3. What is internal reduction? Why vvas a east applied? 

4. Given an uncomplicated reeovery, approximately hovv long 
should it take before Mrs. DeStephano has a good solid bony 
callus? 

5. What eomplieations might be predieted by the faet that the 
nutrient artery is damaged? 

6 . What nevv techniques might be used to enhanee fracture repair 
if healing is delayed or impaired? 

7. Hovv likely is it that Mrs. DeStephano's knee eartilage vvill 
regenerate? Why? 


(Ansvvers in Appendix H) 













part i The Axial Skeleton 

TheSkull (pp. 201-217) 

The Vertebral Column (pp. 218-224) 
The Thoraeie Cage (pp. 224-227) 


part 2 The Appendicular 
Skeleton 

The Peetoral (Shoulder) Girdle 

(pp. 227-228) 

The Llpper Limb (pp. 228-234) 


The Pelvie (Hip) Girdle (pp. 234-238) 

The Lower Limb (pp. 238-243) 

Developmental Aspeets of the 
Skeleton (pp. 244-245) 


T he word skeleton eomes from the Greek word meaning "dried-up 

body or “mummy,” a rather unflattering deseription. Nonetheless, the human 
skeleton is a triumph of design and engineering that puts most skyserapers to 
shame. It is strong, yet light, and almost perfeetly adapted for the proteetive, loeomotor, 
and manipulative functions it performs. 

The skeleton, or skeletal system, eomposed of bones, eartilages, joints, and liga- 
ments, accounts for about 20% of body mass (about 30 pounds in a 160-pound person). 
Bones make up most of the skeleton. Cartilages occur only in isolated areas, such as the 
nose, parts of the ribs, and the joints. Ligaments eonneet bones and reinforee joints, 
allowing required movements while restrieting motions in other direetions. Joints, the 
junctions between bones, provide for the remarkable mobility of the skeleton. We dis- 
cuss joints and ligaments separately in Chapter 8. 

PART 1 

The Axial Skeleton 

✓ Name the major parts of the axial and appendicular skeletons and deseribe their 
relative functions. 
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Bones of 
peetoral 




(a) Anterior view (b) Posterior view 

gure 7.1 The human skeleton. Bones of the axial skeleton are eolored green. Bones of the 


appendieiilar skeleton are gold. 


As deseribed in Chapter 6, the skeleton is divided into axial and 
appendicular portions (see Figures 6.1 and 7.1). The axial skel- 
eton is structured from 80 bones segregated into three major re- 
gions: the skull , vertebral column , and thoraeie eage Figure 7.1 ] . 
This part of the skeleton (1) forms the longitudinal axis of the 


body, (2) supports the head, neek, and tmnk, and (3) proteets 
the brain, spinal eord, and the organs in the thorax. As we will 
see later in this ehapter, the bones of the appendicular skeleton, 
which allow us to interaet with and manipulate our environment, 
are appended to the axial skeleton. 
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(e) Lateral view of eranial fossae showing the eontained 
brain regions 



Check Your IJnderstanding 


1. VVhat are the three main parts of the axial skeleton? 

2. VVhieh part of the skeleton—axial or appendicular—is 
important in proteeting internal organs? 

_ For ansvvers, see Appendix H. 


The Skull 


s Name, deseribe, and identify the skull bones. Identify their 
important markings. 

Compare and eontrast the major functions of the cranium 
and the faeial skeleton. 


The skull is the bodys most complex bony structure. It is 
formed by eranial and faeial bones , 22 in all. The eranial bones, 
or cranium (kra'ne-um), enelose and proteet the fragile brain 
and furnish attaehment sites for head and neek muscles. The 
faeial bones (1) form the framework of the faee, (2) eontain 
eavities for the speeial sense organs of sight, taste, and smell, 
(3) provide openings for air and food passage, (4) secure the 
teeth, and (5) anehor the faeial muscles of expression, which 
we use to show our feelings. As you will see, the individual skull 
bones are well suited to their assignments. 

Most skull bones are flat bones. Except for the mandible, 
which is eonneeted to the rest of the skull by freely movable 
joints, all bones of the adult skull are firmly united by interloek- 
ing joints ealled sutures (soo'eherz). The suture lines have a 
saw-toothed or serrated appearanee. 

The major skull sutures, the eoronal , sagittal , squamous , and 
lambdoid sutures , eonneet eranial bones (Figures 7.2a, 7.4b, and 
7.5a). Most other skull sutures eonneet faeial bones and are 
named aeeording to the speeifie bones they eonneet. 


á 


7 




Overvievv of Skull Geography 

It is worth surveying basie skull c geography” before deseribing 
the individual bones. With the lower jaw removed, the skull re- 
sembles a lopsided, hollow, bony sphere. The faeial bones form 
its anterior aspeet, and the cranium forms the rest of the skull 

(Figure 7.2a). 

The eranimn ean be divided into a vault and a base. The era- 
nial vault , also ealled the ealvaria (kal-va're-ah; “bald part of 
skull”), forms the superior, lateral, and posterior aspeets of the 
skull, as well as the forehead. The eranial base forms the skulls 
inferior aspeet. Internally, prominent bony ridges divide the 
base into three distinet cc steps” or fossae—the anterior , middle , 
and posterior eranial fossae (Figure 7.2b and e). The brain sits 
snugly in these eranial fossae, eompletely enelosed by the era- 
nial vault. Overall, the brain is said to occupy the eranial eavity. 

In addition to the large eranial eavity, the skull has many 
smaller eavities. These include the middle and internal ear eavi- 
ties (earved into the lateral side of its base) and, anteriorly, the 


gure 7.2 The skull: Cranial and faeial divisions and fossae. 
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Figure 7.3 Major eavities of the skull, frontal seetion. 


nasal eavity and the orbits Figure 73] . The ortòs house the 
eyeballs. Several bones of the skull eontain air-filled sinuses, 
which lighten the skull. 

The skull also has about 85 named openings (foramina, ea- 
nals, fissures, ete.). The most important of these provide pas- 
sageways for the spinal eord, the major blood vessels serving the 
brain, and the 12 pairs of eranial nerves (numbered I through 
XII), which transmit information to and from the brain. 

As you read about the bones of the skull, loeate eaeh bone on the 
different skull views in 1gures 7.4, 7.! , and ’.6. The skull bones 
and their important markings are also summarized in Table 7.1 
(pp. 216-217). The eolor-eoded boxes before a bones name in the 
text and in Table 7.1 eorrespond to the eolor of that bone in the 
figures. For example, note the eolor of the frontal bone in Table 7.1 
and see how you ean easily find it in Figures 7.4 and 7.5. 

Cranium 

The eight eranial bones are the paired parietal and temporal 
bones and the unpaired frontal, oeeipital, sphenoid, and eth- 
moid bones. Together, these eonstmet the brains proteetive 
bony “helmet.” Because its superior aspeet is curved, the era- 
nium is self-braeing. This allows the bones to be thin, and, like 
an eggshell, the cranium is remarkably strong for its weight. 

Frontal Bone 

The shell-shaped frontal bone (Figures 7.4a, 7.5, and 7.7) forms 
the anterior cranium. It articulates posteriorly with the paired 
parietal bones via the prominent eoronal suture. 


The most anterior part of the frontal bone is the vertieal 
squamous part , eommonly ealled the forehead. The frontal 
squamous region ends inferiorly at the supraorbital mar- 
gins, the thiekened superior margins of the orbits that lie 
under the eyebrows. From here, the frontal bone extends 
posteriorly, forming the superior wall of the orbits and most 
of the anterior eranial fossa gure 7.7a and . This 
fossa supports the frontal lobes of the brain. Eaeh supraor- 
bital margin is piereed by a supraorbital foramen (noteh), 
which allows the supraorbital artery and nerve to pass to the 
forehead (Figure 7.4a). 

The smooth portion of the frontal bone between the orbits is 
the glabella (glah-bel'ah). Just inferior to this the frontal bone 
meets the nasal bones at th e frontonasal suture (Figure 7.4a). 
The areas lateral to the glabella are riddled internally with si- 
nuses, ealled the frontal sinuses (Figures 7.5c and 7.3). 



Parietal Bones and the Major Sutures 


The two large parietal bones are curved, rectangular bones that 
form most of the superior and lateral aspeets of the skull; henee 
they form the bulk of the eranial vault. The four largest sutures 
occur where the parietal bones articulate (form a joint) with 
other eranial bones: 


■ The eoronal suture (kò-ro'nul), where the parietal bones 
meet the frontal bone anteriorly (Figures 7.2a and 7.5) 

■ The sagittal suture, where the parietal bones meet superiorly 
at the eranial midline (Figure 7.4b) 

■ The lambdoid suture (lam'doid), where the parietal bones 
meet the oeeipital bone posteriorly (Figures 7.2a, 7.4b, and 7.5) 

■ The squamous suture (one on eaeh side), where a parietal 
and temporal bone meet on the lateral aspeet of the skull 
(Figures 7.2a and 7.5) 



Oeeipital Bone 


The oeeipital bone (ok-sip'í-tal) forms most of the skulls pos- 
terior wall and base. It articulates anteriorly with the paired 
parietal and temporal bones via the lambdoid and oeeipitomas- 
toid sutures , respeetively (Figure 7.5). The basilar part of the 
oeeipital bone also joins with the sphenoid bone in the eranial 
base (Figure 7.6a). 

Internally, the oeeipital bone forms the walls of the posterior 
eranial fossa (Figures 7.7 and 7.2c), which supports the eerebel- 
lum of the brain. In the base of the oeeipital bone is the foramen 
magnum (‘Targe hole”) through which the inferior part of the 
brain eonneets with the spinal eord. The foramen magnum is 
flanked laterally by two oeeipital eondyles (Figure 7.6). The 
roekerlike oeeipital eondyles articulate with the first vertebra 
of the spinal column in a way that permits a nodding (“yes”) 
motion of the head. Hidden medially and superiorly to eaeh 
oeeipital eondyle is a hypoglossal eanal (Figure 7.7a), through 
which a eranial nerve (XII) passes. 

Just superior to the foramen magnum is a median protrn- 
sion ealled the external oeeipital protuberance (Figures 7.4b, 
7.5, and 7.6). You ean feel this knoblike projeetion just below 
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Figure 7.4 Anatomy of the anterior and posterior 
aspeets of the skull. (For related images, see A Brief 
Atlas ofthe Human Body, Figures 1 and 7.) 
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(b) Posterior view 
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the most bulging part of your posterior skull. A mimber of 
inconspicuous ridges, the external oeeipital erest and the su- 
perior and inferior nuchal lines (nu'kal), mark the oeeipital 
bone near the foramen magnum. The external oeeipital erest 
secures the ligamentum nuchae (lig"ah-men'tum noo'ke; 


nucha = baek of the neek), a sheetlike elastie ligament that 
eonneets the vertebrae of the neek to the skull. The nuchal 
lines, and the bony regions between them, anehor many neek 
and baek muscles. The superior nuchal line marks the upper 
limit of the neek. 


(Text continues on p. 208.) 
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(a) External anatomy of the right side of the skiill 
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(b) Photograph of right side of skull 


Figure 7.5 Bones of the lateral aspeet of the skull, external and internal vievvs. 

(For related images, seeA BriefAtlas ofthe Human Body, Figures 2 and 3.) 
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(e) Midsagittal seetion showing the internal anatomy of the left half of skull 
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(d) Photo of skull cut through the midline, same view as in (e) 


Figure 7.5 (continued) 
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(a) Inferior view of the skiill (mandible removed) 
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(b) Photo of inferior view of the skull 

Figure 7.6 Inferior aspeet of the skull, mandible removed. (For related images, see 
A BriefAtlas ofthe Human Body, Figure 4.) 
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(a) Superior view of the skull, ealvaria removed 
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(b) Superior view of the skull, ealvaria removed 


gure 7.7 The base of the eranial eavity. (For related images, see A BriefAtlas ofthe 
Human Body, Figure 5.) 
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P Figure 7.8 The temporal bone. Right lateral vievv. (For related images, s eeA BriefAtlas of 
the Human Body, Figures 2 and 8.) 


Temporal Bones 

The two temporal bones are best viewed on the lateral skull 
surface (Figure 7.5). They lie inferior to the parietal bones and 
meet them at the squamous sutures. The temporal bones form 
the inferolateral aspeets of the skull and parts of the eranial base. 
The use of the terms temple and temporal , from the Latin word 
tempomm , meaning “time” eame about because gray hairs, a 
sign of times passing, usually appear first at the temples. 

Eaeh temporal bone has a eomplieated shape gure 7.8’ and is 
deseribed in terms of its three major parts, the squamous , tympanie , 
and petrous parts. The flaring squamous part abuts the squamous 
suture. It has a barlike zygomatie proeess that meets the zygomatie 
bone of the faee anteriorly. Together, these two bony structures form 
the zygomatie areh, which you ean feel as the projeetion of your 
eheek ( zygoma = eheekbone). The small, oval mandibular fossa 
(man-dib'u-lar) on the inferior surface of the zygomatie proeess re- 
eeives the eondylar proeess of the mandible (lower jawbone), form- 
ing the freely movable temporomandibularjoint. 

The tympanie part (tim-pan'ik; “eardmm”) (Figure 7.8) of 
the temporal bone surrounds the external acoustic meatus, 
or external ear eanal, through which sound enters the ear. The 
external acoustic meatus and the eardmm at its deep end are 
part of the external ear. In a dried skull, the eardmm has been 
removed and part of the middle ear eavity deep to the external 
meatus ean also be seen. 

The thiek petrous part (pet'ms) of the temporal bone houses 
the middle and internal ear eavities , which eontain sensory re- 
eeptors for hearing and balanee. Extending from the oeeipital 
bone posteriorly to the sphenoid bone anteriorly, it eontrib- 
utes to the eranial base (Figures 7.6 and 7.7). In the floor of the 
eranial eavity, the petrous part of the temporal bone looks like 
a miniature mountain ridge ( petrous = roeky). The posterior 


slope of this ridge lies in the posterior eranial fossa; the anterior 
slope is in the middle eranial fossa. Together, the sphenoid bone 
and the petrous portions of the temporal bones eonstmet the 
middle eranial fossa (Figures 7.7 and 7.2b), which supports the 
temporal lobes of the brain. 

Several foramina penetrate the bone of the petrous region 
(Figure 7.6). The large jugular foramen at the junction of the 
oeeipital and petrous temporal bones allows passage of the in- 
ternal jugular vein and three eranial nerves (IX, X, and XI). The 
earotid eanal (kar-rot'id), just anterior to the jugular foramen, 
transmits the internal earotid artery into the eranial eavity. The 
two internal earotid arteries supply blood to over 80% of the eer- 
ebral hemispheres of the brain; their eloseness to the internal ear 
eavities explains why, during excitement or exertion, we some- 
times hear our rapid pulse as a thundering sound in the head. 
The foramen lacerum (la'ser-um) is a jagged opening ( laeernm 
= torn or laeerated) between the petrous temporal bone and the 
sphenoid bone. It is almost eompletely elosed by eartilage in a 
living person, but it is conspicuous in a dried skull, and students 
usually ask its name. The internal acoustic meatus, positioned 
superolateral to the jugular foramen (Figures 7.5c and d, and 
7.7), transmits eranial nerves VII and VIII. 

A conspicuous feature of the petrous part of the temporal 
bone is the mastoid proeess (mas'toid; “breast”), which aets 
as an anehoring site for some neek muscles (Figures 7.5, 7.6, 
and 7.8). This proeess ean be felt as a lump just posterior to the 
ear. The needle-like styloid proeess (sti'loid; “stakelike”) is an 
attaehment point for several tongue and neek muscles and for 
a ligament that secures the hyoid bone of the neek to the skull 
(see Figure 7.15). The stylomastoid foramen, between the sty- 
loid and mastoid proeesses, allows eranial nerve VII (the faeial 
nerve) to leave the skull (Figure 7.6). 
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(b) Posterior view 

Figure 7.9 The sphenoid bone. (For related images, see A BriefAtlas ofthe Human Body, 
Figures 5 and 9). 



Homeostatie imbalanee 7.1 


The mastoid proeess is full of air eavities (sinuses) ealled mas- 
toid air eells. Their position adjaeent to the middle ear eavity 
(a high-risk area for infeetions spreading from the throat) puts 
them at risk for infeetion themselves. A mastoid sinus infee- 
tion, or mastoiditis , is notoriously difficult to treat. Because the 
mastoid air eells are separated from the brain by only a very 
thin bony plate, mastoid infeetions may spread to the brain as 
well. Surgical removal of the mastoid proeess was onee the best 
way to prevent life-threatening brain inflammations in people 
susceptible to repeated bouts of mastoiditis. Today, antibiotie 
therapy is the treatment of ehoiee. + 



Sphenoid Bone 


The bat-shaped sphenoidbone (sfe'noid; sphen = wedge) spans 
the width of the middle eranial fossa (Figure 7.7). The sphenoid 
is eonsidered the keystone of the cranium because it forms a 


eentral wedge that articulates with all other eranial bones. It is 
a ehallenging bone to study because of its complex shape. As 
shown in Figure 7.9, it eonsists of a eentral body and three 
pairs of proeesses: the greater wings, lesser wings, and pterygoid 
proeesses (ter'ì-goid). Within the body of the sphenoid are the 
paired sphenoidal sinuses (see Figures 7.5c and d, and 7.14). 

The superior surface of the body bears a saddle-shaped prom- 
inenee, the sella turcica (sel'ah ter'sí-kah), meaning “Turks 
saddle.” The seat of this saddle, ealled the hypophyseal fossa, 
forms a snug enclosure for the pitmtary gland (hypophysis). 

The greater wings projeet laterally from the sphenoid body, 
forming parts of (1) the middle eranial fossa (Figrnes 7.7 and 
7.2b), (2) the posterior walls of the orbits (Figrne 7.4a), and 
(3) the external wall of the skull, where they are seen as flag- 
shaped, bony areas medial to the zygomatie areh (Figure 7.5). 
The hornlike lesser wings form part of the floor of the anterior 
eranial fossa (Figrne 7.7) and part of the medial walls of the or- 
bits. The trough-shaped pterygoid proeesses projeet inferiorly 
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gure 7.10 The ethmoid bone. Anterior vievv. (For related images, s eeA BriefAtlas ofthe 
Human Body, Figures 3 and 10.) 


from the junction of the body and greater wings (Figure 7.9b). 
They anehor the pterygoid muscles, which are important in 
chewing. 

A number of openings in the sphenoid bone are visible in 
Figures 7.7 and 7.9. The optie eanals lie anterior to the sella 
turcica; they allow the optie nerves (eranial nerves II) to pass to 
the eyes. On eaeh side of the sphenoid body is a ereseent-shaped 
row of four openings. The anteriormost of these, the superior 
orbital fissure, is a long slit between the greater and lesser wings. 
It allows eranial nerves that eontrol eye movements (III, IV, VI) 
to enter the orbit. This fissure is most obvious in an anterior 
view of the skull (Figure 7.4; see also Figure 7.9b). The foramen 
rotundum and foramen ovale (o-va'le) provide passageways 
for branehes of eranial nerve V (the maxillary and mandibu- 
lar nerves, respeetively) to reaeh the faee (Figure 7.7). The fo- 
ramen rotundum is in the medial part of the greater wing and 
is usually oval, despite its name meaning “round opening.” The 
foramen ovale, a large, oval foramen posterior to the foramen 
rotundum, is also visible in an inferior view of the skull (Fig- 
ure 7.6). Posterolateral to the foramen ovale is the small 
foramen spinosum (Figure 7.7); it transmits the middle menin- 
geal artery , which serves the internal faees of some eranial bones. 



Ethmoid Bone 


Like the temporal and sphenoid bones, the delieate ethmoid 
bone has a complex shape Figure 7.10] . Lying between the 
sphenoid and the nasal bones of the faee, it is the most deeply 
situated bone of the skull. It forms most of the bony area be- 
tween the nasal eavity and the orbits. 

The superior surface of the ethmoid is formed by the paired 
horizontal eribriform plates (krib'rì-form) (see also Figure 7.7), 
which help form the roof of the nasal eavities and the floor of 
the anterior eranial fossa. The eribriform plates are punctured 
by tiny holes (eribr = sieve) ealled eribriform foramina that al- 
low the filaments of the olfaetory nerves to pass from the smell 


reeeptors in the nasal eavities to the brain. Projeeting superiorly 
between the eribriform plates is a triangular proeess ealled the 
erista galli (kris'tah gah'le; “roosters eomb”). The outermost 
eovering of the brain (the dura mater) attaehes to the erista galli 
and helps secure the brain in the eranial eavity. 

The perpendicular plate of the ethmoid bone projeets in- 
feriorly in the median plane and forms the superior part of the 
nasal septum, which divides the nasal eavity into right and left 
halves (Figure 7.5c and d). Flanking the perpendicular plate on 
eaeh side is a lateral mass riddled with sinuses ealled ethmoi- 
dal air eells (Figures 7.10 and 7.14), for which the bone itself is 
named (ethmos = sieve). Extending medially from the lateral 
masses, the delieately eoiled superior and middle nasal eon- 
ehae (kong'ke; eoneha = shell), named after the eoneh shells 
found on warm oeean beaehes, protmde into the nasal eavity 
(Figures 7.10 and 7.13a). The lateral surfaces of the ethmoids 
lateral masses are ealled orbital plates because they contribute 
to the medial walls of the orbits. 


Sutural Bones 

Sutural bones are tiny, irregularly shaped bones or bone clus- 
ters that occur within sutures, most often in the lambdoid su- 
ture (Figure 7.4b). Structurally unimportant, their nrnnber 
varies, and not all skulls exhibit them. The signifieanee of these 
tiny bones is unknown. 



Check Your IJnderstanding' 


3. Look at Figure 7.4. Which of the skull bones illustrated in 
vievv (a) are eranial bones? 

4. Which bone forms the erista galli? 

5. Which skull bones house the external ear eanals? 

6. What bones abut one another at the sagittal suture? At the 
lambdoid suture? 


For ansvvers, see Appendix H. 
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(a) Mandible, right lateral view 
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(b) Maxilla, right lateral view 


(e) Maxilla, photo of right lateral view 


gure 7.11 Detailed anatomy of the mandible and the maxilla. (For related images, see 
A BriefAtlas ofthe Human Body, Figures 11 and 12.) 


Faeial Bones 

The faeial skeleton is made up of 14 bones (see Figures 7.4a and 
7.5a), of which only the mandible and the vomer are unpaired. 
The maxillae, zygomaties, nasals, laerimals, palatines, and infe- 
rior nasal eonehae are paired bones. As a mle, the faeial skeleton 
of men is more elongated than that of women. Womens faees 
tend to be rounder and less angular. 

Mandible 

The U-shaped mandible (man'dì-bl), or lower jawbone (Fig- 
ures 7.4a and 7.5, and i |ure 7.1 1a), is the largest, strongest 
bone of the faee. It has a body, which forms the ehin, and two 
upright rami (rami = branehes). Eaeh ramus meets the body 
posteriorly at a mandibular angle. At the superior margin of 


eaeh ramus are two proeesses separated by the mandibular 
noteh. The anterior eoronoid proeess (kor'o-noid; cc crown- 
shaped”) is an insertion point for the large temporalis mus- 
ele that elevates the lower jaw during chewing. The posterior 
eondylar proeess articulates with the mandibular fossa of the 
temporal bone, forming the temporomandibular joint on the 
same side. 

The mandibular body anehors the lower teeth. Its superior 
border, ealled the alveolar proeess (al-ve'o-lar), eontains the 
soekets (dental alveoli) in which the teeth are embedded. In the 
midline of the mandibular body is a slight ridge, the mandibu- 
lar symphysis (sim'fih-sis), indieating where the two mandibu- 
lar bones fused during infaney (Figure 7.4a). 

Large mandibular foramina, one on the medial surface of 
eaeh ramus, permit the nerves responsible for tooth sensation 
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to pass to the teeth in the lower jaw. Dentists injeet lidoeaine 
into these foramina to prevent pain while working on the lower 
teeth. The mental foramina, openings on the lateral aspeets of 
the mandibular body, allow blood vessels and nerves to pass to 
the skin of the ehin ( ment — ehin) and lower lip. 




7 





Maxillary Bones 


The maxillary bones, or maxillae (mak-sil'le; Cí jaws”) (Fig- 
ures 7.4 to 7.6 and 7.1 lb and e), are fused medially. They form 
the upper jaw and the eentral portion of the faeial skeleton. 
All faeial bones except the mandible articulate with the max- 
illae. Henee, the maxillae are eonsidered the keystone bones 
of the faeial skeleton. 

The maxillae earry the upper teeth in their alveolar pro- 
eesses. Just inferior to the nose the maxillae meet medially, 
forming the pointed anterior nasal spine at their junction. The 
palatine proeesses (pà'lah-tìn) of the maxillae projeet posteri- 
orly from the alveolar proeesses and fuse medially at the inter- 
maxillary suture , forming the anterior two-thirds of the hard 
palate, or bony roof of the mouth (Figures 7.5c and d and 7.6). 
Just posterior to the teeth is a midline foramen, ealled the inei- 
sive fossa, which serves as a passageway for blood vessels and 
nerves. 

The frontal proeesses extend superiorly to the frontal bone, 
forming part of the lateral aspeets of the bridge of the nose 
(Figures 7.4a and 7.1 lb). The regions that flank the nasal eavity 
laterally eontain the maxillary sinuses (see Figure 7.14), the 
largest of the paranasal sinuses. They extend from the orbits to 
the roots of the upper teeth. Laterally, the maxillae articulate 
with the zygomatie bones via their zygomatie proeesses. 

The inferior orbital fissure is loeated deep within the orbit 
(Figure 7.4a) at the junction of the maxilla with the greater wing 
of the sphenoid. It permits the zygomatie nerve, the maxillary 
nerve (a braneh of eranial nerve V), and blood vessels to pass to 
the faee. Just below the eye soeket on eaeh side is an infraorbital 
foramen that allows the infraorbital nerve (a continuation of 
the maxillary nerve) and artery to reaeh the faee. 



Zygomatie Bones 


The irregularly shaped zygomatie bones (Figures 7.4a, 7.5a, 
and 7.6) are eommonly ealled the eheekbones ( zygoma = 
eheekbone). They articulate with the zygomatie proeesses 
of the temporal bones posteriorly, the zygomatie proeesses 
of the frontal bone superiorly, and with the zygomatie pro- 
eesses of the maxillae anteriorly. The zygomatie bones form 
the prominenees of the eheeks and part of the inferolateral 
margins of the orbits. 



Nasal Bones 


The thin, basieally rectangular nasal bones (na'zal) are fused 
medially, forming the bridge of the nose (Figures 7.4a and 7.5a). 
They articulate with the frontal bone superiorly, the maxillary 
bones laterally, and the perpendicular plate of the ethmoid bone 
posteriorly. Inferiorly they attaeh to the eartilages that form 
most of the skeleton of the external nose. 



Laerimal Bones 


The delieate, fingernail-shaped laerimal bones (lak'rí-mal) 
contribute to the medial walls of eaeh orbit (Figures 7.4a and 
7.5a). They articulate with the frontal bone superiorly, the eth- 
moid bone posteriorly, and the maxillae anteriorly. Eaeh lae- 
rimal bone eontains a deep groove that helps form a laerimal 
fossa. The laerimal fossa houses the laerimal sae , part of the 
passageway that allows tears to drain from the eye surface into 
the nasal eavity ( laerima = tears). 



Palatine Bones 


Eaeh L-shaped palatine bone is fashioned from two bony 
plates, the horizontal and perpendicular (see Figures 7.13a and 
7.6a), and has three important articular proeesses, th e pyrami- 
dal , sphenoidal , and orbital The horizontal plates, joined at the 
median palatine suture, eomplete the posterior portion of the 
hard palate. The superiorly projeeting perpendicular (vertieal) 
plates form part of the posterolateral walls of the nasal eavity 
and a small part of the orbits. 



Vomer 


The slender, plow-shaped vomer (vo'mer; cc plow”) lies in the 
nasal eavity, where it forms part of the nasal septum (see Fig- 
ures 7.4a and 7.13b). It is deseribed below in eonneetion with 
the nasal eavity. 



Inferior Nasal Conchae 


The paired inferior nasal eonehae are thin, curved bones in 
the nasal eavity. They projeet medially from the lateral walls 
of the nasal eavity, just inferior to the middle nasal eonehae of 
the ethmoid bone (see Figures 7.4a and 7.13a). They are the 
largest of the three pairs of eonehae and, like the others, they 
form part of the lateral walls of the nasal eavity. 



CheckYour Llnderstanding' 


7. VVomen with prominent (high) eheekbones are often 
eonsidered beautiful by the modeling industry. VVhat bones 
are the "eheekbones"? 

8. Johnny was vigorously exercising the only joints in the skull 
that are freely movable. VVhat would you guess he was 
doing? 

9. VVhat bones are the keystone bones of the faeial skeleton? 

_ For ansvvers, see Appendix H. 


Speeial Characteristics of the Orbits 
and Nasal Cavity 

S Define the bony boundaries of the orbits # nasal cavity # and 
paranasal sinuses. 

Two restrieted skull regions, the orbits and the nasal eavity, are 
formed from an amazing number of bones. Even though we have 
already deseribed the individual bones forming these structures, 
we give a brief summary here to pull the parts together. 
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gure 7.12 Bones that form the orbits. (For a related image, see A BriefAtlas ofthe 
Human Body, Figure 14.) 


The Orbits 

The eone-shaped orbits are bony eavities in which the eyes 
are fìrmly eneased and cushioned by fatty tissue. The muscles 
that move the eyes and the tear-producing laerimal glands are 
also housed in the orbits. The walls of eaeh orbit are formed 
by parts of seven bones—the frontal, sphenoid, zygomatie, 
maxilla, palatine, laerimal, and ethmoid bones. Their rela- 
tionships are shown in gure 7.12. Also seen in the orbits 
are the superior and inferior orbital fissures and the optie ea- 
nals, deseribed earlier. 


The Nasal Cavity 

The nasal eavity is eonstmeted of bone and hyaline eartilage 
(Figure 7.13 . The roof of the nasal eavity is formed by the 
eribriform plates of the ethmoid. The lateral walls are largely 
shaped by the superior and middle eonehae of the ethmoid 
bone, the perpendicular plates of the palatine bones, and the 
inferior nasal eonehae. The depressions under eover of the eon- 
ehae on the lateral walls are ealled meatuses (meatus = passage), 
so there are superior, middle, and inferior meatuses. The floor 
of the nasal eavity is formed by the palatine proeesses of the 
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(a) Bones forming the left lateral wall of the nasal eavity (nasal septum removed) 
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(b) Nasal eavity with septum in plaee showing the contributions of the ethmoid bone, 
the vomer, and septal eartilage 


Figure 7.13 Bones of the nasal eavity. (For a related image, see A BriefAtlas ofthe Human 
Body, Figure 15.) 
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gure 7.15 The hyoid bone, anterior view. 



Paranasal Sinuses 

Five skull bones—the frontal, sphenoid, ethmoid, and paired 
maxillary bones—eontain mucosa-lined, air-filled sinuses that 
give them a rather moth-eaten appearanee in an X-ray image. 
These particular sinuses are ealled paranasal sinuses because 
they cluster around the nasal eavity Figure 7.14). 

Small openings eonneet the sinuses to the nasal eavity and 
aet as cc two-way streets”: Air enters the sinuses from the nasal 
eavity, and mucus formed by the sinus mucosae drains into the 
nasal eavity. The mucosa of the sinuses also helps to warm and 
humidify inspired air. The paranasal sinuses lighten the skull 
and enhanee the resonanee of the voiee. 



Check Your LJnderstanding 


10. VVhat bones eontain the paranasal sinuses? 

11. The perpendicular plates of the palatine bones and the 
superior and middle eonehae of the ethmoid bone form a 
substantial part of the nasal eavity vvalls. VVhieh bone forms 
the roof of that eavity? 

12. VVhat bone forms the bulk of the orbit floor and vvhat sense 
organ is found in the orbit of a living person? 

_ For ansvvers , see Appendix H. 


Figure 7.14 Paranasal sinuses. 

maxillae and the palatine bones. The nasal eavity is divided into 
right and left parts by the nasal septum. The bony portion of the 
septum is formed by the vomer inferiorly and the perpendicular 
plate of the ethmoid bone superiorly (Figure 7.13b). A sheet of ear- 
tilage ealled the septal eartilage eompletes the septum anteriorly. 

The nasal septum and eonehae are eovered with a mucus- 
seereting mucosa that moistens and warms the entering air and 
helps eleanse it of debris. The seroll-shaped eonehae inerease the 
turbulence of air flowing through the nasal eavity. This swirling 
forees more of the inhaled air into eontaet with the warm, damp 
mucosa and encourages trapping of airborne partieles (dust, 
pollen, baeteria) in the stieky mucus. 


The Hyoid Bone 

Though not really part of the skull, the hyoid bone (hi'oid; “U- 
shaped”) lies just inferior to the mandible in the anterior neek, and 
looks like a miniature version ofit Figure 7.1 . The hyoid bone is 
unique in that it is the only bone of the body that does not articulate 
direetly with any other bone. Instead, it is anehored by the narrow 
stylohyoid ligaments to the styloid proeesses of the temporal bones. 
Horseshoe-shaped, with a body and two pairs of horns , or cornua , 
the hyoid bone aets as a movable base for the tongue. Its body and 
greater horns are attaehment points for neek muscles that raise and 
lower the larynx during swallowing and speeeh. 

(Text continues onp. 218.) 
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Table 7.1 


Bones of the Skull 


BONE COLORCODE* 


COMMENTS 


IMPORTANT MARKINGS 


Cranial Bones 



Frontal (1) 

(Figures 7.4a, 7.5, and 7.7) 




Parietal (2) 

(Figures 7.4 and 7.5) 

Oeeipital (1) 

(Figures 7.4b, 7.5, 7.6, and 7.7) 



Temporal (2) 

(Figures 7.5, 7.6, 7.7, and 7.8) 



Sphenoid (1) 

(Figures 7.4a, 7.5, 7.6, 7.7, and 7.9) 


Forms forehead, superior part of orbits, and 
most of the anterior eranial fossa; eontains 
sinuses 


Supraorbital foramina (notehes): allovv the 
supraorbital arteries and nerves to pass 


Form most of the superior and lateral aspeets 
of the skull 


Forms posterior aspeet and most of the base of Foramen magnum: allovvs passage of the spinal 


the skull 


Form inferolateral aspeets of the skull and 
contribute to the middle eranial fossa; have 
squamous, tympanie, and petrous parts 


Keystone of the cranium; contributes to the 
middle eranial fossa and orbits; main parts 
are the body, greater vvings, lesser vvings, and 
pterygoid proeesses 


eord from the brain stem to the vertebral 
eanal 


Hypoglossal eanals: allovv passage of the 
hypoglossal nerves (eranial nerve XII) 

Oeeipital eondyles: articulate vvith the atlas 
(first vertebra) 


External oeeipital protuberance and nuchal 
lines: sites of muscle attaehment 


External oeeipital erest: attaehment site of 
ligamentum nuchae 

Zygomatie proeess: helps to form the 
zygomatie areh, vvhieh forms the prominenee 
of the eheek 


Mandibular fossa: articular point of the 
eondylar proeess of the mandible 

External acoustic meatus: eanal leading from 
the external ear to the eardrum 


Styloid proeess: attaehment site for several 
neek muscles and for a ligament to the hyoid 
bone 


Mastoid proeess: attaehment site for several 
neek and tongue muscles 

Stylomastoid foramen: allovvs eranial nerve VII 
(faeial nerve) to pass 

Jugular foramen: allovvs passage of the internal 
jugular vein and eranial nerves IX, X, and XI 

Carotid eanal: allovvs passage of the internal 
earotid artery 

Sella turcica: hypophyseal fossa portion is the 
seat of the pituitary gland 

Optie eanals: allovv passage of optie nerves 
(eranial nerves II) and the ophthalmie arteries 

Superior orbital fissures: allovv passage of 


eranial nerves III, IV, VI, part of V (ophthalmie 
division), and ophthalmie vein 

Foramen rotundum (2): allovvs passage of the 
maxillary division of eranial nerve V 

Foramen ovale (2): allovvs passage of the 
mandibular division of eranial nerve V 


Foramen spinosum (2): allovvs passage of the 
middle meningeal artery 
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*The eolor eode beside eaeh bone name eorresponds to the bone's eolor in Figures 7.4 to 7.13. The number in parentheses () following the bone name 
indieates the total number of such bones in the body. 
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The Vertebral Column 

General Characteristics 

Deseribe the structure of the vertebral column, list its 
eomponents, and deseribe its curvatures. 

✓ indieate a eommon function of the spinal curvatures and 
the intervertebral dises. 




7 




Some people think of the vertebral column as a rigid supporting 
rod, but this is inaccurate. Also ealled the spine or spinal column, 
the vertebral column eonsists of 26 irregrilar bones eonneeted in 
such a way that a flexible, curved structure results Figiire 7.16 . 

Serving as the axial support of the trunk, the spine extends 
from the skull to the pelvis, where it transmits the weight of 
the trunk to the lower limbs. It also surrounds and proteets the 
delieate spinal eord and provides attaehment points for the ribs 
and for the muscles of the baek and neek. 

In the fetus and infant, the vertebral column eonsists of 33 
separate bones, or vertebrae (ver'té-bre). Inferiorly, nine of 
these eventually fuse to form two eomposite bones, the saemrn 
and the tiny coccyx. The remaining 24 bones persist as indi- 
vidual vertebrae separated by intervertebral dises. 

Regions and Curvatures 

The vertebral column is about 70 em (28 inehes) long in an aver- 
age adult and has five major regions (Figure 7.16). The seven ver- 
tebrae of the neek are the eervieal vertebrae (ser'vì-kal), the next 
12 are the thoraeie vertebrae (tho-ras'ik), and the five supporting 
the lower baek are the lumbar vertebrae (lum'bar). Remember- 
ing eommon meal times—7 am, 12 noon, and 5 pm —will help 
you reeall the number of bones in these three regions of the spine. 
The vertebrae beeome progressively larger from the eervieal to the 
himbar region, as they must support greater and greater weight. 

Inferior to the lumbar vertebrae is the sacrum (sa'kmm), 
which articulates with the hip bones of the pelvis. The terminus 
of the vertebral column is the tiny coccyx (kok'siks). 

All of us have the same number of eervieal vertebrae. Vari- 
ations in numbers of vertebrae in other regions occur in about 
5% of people. 

When you view the vertebral column from the side, you ean 
see the four curvatures that give it its S, or simisoid, shape. The 
eervieal and lumbar curvatures are eoneave posteriorly; the 
thoraeie and saeral curvatures are convex posteriorly. These 
curvatures inerease the resilienee and flexibility of the spine, al- 
lowing it to fimetion like a spring rather than a rigid rod. 



Homeostatie imbalanee 7.2 


There are several types of abnormal spinal curvatures 
(Fi jure 7.1 . Some are eongenital (present at birth); others 

result from disease, poor posture, or unequal muscle pull on the 
spine. Seoliosis (sko"le-o'sis), literally, “twisted disease,” is an ab- 
normal lateral curvature that occurs most often in the thoraeie 
region. It is quite eommon during late ehildhood, particularly 
in girls, for some unknown reason. Other, more severe eases re- 
sult from abnormal vertebral structure, lower limbs of unequal 
length, or muscle paralysis. If muscles on one side of the body 
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Right lateral view 


gure 7.16 The vertebral column. Notiee the curvatures in the 
lateral vievv. (The terms convex and eoneave refer to the curvature of 
the posterior aspeet of the vertebral column.) (For a related image, 
see A BriefAtlas ofthe Human Body, Figure 17.) 


are nonfunctional, those of the opposite side exert an unop- 
posed pull on the spine and foree it out of alignment. Seoliosis 
is treated (with body braees or surgically) before growth ends to 
prevent permanent deformity and breathing difficulties due to 
a eompressed lung. 

Kyphosis (ki-fo'sis), or hunchback, is a dorsally exaggerated 
thoraeie curvature. It is particularly eommon in elderly people 
because of osteoporosis, but may also refleet tuberculosis of the 
spine, riekets, or osteomalaeia. 
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(a) Seoliosis 


(b) Kyphosis 


(e) Lordosis 


gure 7.1 Abnormal spinal curvatures. 


Lordosis , or swayback, is an accentuated lumbar curvature. It, 
too, ean result from spinal tuberculosis or osteomalaeia. Tempo- 
rary lordosis is eommon in those earrying a large load up front, 
such as men with “potbellies” and pregnant women. In an attempt 
to preserve their eenter of gravity, these individuals automatically 
throw baek their shoulders, accentuating their lumbar curvature. + 

Ligaments 

Like a tall, tremulous TV transmitting tower, the vertebral eol- 
umn eannot possibly stand upright by itself. It must be held in 
plaee by an elaborate system of eable-like supports. In the ease 
of the vertebral column, straplike ligaments and the tmnk mus- 
eles assume this role. 

The major supporting ligaments are the anterior and pos- 
terior longitudinal ligaments Figure 7.18). These run as 
continuous bands down the front and baek surfaces of the verte- 
brae from the neek to the saemrn. The broad anterior ligament 
is strongly attaehed to both the bony vertebrae and the dises. 
Along with its supporting role, it prevents hyperextension of 


the spine (bending too far backward). The posterior ligament, 
which resists hyperflexion of the spine (bending too sharply 
forward), is narrow and relatively weak. It attaehes only to the 
dises. However, the ligamentum flavum, which eonneets ad- 
jaeent vertebrae, eontains elastie eonneetive tissue and is espe- 
eially strong. It stretehes as we bend forward and then reeoils 
when we resume an ereet posture. Short ligaments eonneet eaeh 
vertebra to those immediately above and below. 


Intervertebral Dises 


Eaeh intervertebral dise is a cushionlike pad eomposed of 
two parts. The inner gelatinous nucleus pulposus (pul-po'sus; 
a pulp”) aets like a mbber ball, giving the dise its elastieity and 
eompressibility. Surrounding the nucleus pulposus is a strong 
eollar eomposed of eollagen fibers superficially and fibroearti- 
lage internally, the anulus fibrosus (an'u-lus fi-bro'sus; “ring of 
fibers”) (Figure 7.18a, e). The anulus fibrosus limits the expan- 
sion of the nucleus pulposus when the spine is eompressed. It 
also aets like a woven strap to bind successive vertebrae together, 
withstands twisting forees, and resists tension in the spine. 

Sandwiched between the bodies of neighboring vertebrae, 
the intervertebral dises aet as shoek absorbers during walking, 
jumping, and mnning. They allow the spine to flex and extend, 
and to a lesser extent to bend laterally. At points of eompression, 
the dises flatten and bulge out a bit between the vertebrae. The 
dises are thiekest in the lumbar and eervieal regions, which en- 
hanees the flexibility of these regions. 

Collectively the dises account for about 25% of the height of 
the vertebral eohimn. They flatten somewhat during the course 
of the day, so we are always a few millimeters shorter at night 
than when we awake in the morning. 
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Severe or sudden physieal trauma to the spine—for example, 
from bending forward while lifting a heavy objeet—may result 
in herniation of one or more dises. A herniated (prolapsed) 
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(a) Median seetion of three vertebrae, illustrating the eomposition 
of the dises and the ligaments 


(b) Anterior view of part of the spinal column, 
showing the anterior longitudinal ligament 


gure 7.18 Ligaments and fibroeartílage dises uniting the vertebrae. 
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(d) MRI of lumbar region of vertebral column in 
sagittal seetion showing herniated dise 


gure 7.18 (continued) Ligaments and fibroeartilage dises uniting the vertebrae. 


7 


dise (eommonly ealled a slipped dise) usually involves rupture 
of the anulus fibrosus followed by protrusion of the spongy nu- 
cleus pulposus through the anulus (Figure 7.18c, d). If the pro- 
trasion presses on the spinal eord or on spinal nerves exiting 
from the eord, numbness or excruciating pain may result. 

Herniated dises are generally treated with moderate exercise, 
massage, heat therapy, and painkillers. If this fails, the protrading 
dise may have to be removed surgically and a bone graft done to 
fuse the adjoining vertebrae. For those preferring to avoid general 
anesthesia, part of the dise ean be vaporized with a laser in an out- 
patient procedure ealled percutaneous laser dise deeompression 
that takes only 30 to 40 minutes. If neeessary, tears in the anulus 
ean be sealed by eleetrothermal means at the same time. The pa- 
tient leaves with only an adhesive bandage to mark the spot. + 



Check Your Understanding 


13. What are the five major regions of the vertebral eoliimn? 

14. In vvhieh tvvo of these regions is the vertebral column 
eoneave posteriorly? 

15. Besides the spinal curvatures, vvhieh skeletal elements help to 
make the vertebral column flexible? 


For ansvvers, see Appendix H. 


General Structure of Vertebrae 

Discuss the structure of a typieal vertebra and deseribe 
regional features of eervieaf thoraeie, and lumbar 
vertebrae. 
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gure 7.19 Typieal vertebral structures. Superior vievv of a tho- 
raeie vertebra. Only bone features are illustrated in this and subsequent 
bone figures in this ehapter. Articular eartilage is not depieted. 


All vertebrae have a eommon structural pattern igure 7.19' . 
Eaeh vertebra eonsists of a body, or centrum, anteriorly and a 
vertebral areh posteriorly. The dise-shaped body is the weight- 
bearing region. Together, the body and vertebral areh enelose 
an opening ealled the vertebral foramen. Successive vertebral 
foramina of the articulated vertebrae form the long vertebral 
eanal, through which the spinal eord passes. 

The vertebral areh is a eomposite structure formed by two pedi- 
eles and two laminae. The pedieles (ped'ì-kelz; “little feet”), short 
bony pillars projeeting posteriorly from the vertebral body, form 
the sides of the areh. The laminae (lam'ì-ne), flattened plates that 
fuse in the median plane, eomplete the areh posteriorly. The pedi- 
eles have notehes on their superior and inferior borders, providing 
lateral openings between adjaeent vertebrae ealled intervertebral 
foramina (see Figure 7.16). The spinal nerves issuing from the 
spinal eord pass through these foramina. 

Seven proeesses projeet from the vertebral areh. The spinous 
proeess is a median posterior projeetion arising at the junction 
of the two laminae. A transverse proeess extends laterally from 
eaeh side of the vertebral areh. The spinous and transverse pro- 
eesses are attaehment sites for muscles that move the vertebral eol- 
umn and for ligaments that stabilize it. The paired superior and 
inferior articular proeesses protrade superiorly and inferiorly, 
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(a) Superior view of atlas (C.,) 


(b) Inferior view of atlas (C.,) 
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(e) Superior view of axis (C 2 ) 

gure 7.20 The first and seeond eervieal vertebrae. (For a 
related image, s eeA BriefAtlas ofthe Human Body, Figure 18.) 


respeetively, from the pediele-lamina junctions. The smooth joint 
surfaces of the articular proeesses, ealled faeets (“little faees”), are 
eovered with hyaline eartilage. The inferior articular proeesses 
of eaeh vertebra form movable joints with the superior articu- 
lar proeesses of the vertebra immediately below. Thus, successive 
vertebrae join both at their bodies and at their articular proeesses. 

Regional Vertebral Characteristics 

Beyond their eommon structural features, vertebrae exhibit 
variations that allow different regions of the spine to perform 
slightly different ffmetions and movements. In general, move- 
ments that ean occur between vertebrae are (1) flexion and 
extension (anterior bending and posterior straightening of the 
spine), (2) lateral flexion (bending the upper body to the right 
or left), and (3) rotation (in which vertebrae rotate on one an- 
other in the longitudinal axis of the spine). The regional verte- 
bral eharaeteristies deseribed in this seetion are illustrated and 
summarized in ’able 7.2 on p. 223. 


eervieal vertebrae (C 3 -C 7 ) have the following distinguishing 

features (see Figure 7.21 and Table 7.2): 

■ The body is oval—wider from side to side than in the antero- 
posterior dimension. 

■ Except in C 7 , the spinous proeess is short, projeets direetly 
baek, and is bifid (bi'fid), or split at its tip. 

■ The vertebral foramen is large and generally triangular. 

■ Eaeh transverse proeess eontains a transverse foramen 
through which the vertebral arteries pass to serviee the brain. 
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The spinous proeess of C 7 is not bifid and is much larger than 
those of the other eervieal vertebrae (see Figure 7.2 la). Because 
its spinous proeess is palpable through the skin, C 7 ean be used 
as a landmark for counting the vertebrae and is ealled the verte- 
bra prominens (“prominent vertebra”). 

The first two eervieal vertebrae, the atlas and the axis, are 
somewhat more robust than the typieal eervieal vertebra. They 
have no intervertebral dise between them, and they are highly 
modified, refleeting their speeial functions. The atlas (C : ) has 
no body and no spinous proeess Figure 7.20a and b). Es- 
sentially, it is a ring of bone eonsisting of anterior and poste- 
rior arehes and a lateral mass on eaeh side. Eaeh lateral mass 
has articular faeets on both its superior and inferior surfaces. 
The superior articular faeets reeeive the oeeipital eondyles of 
the skull—they “earry” the skull, just as Atlas supported the 
heavens in Greek mythology. These joints allow you to nod 
“yes.” The inferior articular faeets form joints with the axis 
(C 2 ) below. 

The axis, which has a body and the other typieal vertebral 
proeesses, is not as speeialized as the atlas. In faet, its only unu- 
sual feature is the knoblike dens (denz; “tooth”) projeeting su- 
periorly from its body. The dens is actually the “missing” body 
of the atlas, which fuses with the axis during embryonie devel- 
opment. Cradled in the anterior areh of the atlas by the trans- 
verse ligament Figure 7.21 a), the dens aets as a pivot for the 
rotation of the atlas. Henee, this joint allows you to rotate your 
head from side to side to indieate “no.” 


Cervical Vertebrae 

The seven eervieal vertebrae, identified as e^-e^, are the small- 
est, lightest vertebrae (see Figure 7.16). The first two (C x and C 2 ) 
are unusual and we will skip them for the moment. The “typieal” 


Thoraeie Vertebrae 

The 12 thoraeie vertebrae (T^-T^) all articulate with the ribs 
(see Table 7.2, Figure 7.16, and Figure 7.2 lb). The first looks 
much like C 7 , and the last four show a progression toward 
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Figure 7.21 Posterolateral vievvs of articulated vertebrae. 

Notiee the bulbous tip on the spinous proeess of C 7 , the vertebra 
prominens. (For a related image, see A BriefAtlas ofthe Human 
Body, Figures 19, 20, and 21.) 


liimbar vertebral structure. The thoraeie vertebrae inerease in 
size from the first to the last. Unique eharaeteristies of these 
vertebrae include the following: 

■ The body is roughly heart shaped. It typieally bears two small 
faeets, eommonly ealled demifaeets (half-faeets), on eaeh 
side, one at the superior edge (the superior eostalfaeet) and 
the other at the inferior edge (the inferior eostal faeet) . The 
demifaeets reeeive the heads of the ribs. (The bodies of T 10 - 
T 12 vary from this pattern by having only a single faeet to 
reeeive their respeetive ribs.) 

■ The vertebral foramen is circular. 

■ The spinous proeess is long and points sharply downward. 

■ With the exception of T n and T 12 , the transverse proeesses 
have faeets, the transverse eostal faeets, that articulate with 
the tubercles of the ribs. 

■ The superior and inferior articular faeets lie mainly in the 
frontal plane, a situation that prevents flexion and extension, 
but which allows this region of the spine to rotate. Lateral 
flexion, though possible, is restrieted by the ribs. 

Lumbar Vertebrae 

The lumbar region of the vertebral column, eommonly referred 
to as the small of the baek, reeeives the most stress. The en- 
haneed weight-bearing function of the five lmnbar vertebrae 
(L^-L^) is refleeted in their sturdier structure. Their bodies are 
massive and kidney shaped in a superior view (see Table 7.2, 
Figure 7.16, and Figure 7.21). Other eharaeteristies typieal of 
these vertebrae: 

■ The pedieles and laminae are shorter and thieker than those 
of other vertebrae. 

■ The spinous proeesses are short, flat, and hatehet shaped and 
are easily seen when a person bends forward. These pro- 
eesses are robust and projeet direetly backward, adaptations 
for the attaehment of the large baek muscles. 

■ The vertebral foramen is triangular. 

■ The orientation of the faeets of the articular proeesses of the 
lumbar vertebrae differs substantially from that of the other 
vertebra types (see Table 7.2). These modifieations loek the 
lumbar vertebrae together and provide stability by prevent- 
ing rotation of the lumbar spine. Flexion and extension are 
possible (as when you do sit-ups), as is lateral flexion. 

Sacrum 

The triangular sacrum, which shapes the posterior wall of 
the pelvis, is formed by five fused vertebrae (S^-S^) in adults 
( : igure 7.22, and see Figure 7.16). It articulates superiorly (via 
its superior articular proeesses) with L 5 and inferiorly with 
the coccyx. Laterally, the saeram articulates, via its auricular 
surfaces, with the two hip bones to form the saeroiliae joints 
(sa"kro-il'e-ak) of the pelvis. 

The saeral promontory (prom'on-tor"e; “high point of 
land projeeting into the sea”)> the anterosuperior margin of 
the first saeral vertebra, bulges anteriorly into the pelvie eavity. 
The body s eenter of gravity lies about 1 em posterior to this 
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Table 7.2 Regional Characteristics of Cervical, Thoraeie, and Lumbar Vertebrae 


CHARACTERISTIC CERVICAL (3-7) THORACIC LLIMBAR 


Body 

Small, wide side to side 

Larger than eervieal; heart 
shaped; bears two eostal faeets 

Massive; kidney shaped 

Spinous proeess 

Short; bifid; projeets direetly 
posterior 

Long; sharp; projeets inferiorly 

Short; blunt; rectangular; projeets 
direetly posteriorly 

Vertebral foramen 

Triangular 

Circular 

Triangular 

Transverse proeesses 

Contain foramina 

Bear faeets for ribs (except T n 
and T 12 ) 

Thin and tapered 

Superior and inferior articular 
proeesses 

Superior faeets direeted 
superoposteriorly 

Superior faeets direeted 
posteriorly 

Superior faeets direeted 
posteromedially (or medially) 


Inferior faeets direeted 
inferoanteriorly 

Inferior faeets direeted anteriorly 

Inferior faeets direeted 
anterolaterally (or laterally) 

Movements allowed 

Flexion and extension; lateral 
flexion; rotation; the spine 
region with the greatest range of 
movement 

Rotation; lateral flexion possible 
but restrieted by ribs; flexion and 
extension limited 

Flexion and extension; some 
lateral flexion; rotation 
prevented 
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(a) Anterior view 


(b) Posterior view 


Figure 7.22 The saernm and coccyx. (For a related image, see A BriefAtlas ofthe Human 
Body, Figure 22.) 


landmark. Four ridges, the transverse ridges, eross its eoneave 
anterior aspeet, marking the lines of fusion of the saeral ver- 
tebrae. The anterior saeral foramina lie at the lateral ends of 
these ridges and transmit blood vessels and anterior rami of 
the saeral spinal nerves. The regions lateral to these foramina 
expand superiorly as the winglike alae. 

In its posterior midline the saeral surface is roughened by 
the median saeral erest (the fused spinous proeesses of the sae- 
ral vertebrae). This is flanked laterally by the posterior saeral 
foramina, which transmit the posterior rami of the saeral spi- 
nal nerves, and then the lateral saeral erests (remnants of the 
transverse proeesses of S^-S^). 

The vertebral eanal continues inside the saemm as the saeral 
eanal. Sinee the laminae of the fifth (and sometimes the fourth) 
saeral vertebrae fail to fuse medially, an enlarged external open- 
ing ealled the saeral hiatus (hi-a'tus; c gap”) is obvious at the 
inferior end of the saeral eanal. 

Coccyx 

The coccyx, our tailbone, is a small triangular bone (Figure 7.22, 
and see Figure 7.16). It eonsists of four (or in some eases three 
or five) vertebrae fused together. The coccyx articulates superi- 
orly with the saeram. (The name coccyx is from the Greek word 
meaning c cuckoo” and was so named because of its faneied re- 
semblanee to a birds beak.) Except for the slight support the 
coccyx affords the pelvie organs, it is a nearly useless bone. Oe- 
easionally, a baby is born with an unusually long coccyx, which 
may need to be removed surgically. 


The eharaeteristies of the regional vertebrae are summarized 
in Table 7.2. 



Check Your Understandin«f 


16. VVhat is the normal number of eervieal vertebrae? Of thoraeie 
vertebrae? 

17. Hovv would a eomplete fracture of the dens affeet the 
mobility of the vertebral column? 

18. How ean you distinguish a lumbar vertebra from a thoraeie 
vertebra? 

_ For ansvvers, see Appendix H. 


TheThoi'aeie Cage 

s Name and deseribe the bones of the thoraeie eage (bony 
thorax). 

Differentiate true from false ribs. 

Anatomieally, the thorax is the ehest, and its bony underpinnings 
are ealled the thoraeie eage or bony thorax. Elements of the tho- 
raeie eage include the thoraeie vertebrae posteriorly, the ribs lat- 
erally, and the sternmn and eostal eartilages anteriorly. The eostal 
eartilages secure the ribs to the sternum gure 7.23a . 

Roughly eone shaped with its broad dimension positioned in- 
feriorly, the bony thorax forms a proteetive eage around the vital 
organs of the thoraeie eavity (heart, lungs, and great blood ves- 
sels), supports the shoiilder girdles and upper limbs, and provides 
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Figure 7.23 The thoraeie eage. (For a related image, see A Brief 
Atlas ofthe Human Body, Figure 23a-d.) 
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(a) Skeleton of the thoraeie eage, anterior view 


(b) Midsagittal seetion through the thorax, showing 
the relationship of surface anatomieal landmarks 
of the thorax to the vertebral column 


attaehment points for many muscles of the neek, baek, ehest, and 
shoulders. The intereostal spaees between the ribs are occupied by 
the intereostal muscles, which lift and then depress the thorax dur- 
ing breathing. 


stermim. This small, variably shaped proeess is a plate of hyaline 
eartilage in youth, but it is usually ossified in adults over the age of 
40. The xiphoid proeess articulates only with the sternal body and 
serves as an attaehment point for some abdominal muscles. 


Sterniim 

The sternum (breastbone) lies in the anterior midline of the tho- 
rax. Vaguely resembling a dagger, it is a flat bone approximately 
15 em (6 inehes) long, resulting from the fusion of three bones: the 
manubrium, the body, and the xiphoid proeess. The manubrium 
(mah-nu'bre-um; “knife handle”) is the superior portion, which 
is shaped like the knot in a neektie. The manubrium articulates 
via its clavicular notehes (klah-vik'u-lar) with the elavieles (eol- 
larbones) laterally, and just below this, it also articulates with the 
first two pairs of ribs. The body , or midportion, forms the bulk of 
the sternum. The sides of the body are notehed where it articu- 
lates with the eostal eartilages of the seeond to seventh ribs. The 
xiphoid proeess (zif'oid; cc swordlike”) forms the inferior end of the 
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In some people, the xiphoid proeess projeets posteriorly. In such 
eases, blows to the ehest ean push the xiphoid into the underly- 
ing heart or liver, causing massive hemorrhage. + 


The sternum has three important anatomieal landmarks: the jugu- 
lar noteh, the sternal angle, and the xiphisternal joint (Figure 7.23). 
The easily palpated jugular ( suprasternal) noteh is the eentral in- 
dentation in the superior border of the manubrium. If you slide your 
finger down the anterior surface of your neek, it will land in the jugu- 
lar noteh. The jugular noteh is generally in line with the dise between 
the seeond and third thoraeie vertebrae and the point where the 
left eommon earotid artery issues from the aorta (Figure 7.23b). 
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(a) Vertebral and sternal articulations of a typieal true rib 
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(b) Superior view of the articulation between a rib and a 
thoraeie vertebra 
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(e) A typieal rib (rib 6, right), posterior view 


Figure 7.24 Ribs. All ribs illustrated in this figure are right ribs. (For a 
related image, s eeA BriefAtlas ofthe Human Body, Figure 23e and f.) 


The sternal angle is felt as a horizontal ridge aeross the front 
of the sternum, where the manubrium joins the sternal body. 
This cartilaginous joint aets like a hinge, allowing the sternal 
body to swing anteriorly when we inhale. The sternal angle is in 
line with the dise between the fourth and fifth thoraeie vertebrae 


and at the level of the seeond pair of ribs. It is a handy referenee 
point for finding the seeond rib and thus for counting the ribs 
during a physieal examination and for listening to sounds made 
by speeifie heart valves. 

The xiphisternal joint (zif"í-ster'nul) is the point where the 
sternal body and xiphoid proeess fuse. It lies at the level of the 
ninth thoraeie vertebra. The heart lies on the diaphragm just 
deep to this joint. 

Ribs 

Twelve pairs of ribs form the flaring sides of the thoraeie eage 
(Figure 7.23a). All ribs attaeh posteriorly to the thoraeie ver- 
tebrae (bodies and transverse proeesses) and curve inferiorly 
toward the anterior body surface. The superior seven rib pairs 
attaeh direetly to the sternum by individual eostal eartilages 
(bars of hyaline eartilage). These are true or vertebrosternal 
ribs (ver"té-bro-ster'nal). (Notiee that the anatomieal name in- 
dieates the two attaehment points of a rib—the posterior attaeh- 
ment given first.) 

The remaining five pairs of ribs are ealled false ribs because 
they either attaeh indireetly to the sternum or entirely laek a 
sternal attaehment. Rib pairs 8-10 attaeh to the stermim indi- 
reetly, eaeh joining the eostal eartilage immediately above it. 
These ribs are also ealled vertebroehondral ribs (ver"té-bro- 
kon'dral). The inferior margin of the rib eage, or eostal margin, 
is formed by the eostal eartilages of ribs 7-10. Rib pairs 11 and 
12 are ealled vertebral ribs or floating ribs because they have 
no anterior attaehments. Instead, their eostal eartilages lie em- 
bedded in the muscles of the lateral body wall. 

The ribs inerease in length from pair 1 to pair 7, then de- 
erease in length from pair 8 to pair 12. Except for the first rib, 
which lies deep to the elaviele, the ribs are easily felt in people 
of normal weight. 

A typieal rib is a bowed flat bone ure 7.24 . The bulk of 
a rib is simply ealled the shaft. Its superior border is smooth, but 
its inferior border is sharp and thin and has a eostal groove on its 
inner faee that lodges the intereostal nerves and blood vessels. 

In addition to the shaft, eaeh rib has a head, neek, and tu- 
berele. The wedge-shaped head , the posterior end, articulates 
with the vertebral bodies by two faeets: One joins the body of 
the same-numbered thoraeie vertebra, the other articulates with 
the body of the vertebra immediately superior. The neek is the 
eonstrieted portion of the rib just beyond the head. Lateral to 
this, the knoblike tubercle articulates with the eostal faeet of the 
transverse proeess of the same-numbered thoraeie vertebra. 
Beyond the tubercle, the shaft angles sharply forward (at the 
angle of the rib) and then extends to attaeh to its eostal eartilage 
anteriorly. The eostal eartilages provide secure but flexible rib 
attaehments to the sternum. 

The first pair of ribs is quite atypieal. They are flattened su- 
periorly to inferiorly and are quite broad, forming a horizontal 
table that supports the subclavian blood vessels that serve the 
upper limbs. There are also other exceptions to the typieal rib 
pattern. Rib 1 and ribs 10-12 articulate with only one vertebral 
body, and ribs 11 and 12 do not articulate with a vertebral trans- 
verse proeess. 
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clavicular 


eiaviele 



Figure 7.25 The peetoral girdle and elavide. (For a related 
image, see A BriefAtlas ofthe Human Body, Figure 24.) 
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(a) Articulated peetoral girdle 


(e) Right elaviele, inferior view 



Check Your Llnderstanding' 


19. Flovv does a true rib differ from a false rib? 

20. What is the sternal angle and vvhat is its elinieal importanee? 

21. Besides the ribs and sternum, there is a third group of bones 
making up the thoraeie eage. What is it? 

_ For ansvvers, see Appendix H. 


PART 2 

The Appendicular Skeleton 

Bones of the limbs and their girdles are eolleetively ealled 
the appendicular skeleton because they are appended to 
the axial skeleton that forms the longitudinal axis of the 
body (see Figure 7.1). The yokelik e peetoral girdles (pek'tor- 
al; “ehest”) attaeh the upper limbs to the body trunk. The 
more sturdy pelvie girdle secures the lower limbs. Although 
the bones of the upper and lower limbs differ in their func- 
tions and mobility, they have the same fundamental plan: 
Eaeh limb is eomposed of three major segments eonneeted 
by movable joints. 

The appendicular skeleton enables us to earry out the 
movements typieal of our freewheeling and manipulative life- 
style. Eaeh time we take a step, throw a ball, or pop a earamel 


into our mouth, we are making good use of our appendicular 
skeleton. 

The Peetoral (Shoulder) Girdle 

/ Identify bones forming the peetoral girdle and relate their 
structure and arrangement to the function of this girdle. 

/ Identify important bone markings on the peetoral girdle. 

The peetoral girdle, or shoulder girdle, eonsists of the elavi- 
ele (klav'ì-kl) anteriorly and the seapida (skap'u-lah) posteri- 
orly ( gure 7.25 and Table 7.3 on p. 233). The paired peetoral 
girdles and their assoeiated muscles form your shoulders. Al- 
though the term girdle usually signifies a beltlike structure en- 
eireling the body, a single peetoral girdle, or even the pair, does 
not quite satisfy this deseription. Anteriorly, the medial end of 
eaeh elaviele joins the stermim; the distal ends of the elavieles 
meet the scapulae laterally. However, the scapulae fail to eom- 
plete the ring posteriorly, because their medial borders do not 
join eaeh other or the axial skeleton. Instead, the scapulae are 
attaehed to the thorax and vertebral column only by the muscles 
that elothe their surfaces. 

The peetoral girdles attaeh the upper limbs to the axial skel- 
eton and provide attaehment points for many of the muscles 
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that move the upper limbs. These girdles are very light and allow 
the upper limbs a degree of mobility not seen anywhere else in 
the body. This mobility is due to the following faetors: 

■ Because only the elaviele attaehes to the axial skeleton, the 
scapula ean move quite freely aeross the thorax, allowing the 
arm to move with it. 

■ The soeket of the shoulder joint (the scapulas glenoid eavity) 
is shallow and poorly reinforeed, so it does not restriet the 
movement of the humerus (arm bone). Although this ar- 
rangement is good for flexibility, it is bad for stability: Shoul- 
der disloeations are fairly eommon. 




7 




eiavieles 

The elavieles (“little keys”), or eollarbones, are slender, S-shaped 
bones that ean be felt along their entire course as they extend hori- 
zontally aeross the superior thorax (Figure 7.25). Eaeh elaviele is 
eone shaped at its medial sternal end, which attaehes to the sternal 
manubrium, and flattened at its lateral aeromial end (ah-kro'me- 
al), which articulates with the seaprila. The medial two-thirds of the 
elaviele is convex anteriorly; its lateral third is eoneave anteriorly. Its 
superior surface is fairly smooth, but the inferior surface is ridged 
and grooved by ligaments and by the aetion of the muscles that attaeh 
to it. The trapezoid line and the eonoid tubercle , for example, are an- 
ehoring points for a ligament that eonneets the elaviele to the scapula. 

Besides anehoring many muscles, the elavieles aet as braees: 
They hold the scapulae and arms out laterally, away from the 
narrower superior part of the thorax. This braeing function be- 
eomes obvious when a elaviele is fractured: The entire shoulder 
region eollapses medially. The elavieles also transmit eompres- 
sion forees from the upper limbs to the axial skeleton, for exam- 
ple, when someone pushes a ear to a gas station. 

The elavieles are not very strong and are likely to fracture, for 
example, when a person uses outstretched arms to break a fall. 
The curves in the elaviele ensure that it usually fractures anteri- 
orly (outward). If it were to eollapse posteriorly (inward), bone 
splinters would damage the subclavian artery, which passes just 
deep to the elaviele to serve the upper limb. The elavieles are 
exceptionally sensitive to muscle pull and beeome notieeably 
larger and stronger in those who perform manual labor or ath- 
leties involving the shoulder and arm muscles. 


superior angle and the lateral border at the lateral angle. The 
medial and lateral borders join at the inferior angle. The inferior 
angle moves extensively as the arm is raised and lowered, and is 
an important landmark for studying scapular movements. 

The anterior, or eostal, surface of the scapula is eoneave and rela- 
tively featureless. Its posterior surface bears a prominent spine that 
is easily felt through the skin. The spine ends laterally in an enlarged, 
roughened triangular projeetion ealled the aeromion (ah-kro'me- 
on; “point of the shoulder”). The aeromion artierilates with the aero- 
mial end of the elaviele, forming the acromioclavicular joint. 

Projeeting anteriorly from the superior scapular border is 
the eoraeoid proeess (kor'ah-eoid); eorae means “beaklike,” but 
this proeess looks more like a bent little finger. The eoraeoid 
proeess helps anehor the bieeps muscle of the arm. It is bounded 
by the suprascapular noteh (a nerve passage) medially and by 
the glenoid eavity laterally. 

Several large fossae appear on both sides of the scapula and 
are named aeeording to loeation. The infraspinous and supraspi- 
noasfossae are inferior and superior, respeetively, to the spine. 
The subscapular fossa is the shallow eoneavity formed by the 
entire anterior scapular surface. Lying within these fossae are 
muscles with similar names. 



Check Your Understanding 


22. VVhat two bones construct eaeh peetoral girdle? 

23. VVhere is the single point of attaehment of the peetoral girdle 
to the axial skeleton? 

24. VVhat is the major shorteoming of the flexibility allowed by 
the shoulder joint? 

_ For ansvvers, see Appendix H. 


The Upper Limb 

* Identify or name the bones of the upper limb and their 
important markings. 

Thirty separate bones form the bony framework of eaeh upper 
limb (see Figures 7.27 to 7.29, and Table 7.3 on p. 233). Eaeh of 
these bones may be deseribed regionally as a bone of the arm, 
forearm, or hand. (Keep in mind that anatomieally the c arm” is 
only that part of the upper limb between the shoulder and elbow.) 


Scapulae 

The scapulae, or shoulder blades , are thin, triangular flat bones 
(Figure 7.25a and gure 7.26). Interestingly, their name derives 
from a word meaning cc spade” or cc shovel,” for aneient cultures 
made spades from the shoulder blades of animals. The scapulae lie 
on the dorsal surface of the rib eage, between ribs 2 and 7. 

Eaeh scapula has three borders. The superior border is the 
shortest, sharpest border. The medial , or vertebral , border parallels 
the vertebral column. The thiek lateral , or axillary , border abuts 
the armpit and ends superiorly in a small, shallow fossa, the gle- 
noid eavity (gle'noid; cc pit-shaped”). This eavity articulates with 
the humerus of the arm, forming the shoulder joint. 

Like all triangles, the scapula has three eorners or angles. 
The superior scapular border meets the medial border at the 


Arm 

The humerus (hu'mer-us), the sole bone of the arm, is a typieal 
long bone Figure 7.2' . The largest, longest bone of the upper 
limb, it articulates with the scapula at the shoulder and with the 
radius and ulna (forearm bones) at the elbow. 

At the proximal end of the humerus is its smooth, hemispheri- 
eal head, which fits into the glenoid eavity of the scapula in a man- 
ner that allows the arm to hang freely at ones side. Immediately 
inferior to the head is a slight eonstrietion, the anatomieal neek. 
Just inferior to this are the lateral greater tubercle and the more 
medial lesser tubercle, separated by the intertubercular sulcus, 
or bieipital groove (bi-sip'ì-tal). These tubercles are sites of attaeh- 
ment of the rotator cuff muscles. The intertubercular sulcus guides 
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(a) Right scapula, anterior aspeet 


(b) Right scapula, posterior aspeet 



Figure 7.26 The scapula. Vievv (e) is aeeompanied by a sehematie representation of its 
orientation. (For a related image, see A BriefAtlas ofthe Human Body, Figure 24.) 
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Figiire 7.27 The humerus of the right arm and detailed 
vievvs of articulation at the elbovv. (For a related image, see 
A BriefAtlas ofthe Human Body, Figure 25.) 
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a tendon of the bieeps muscle of the arm to its attaehment point 
at the rim of the glenoid eavity (the supraglenoid tubercle). Just 
distal to the tubercles is the surgical neek, so named because it is 
the most frequently fractured part of the humerus. About midway 
down the shaft on its lateral side is the V-shaped deltoid tuberos- 
ity, the roughened attaehment site for the deltoid muscle of the 
shoulder. Nearby, the radial groove runs obliquely down the pos- 
terior aspeet of the shaft, marking the course of the radial nerve, an 
important nerve of the upper limb. 

At the distal end of the humerus are two eondyles: a medial 
troehlea (trok'le-ah; U pulley”), which looks like an hourglass 
tipped on its side, and the lateral ball-like capitulum (kah-pit'u- 
lum). These eondyles articulate with the ulna and the radius, 


respeetively (Figure 7.27c and d). The eondyle pair is flanked by 
the medial and lateral epieondyles (muscle attaehment sites). 
Direetly above these epieondyles are the medial and lateral su- 
praeondylar ridges. The ulnar nerve, which runs behind the 
medial epieondyle, is responsible for the painful, tingling sensa- 
tion you experience when you hit your “funny bone.” 

Superior to the troehlea on the anterior surface is the eoro- 
noid fossa; on the posterior surface is the deeper oleeranon 
fossa (o-lek'rah-non). These two depressions allow the eorre- 
sponding proeesses of the ulna to move freely when the elbow 
is flexed and extended. A small radial fossa, lateral to the eoro- 
noid fossa, reeeives the head of the radius when the elbow is 
flexed. 
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Figure 7.28 Radius and ulna of the right forearm. Note the 
structural details of the ulnar head and distal portion of radius and 
ulna. (For a related image, see A BriefAtlas ofthe Human Body, 
Figure 26.) 
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(d) Distal ends of the radius and ulna at the wrist 


(a) Anterior view 


(b) Posterior view 


Forearm 

Two parallel long bones, the radius and the ulna, form the 
skeleton of the forearm, or antebraehmm (an"te-bra'ke-um) 
(Figure 7.28 . Unless a persons forearm muscles are very 
bulky, these bones are easily palpated along their entire length. 
Their proximal ends articulate with the humerus; their distal 
ends form joints with bones of the wrist. The radius and ulna ar- 
ticulate with eaeh other both proximally and distally at small ra- 
dioulnar joints (ra"de-o-uTnar), and they are eonneeted along 
their entire length by a flat, flexible ligament, the interosseous 
membrane (in"ter-os'e-us; cc between the bones”). 


In the anatomieal position, the radius lies laterally (on the 
thumb side) and the ulna medially. However, when you rotate 
your forearm so that the palm faees posteriorly (a movement 
ealled pronation), the distal end of the radius erosses over the 
ulna and the two bones form an X (see Figure 8.6a, p. 259). 

lllna 

The ulna (ul'nah; cc elbow”) is slightly longer than the radius. It has 
the main responsibility for forming the elbow joint with the hu- 
merus. Its proximal end looks like the adjustable end of a monkey 
wrench: It bears two prominent proeesses, the oleeranon (elbow) 
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(a) Anterior view of right hand 


(b) Posterior view of right hand 


gure 7.29 Bones of the right hand. (For a related image, see A BriefAtlas ofthe Human 
Body, Figure 27.) 


and the eoronoid proeess, separated by a deep eoneavity, the 
troehlear noteh (Figure 7.28c). Together, these two proeesses grip 
the troehlea of the humerus, forming a hinge joint that allows the 
forearm to be bent upon the arm (flexed), then straightened again 
(extended). When the forearm is fully extended, the oleeranon 
“loeks” into the oleeranon fossa (Figure 7.27d), keeping the fore- 
arm from hyperextending (moving posteriorly beyond the elbow 
joint). The posterior oleeranon forms the angle of the elbow when 
the forearm is flexed and is the bony part that rests on the table 
when you lean on your elbows. On the lateral side of the eoronoid 
proeess is a small depression, the radial noteh, where the ulna 
articulates with the head of the radius. 

Distally the ulnar shaff narrows and ends in a knoblike head 
(Figure 7.28d). Medial to the head is the ulnar styloid proeess, 
from which a ligament runs to the wrist. The ulnar head is sepa- 
rated from the bones of the wrist by a dise of fìbroeartilage and 
plays little or no role in hand movements. 

Radius 


ulnar noteh (Figure 7.28d), which articulates with the ulna, and 
a lateral radial styloid proeess (an anehoring site for ligaments 
that mn to the wrist). Between these two markings, the radius is 
eoneave where it articulates with earpal bones of the wrist. 

The ulna contributes more heavily to the elbow joint, and the 
radius is the major forearm bone contributing to the wrist joint. 
When the radius moves, the hand moves with it. 

Homeostatie imbalanee 7.5 

Colles fraetme is a break in the distal end of the radius. It is a 
eommon fracture when a falling person attempts to break his or 
her fall with outstretched hands. + 



Hand 

The skeleton of the hand Figure 7.29) includes the bones of 
the carpus (wrist); the bones of the metacarpus (palm); and the 
phalanges (bones of the fingers). 


The radius ( cc rod”) is thin at its proximal end and wide 
distally—the opposite of the ulna. The head of the radius is 
shaped somewhat like the head of a nail (Figure 7.28). The su- 
perior surface of this head is eoneave, and it articulates with the 
capitulum of the humerus. Medially, the head articulates with the 
radial noteh of the ulna (Figure 7.27c). Just inferior to the head 
is the rough radial tuberosity, which anehors the bieeps muscle 
of the arm. Distally, where the radius is expanded, it has a medial 


Carpus (Wrist) 

A cc wrist” watch is actually worn on the distal forearm (over the 
lower ends of the radms and ulna), not on the wrist at all. The 
tme wrist, or carpus, is the proximal part of the structure we 
generally eall our cc hand.” The carpus eonsists of eight marble- 
size short bones, or earpals (kar'palz), elosely united by liga- 
ments. Because gliding movements occur between these bones, 
the carpus as a whole is quite flexible. 
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Table 7.3 Bones of the Appendicular Skeleton, Part 1: Peetoral Girdle and Llpper Limb 


BODY REGION 


BONES* 


ILLLISTRATION 


LOCATION 


MARKINGS 


Peetoral girdle daviele (2) 

(Figures 7.25, 7.26) 


Scapula ( 2 ) 


Upper limb Humerus (2) 

Arm (Figure 7.27) 


Forearm (Figure 7.28) Ulna (2) 


Radius (2) 


Hand (Figure 7.29) 


8 Oarpals (16) 
seaphoid 
lunate 
triquetrum 
pisiform 
trapezium 
trapezoid 
eapitate 
hamate 

5 Metaearpals (10) 


14 Phalanges (28) 

distal _ 

middle 

proximal _ 

Anterior view of peetoral girdle and upper limb 



Gaviele is in superoanterior 
thorax; articulates medially 
vvith sternum and laterally 
vvith scapula 

Scapula is in posterior thorax; 
forms part of the shoulder; 
articulates vvith humerus and 
elaviele 

Humerus is sole bone of arm; 
betvveen scapula and elbovv 


Ulna is the medial bone of 
forearm betvveen elbovv 
and vvrist; vvith the humerus 
forms elbovv joint 

Radius is the lateral bone 
of forearm; articulates vvith 
earpals to form part of the 
vvrist joint 


Carpals form a bony ereseent 
at the vvrist; arranged in tvvo 
rovvs of four bones eaeh 


Metaearpals form the palm; 
one in line vvith eaeh digit 

Phalanges form the fingers; 
three in digits 2-5; tvvo in 
digit 1 (the thumb) 


Aeromial end; sternal end 


Glenoid eavity; spine; 
aeromion; eoraeoid 
proeess; infraspinous, 
supraspinous, and 
subscapular fossae 

Head; greater and lesser 
tubercles; intertubercular 
sulcus; radial groove; 
deltoid tuberosity; 
troehlea; capitulum; 
eoronoid and oleeranon 
fossae; epieondyles; radial 
fossa 


Coronoid proeess; 
oleeranon; radial noteh; 
troehlear noteh; ulnar 
styloid proeess; head 

Head; radial tuberosity; 
radial styloid proeess; 
ulnar noteh 


*The number in parentheses () follovving the bone name denotes the total number of such bones in the body. 
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The earpals are arranged in two irregular rows of four bones 
eaeh (Figure 7.29). In the proximal row (lateral to medial) are 
the seaphoid (skaf'oid; cc boat-shaped”) 5 lunate (lu'nàt; “rnoon- 
like”), triquetrum (tri-kwet'rum; cc triangular”), and pisiform 
(pi'sí-form; cc pea-shaped”). Of these, all but the pisiform par- 
tieipate in forming the wrist joint. The earpals of the distal row 
(lateral to medial) are the trapezium (trah-pe'ze-um; cc little ta- 
ble”), trapezoid (trá'peh-zoid; cc four-sided”), eapitate ( cc head- 
shaped”), and hamate (ham'àt; “hooked”). 

There are numerous memory-jogging phrases to help you 
reeall the earpals in the order given above. If you don t have one, 
try: Sally left the party to take Cindy home. As with all such 
memory jogs, the first letter of eaeh word is the first letter of the 
term you need to remember. 



Homeostatie imbalanee 7.6 


The arrangement of its bones is such that the carpus is eoneave 
anteriorly and a ligament roofs over this eoneavity, forming the 
notorious earpal tunne\. Besides the median nerve (which sup- 
plies the lateral side of the hand), several long muscle tendons 
crowd into this tunnel. Ovemse and inflammation of the tendons 
cause them to swell, eompressing the median nerve, which causes 
tingling and numbness of the areas served, and movements of the 
thumb weaken. Pain is greatest at night. Those who repeatedly 
flex their wrists and fingers, such as those who work at computer 
keyboards all day, are particularly susceptible to this nerve im- 
pairment, ealled earpal tunnel syndrome. This eondition is treated 
by splinting the wrist during sleep or by surgery. + 


Metaearpiis (Palm) 

Five metaearpals radiate from the wrist like spokes to form the 
metacarpus or palm of the hand ( meta = beyond). These small 
long bones are not named, but instead are numbered I to V from 
thumb to little finger. The bases of the metaearpals articulate 
with the earpals proximally and eaeh other medially and laterally 
(Figure 7.29). Their bulbous heads articulate with the proximal 
phalanges of the fingers. When you eleneh your fist, the heads of 
the metaearpals beeome prominent as your hmekles. 

Metaearpal I, assoeiated with the thumb, is the shortest and 
most mobile. It occupies a more anterior position than the other 
metaearpals. Consequently, the joint between metaearpal I and 
the trapezium is a unique saddle joint that allows opposition , the 
aetion of touching your thumb to the tips of your other fingers. 


Phalanges (Fingers) 

The fingers, or digits of the upper limb, are numbered 1 to 5 
beginning with the thumb, or pollex (pol'eks). In most peo- 
ple, the third finger is the longest. Eaeh hand eontains 14 mini- 
ature long bones ealled phalanges (fah-lan'jèz). Except for the 
thumb, eaeh finger has three phalanges: distal , middle , and prox- 
imal. The thumb has no middle phalanx. [Phalanx (fa'langks; cc a 
elosely knit row of soldiers”) is the singular term for phalanges.] 



Check Your Understanding 


27. Where are earpals found and vvhat type of bone (short, 
irregular, long, or flat) are they? 

_ For ansvvers, see Appendix H. 

The Pelvie (Hip) Girdle 

✓ Name the bones contributing to the os coxae, and relate 
the pelvie girdle's strength to its function. 

Deseribe differenees in the male and female pelves and 
relate these to functional differenees. 

The pelvie girdle, or hip girdle, attaehes the lower limbs to the 
axial skeleton, transmits the full weight of the upper body to 
the lower limbs, and supports the viseeral organs of the pelvis 
(Figures 7.30 and 7.31 and Table 7.4, p. 237). Unlike the pee- 
toral girdle, which is sparingly attaehed to the thoraeie eage, 
the pelvie girdle is secured to the axial skeleton by some of the 
strongest ligaments in the body. And unlike the shallow glenoid 
eavity of the scapula, the eorresponding soekets of the pelvie 
girdle are deep and cuplike and firmly secure the head of the 
femur in plaee. Thus, even though both the shoulder and hip 
joints are ball-and-soeket joints, very few of us ean wheel or 
swing our legs about with the same degree of freedom as our 
arms. The pelvie girdle laeks the mobility of the peetoral girdle 
but is far more stable. 

The pelvie girdle is formed by the saemrn* (a part of the 
axial skeleton) and a pair of hip bones, eaeh also ealled an os 
coxae (ahs kok'se), or coxal bone ( coxa = hip). Eaeh hip bone 
unites with its partner anteriorly and with the saemrn posteri- 
orly (Figure 7.30). 

Eaeh large, irregularly shaped hip bone eonsists of three sep- 
arate bones during ehildhood: the ilium, ischium, and pubis 
(Figure 7.31). In adults, these bones are firmly fused and their 
boundaries are indistinguishable. Their names are retained, 
however, to refer to different regions of the eomposite hip bone. 

At the point of fusion of the ilium, ischium, and pubis is a 
deep hemispherieal soeket ealled the acetabulum (as"é-tab'u- 
lum; cc vinegar cup”) on the lateral surface of the pelvis (Fig- 
ure 7.31). The acetabulum reeeives the head of the femur, or 
thigh bone, at this hipjoint. 


Iliiim 

The ilium (il'e-um; cc flank”) is a large flaring bone that forms 
the superior region of a coxal bone. It eonsists of a body and a 
superior winglike portion ealled the ala (a'lah). When you rest 
your hands on your hips, you are resting them on the thiekened 
superior margins of the alae, the iliae erests, to which many 
muscles attaeh. Eaeh iliae erest ends anteriorly in the bhrnt ante- 
rior superior iliae spine and posteriorly in the sharp posterior 
superior iliae spine. 

Loeated below these are the less prominent anterior and 
posterior inferior iliae spines. All of these spines are attaehment 
points for the muscles of the trunk, hip, and thigh. The anterior 


25. Which bones play the major role in forming the elbovv joint? 

26. Which bones of the upper limb have a styloid proeess? 


*Some aiithorities do not eonsider the saeram part of the pelvie girdle, but here we 
follow the eonvention in Terminologia Anatomiea. 
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Figure 7.30 Pelvis. The pelvis eonsists of the tvvo hip (coxal) bones, the sacrum, and the coccyx. 



superior iliae spine is an espeeially important anatomieal land- 
mark. It is easily felt through the skin and is visible in thin peo- 
ple. The posterior superior iliae spine is difhcult to palpate, but 
its position is revealed by a skin dimple in the saeral region. 

Just inferior to the posterior inferior iliae spine, the ilium 
indents deeply to form the greater seiatie noteh (si-at'ik), 
through which the thiek eordlike seiatie nerve passes to enter 
the thigh. The broad posterolateral surface of the ilium, the glu- 
teal surface (gloo'te-al), is erossed by three ridges, the poste- 
rior, anterior, and inferior gluteal lines, to which the gluteal 
(buttock) muscles attaeh. 

The medial surface of the iliae ala exhibits a eoneavity ealled 
the iliae fossa. Posterior to this, the roughened auricular surface 
(aw-rik'u-lar; c ear-shaped”) articulates with the same-named 
surface of the saeram, forming the saeroiliae joint (Figure 7.30). 
The weight of the body is transmitted from the spine to the pelvis 
through the saeroiliae joints. Running inferiorly and anteriorly 
from the auricular surface is a robust ridge ealled the arcuate 
line (ar'ku-at; cc bowed”). The arcuate line helps define the pelvie 
brim , the superior margin of the tmepelvis , which we will discuss 
shortly. Anteriorly, the body of the ilium joins the pubis; inferiorly 
it joins the ischium. 

isehiijm 

The ischium (is'ke-um; cc hip”) forms the posteroinferior part of 
the hip bone (Figures 7.30 and 7.31). Roughly L- or are-shaped, 
it has a thieker, superior body adjoining the ilium and a thinner, 
inferior ramus ( ramus = braneh). The ramus joins the pubis 
anteriorly. The ischium has three important markings. Its isehial 
spine projeets medially into the pelvie eavity and serves as a 
point of attaehment of the saerospinons ligament ranning from 


the saeram. Just inferior to the isehial spine is the lesser seiatie 
noteh. A number of nerves and blood vessels pass through this 
noteh to supply the anogenital area. The inferior surface of the 
isehial body is rough and grossly thiekened as the isehial tuber- 
osity. When we sit, our weight is borne entirely by the isehial 
tuberosities, which are the strongest parts of the hip bones. 

A massive ligament rans from the saeram to eaeh isehial 
tuberosity. This sacrotuberous ligament (not illustrated) helps 
hold the pelvis together. The isehial tuberosity is also a site of at- 
taehment of the large hamstring muscles of the posterior thigh. 

Pubis 

The pubis (pu'bis; cc sexually mature”), or pubic bone , forms the 
anterior portion of the hip bone (Figures 7.30 and 7.31). In the an- 
atomieal position, it lies nearly horizontally and the urinary blad- 
der rests upon it. Essentially, the pubis is V shaped with superior 
and inferior pubic rami issuing from its flattened medial body. 
The anterior border of the pubis is thiekened to form the pubic 
erest. At the lateral end of the pubic erest is the pubic tubercle, 
one of the attaehments for the inguinal ligament. As the two rami 
of the pubis run laterally to join with the body and ramus of the is- 
chium, they define a large opening in the hip bone, the obturator 
foramen (ob"tu-ra'tor), through which a few blood vessels and 
nerves pass. Although the obturator foramen is large, it is nearly 
elosed by a fibrous membrane in life ( obtmator = elosed up). 

The bodies of the two pubic bones are joined by a fibroearti- 
lage dise, forming the midline pubic symphysis joint. Inferior 
to this joint, the inferior pubic rami angle laterally, forming an 
inverted V-shaped areh ealled the pubic areh or subpubic an- 
gle. The acuteness of this areh helps to differentiate the male and 
female pelves. 


(Text continues on p. 238.) 
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(a) Lateral view, right hip bone 


(b) Medial view, right hip bone 
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(e) Lateral view, right hip bone 


(d) Medial view, right hip bone 


Figure 7.31 The hip (coxal) bones. Lateral and medial views of the right hip bone. The 
point of fusion of the ilium (gold), ischium (violet), and pubic (red) bones at the acetabulum 
is indieated in the diagrams (a, b). (For a related image, seeA BriefAtlas ofthe Human Body, 
Figure 28.) 
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Table 7.4 Comparison of the Male and Female Pelves 


CHARACTERISTIC FEMALE MALE 


General structure and functional Tilted forward; adapted for ehildbearing; true Tilted less far forward; adapted for support of a 

modifieations pelvis defines the birth eanal; eavity of the true male's heavier build and stronger muscles; eavity 

pelvis is broad, shallow, and has a greater eapaeity of the true pelvis is narrow and deep 


Bone thiekness 

Acetabula 
Pubic angle/areh 
Anterior view 


Sacrum 

Coccyx 

Greater seiatie noteh 
Left lateral view 


Less; bones lighter, thinner, and smoother 


Greater; bones heavier and thieker, and markings 
are more prominent 


Smaller; farther apart 


Larger; eloser 


Broader (80° to 90°); more rounded 


Angle is more acute (50° to 60°) 



Pelvie brim 


Pubic areh 



Wider; shorter; saeral curvature is accentuated 


Narrow; longer; saeral promontory more ventral 


More movable; projeets inferiorly 


Less movable; projeets anteriorly 


Wide and shallow 


Narrow and deep 



á 


7 


' 


Pelvie inlet (brim) 


Wider; oval from side to side 


Narrow; basieally heart shaped 


Pelvie outlet 


Posteroinferior view 


Wider; isehial tuberosities shorter, farther apart 
and everted 


Narrower; isehial tuberosities longer, sharper, 
and point more medially 
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The deep, basinlike structure formed by the hip bones, sacrum, 
and coccyx is ealled the pelvis or the bonypelvis. The differenees 
between the male and female pelves are striking. The female 
pelvis is modified for ehildbearing: It tends to be wider, shal- 
lower, lighter, and rounder than that of a male. The female pelvis 
not only aeeommodates a growing fetus, but it must be large 
enough to allow the infants relatively large head to exit at birth. 
The major differenees between the typieal male and female pel- 
ves are summarized and illustrated in Table 7.4. 

The pelvis is said to eonsist of a false (greater) pelvis and 
a true (lesser) pelvis separated by the pelvie brim, a eon- 
tinuous oval ridge that runs from the pubic erest through the 
arcuate line and saeral promontory (Figure 7.30). The false 
pelvis, that portion superior to the pelvie brim, is bounded 
by the alae of the ilia laterally and the lumbar vertebrae pos- 
teriorly. The false pelvis is really part of the abdomen and 
helps support the abdominal viseera. It does not restriet 
ehildbirth in any way. 

The true pelvis is the region inferior to the pelvie brim that 
is almost entirely surrounded by bone. It forms a deep bowl 
eontaining the pelvie organs. Its dimensions, particularly those 
of its inlet and outlet , are eritieal to the uncomplicated delivery 
of a baby, and they are carefully measured by an obstetrieian. 

The pelvie inlet is the pelvie brim, and its widest dimension 
is from right to left along the frontal plane. As labor begins, an 
infants head typieally enters the inlet with its forehead faeing 
one ilium and its occiput faeing the other. A saeral promontory 
that is particularly large ean impair the infants entry into the 
tme pelvis. 

The pelvie outlet, illustrated in the photos at the bottom 
of Table 7.4, is the inferior margin of the true pelvis. It is 
bounded anteriorly by the pubic areh, laterally by the isehia, 
and posteriorly by the saemrn and coccyx. Both the coccyx 
and the isehial spines protmde into the outlet opening, so a 
sharply angled coccyx or unusually large spines ean interfere 
with delivery. The largest dimension of the outlet is the antero- 
posterior diameter. 

Generally, after the babys head passes through the inlet, it 
rotates so that the forehead faees posteriorly and the occiput 
anteriorly, and this is the usual position of the babys head as 
it leaves the mothers body (see Figure 28.18 (5)). Thus, during 
birth, the infants head makes a quarter turn to follow the widest 
dimensions of the tme pelvis. 



Check Your IJnderstanding 


28. The ilium and pubis help to form the os coxae. What other 
bone is involved in forming the os coxae? 

29. The pelvie girdle is a heavy, strong girdle. Hovv does its 
structure refleet its function? 

30. Which of the follovving terms or phrases refer to the female 
pelvis? Wider, shorter sacrum; eavity narrovv and deep; 
narrovv heart-shaped inlet; more movable coccyx; long isehial 
spines. 

_ For ansvvers, see Appendix H. 


The Lower Limb 

Identify the lovver limb bones and their ìmportant markings. 

The lower limbs earry the entire weight of the ereet body and are 
subjected to exceptional forees when we jump or run. Thus, it is 
not surprising that the bones of the lower limbs are thieker and 
stronger than eomparable bones of the upper limbs. The three 
segments of eaeh lower limb are the thigh, the leg, and the foot 
(see Table 7.5 on p. 243). 

Thigh 

The femur (fe'mur; “thigh”), the single bone of the thigh 
(Figure 7.32 , is the largest, longest, strongest bone in the 
body. Its durable structure refleets the faet that the stress on the 
femur during vigorous jumping ean reaeh 280 kg/em 2 (about 
2 tons per square ineh)! The femur is elothed by bulky muscles 
that prevent us from palpating its course down the length of the 
thigh. Its length is roughly one-quarter of a persons height. 

Proximally, the femur articulates with the hip bone and then 
courses medially as it deseends toward the knee. This arrange- 
ment allows the knee joints to be eloser to the bodys eenter of 
gravity and provides for better balanee. The medial course of 
the two femurs is more pronounced in women because of their 
wider pelvis, a situation that may contribute to the greater inei- 
denee of knee problems in female athletes. 

The ball-like head of the femur has a small eentral pit ealled the 
fovea eapitis (fo've-ah kà'pí-tis; cc pit of the head”). The short liga- 
ment ofthe head ofthefemm mns from this pit to the acetabulum, 
where it helps secure the femur. The head is earried on a neek that 
angles laterally to join the shaft. This arrangement refleets the faet 
that the femur articulates with the lateral aspeet (rather than the in- 
ferior region) of the pelvis. The neek is the weakest part of the femur 
and is often fractured, an injury eommonly ealled a broken hip. 

At the junction of the shaft and neek are the lateral greater 
troehanter (tro-kan'ter) and posteromedial lesser troehanter. 
These projeetions serve as sites of attaehment for thigh and 
buttock muscles. The two troehanters are eonneeted by the in- 
tertroehanterie line anteriorly and by the prominent intertro- 
ehanterie erest posteriorly. 

Inferior to the intertroehanterie erest on the posterior shaft is 
the gluteal tuberosity, which blends into a long vertieal ridge, 
the linea aspera (lin'e-ah as'per-ah; cc rough line”), inferiorly. 
Distally, the linea aspera diverges, forming the medial and 
lateral supracondylar lines. All of these markings are sites of 
muscle attaehment. Except for the linea aspera, the femur shaft 
is smooth and rounded. 

Distally, the femur broadens and ends in the wheel-like lat- 
eral and medial eondyles, which articulate with the tibia of the 
leg. The medial and lateral epieondyles (sites of muscle attaeh- 
ment) flank the eondyles superiorly. On the superior part of 
the medial epieondyle is a bump, the adductor tubercle. The 
smooth patellar surface, between the eondyles on the ante- 
rior femoral surface, articulates with the patella (pah-tel'ah), 
or kneeeap (see Figure 7.32 and Table 7.5). Between the eon- 
dyles on the posterior aspeet of the femur is the deep, U-shaped 
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Figure 7.32 Bones of the right knee and thigh. (For a related image, see A BriefAtlas of 
the Human Body, Figure 29.) 


intereondylar fossa, and superior to that on the shaft is the 
smooth popliteal srnjaee. 

The patella (“small pan”) is a triangular sesamoid bone en- 
elosed in the (quadriceps) tendon that secures the anterior thigh 
muscles to the tibia. It proteets the knee joint anteriorly and im- 
proves the leverage of the thigh muscles aeting aeross the knee. 

Leg 

Two parallel bones, the tibia and fibula, form the skeleton of the 
leg, the region of the lower limb between the knee and the ankle 
(Figure 7.33' . These two bones are eonneeted by an interosseous 
membrane and articulate with eaeh other both proximally and dis- 
tally. Unlike the joints between the radms and ulna of the forearm, 


the tibiofibular joints (tib"e-o-fib'u-lar) of the leg allow essentially 
no movement. The bones of the leg thus form a less flexible but 
stronger and more stable limb than those of the forearm. The me- 
dial tibia articulates proximally with the femur to form the modi- 
fied hinge joint of the knee and distally with the talus bone of the 
foot at the ankle. The fibula, by eontrast, does not contribute to the 
knee joint and merely helps stabilize the ankle joint. 

Tibia 

The tibia (tib'e-ah; “shinbone”) reeeives the weight of the 
body from the femur and transmits it to the foot. It is seeond 
only to the femur in size and strength. At its broad proximal 
end are the eoneave medial and lateral eondyles, which look 
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Figure 7.33 The tibia and fibula of the 
right leg. (For a related image, s eeA Brief 
Atlas ofthe Human Body, Figure 30.) 


Fibula 


Lateral 

malleolus 



Lateral 

eondyle 

Fibula 

articulates 

here 


Line for 

soleus 

muscle 


Parts of - 
fractured 
fibula 



(e) Anterior view, proximal tibia 


(d) Posterior view, proximal tibia 


(e) X ray of Pott’s fracture 
of the fibula 



































ehapter 7 The Skeleton 


241 


Talus 


Medial 
cuneiform 


Intermediate 

cuneiform 


Navicular 


Talus 

Troehlea 
of talus 


(a) Superior view 


Medial 

malleolar 



Distal 

Middle 

Proximal 


Lateral 

cuneiform 

Cuboid 


Calcaneus 


Intermediate 

cuneiform 


Sustentac- 
ulum tali 
(talar shelf) 


Phalanges 



cuneiform 


Metatarsals 


(b) Medial view 


Calcaneal 

tuberosity 


Lateral 

malleolar faeet 


Navicular 


Intermediate cuneiform 
Lateral cuneiform 


Tarsals 


Talus 



Calcaneus 

(e) Lateral view 


Cuboid 


Fifth metatarsal 


Figure 7.34 Bones of the right foot. (For a related image, see A BriefAtlas ofthe Human 
Body, Figure 31 a, e, and d.) 


like two huge eheekers lying side by side. These are separated 
by an irregular projeetion, the intereondylar eminenee. The 
tibial eondyles articulate with the eorresponding eondyles 
of the femur. The inferior region of the lateral tibial eondyle 
bears a faeet that indieates the site of the superior tibiofibular 
joint. Just inferior to the eondyles, the tibias anterior surface 
displays the rough tibial tuberosity, to which the patellar liga- 
ment attaehes. 

The tibial shaft is triangular in eross seetion. Neither the 
tibias sharp anterior border nor its medial surface is eovered 
by muscles, so they ean be felt just deep to the skin along their 
entire length. The anguish of a cc bumped” shin is an experience 
familiar to nearly everyone. Distally the tibia is flat where it 
articulates with the talus bone of the foot. Medial to that joint 
surface is an inferior projeetion, the medial malleolus (mah- 
le'o-lus; “little hammer”), which forms the medial bulge of 
the ankle. The fibular noteh, on the lateral surface of the tibia, 
partieipates in the inferior tibiofibular joint. 

Fibula 

The fibula (fib'u-lah; <c pin”) is a stieklike bone with slightly ex- 
panded ends. It articulates proximally and distally with the lat- 
eral aspeets of the tibia. Its proximal end is its head; its distal 
end is the lateral malleolus. The lateral malleolus forms the 
conspicuous lateral ankle bulge and articulates with the talus. 
The fibular shaft is heavily ridged and appears to have been 


twisted a quarter turn. The fibula does not bear weight, but sev- 
eral muscles originate from it. 



Homeostatie imbalanee 7.7 

A Pottsfraetme occurs at the distal end of the fibula, the tibia, or 
both. It is a eommon sports injury. (See Figure 7.33e.) + 



Check Your IJnderstanding 


31. What lovver limb bone is the seeond largest bone in the body? 

32. Where is the medial malleolus loeated? 

33. Which of the follovving sites is not a site of muscle 
attaehment? Greater troehanter, lesser troehanter, gluteal 
tuberosity, lateral eondyle. 

_ For ansvvers, see Appendix H. 


Foot 

The skeleton of the foot includes the bones of the tarsus , 
the bones of the metatarsus , and the phalanges , or toe bones 
(Fi jure 734 ] . The foot has two important functions: It sup- 
ports our body weight, and it aets as a lever to propel the body 
forward when we walk and mn. A single bone could serve both 
purposes, but it would adapt poorly to uneven ground. Segmen- 
tation makes the foot pliable, avoiding this problem. 
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Transverse areh 
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(a) Lateral aspeet of right foot 


the sustentaculum tali (sus"ten-tak'u-lum ta'le; cc supporter 
of the talus”) or talar shelf. The tibia articulates with the talus 
at the troehlea of the talus. The remaining tarsals are the lateral 
cuboid, the medial navicular (nah-vik'u-lar), and the ante- 
rior medial, intermediate, and lateral cuneiform bones (ku- 
ne'i-form; cc wedge-shaped”). The cuboid and cuneiform bones 
articulate with the metatarsal bones anteriorly. 

Metatarsus 

The metatarsus eonsists of five small, long bones ealled meta- 
tarsals. These are numbered I to V beginning on the medial 
(great toe) side of the foot. The first metatarsal, which plays an 
important role in supporting body weight, is short and thiek. 
The arrangement of the metatarsals is more parallel than that 
of the metaearpals of the hands. Distally, where the metatarsals 
articulate with the proximal phalanges of the toes, the enlarged 
head of the first metatarsal forms the “ball” of the foot. 



(b) X ray, medial aspeet of right foot 

gure 7.35 Arehes of the foot. 

Tarsus 

The tarsus is made up of seven bones ealled tarsals (tar'salz) 
that form the posterior half of the foot. It eorresponds to the 
carpus of the hand. Body weight is earried primarily by the 
two largest, most posterior tarsals: the talus (ta'lus; “ankle”), 
which articulates with the tibia and fibula superiorly, and the 
strong calcaneus (kal-ka'ne-us; cc heel bone”), which forms the 
heel of the foot and earries the talus on its superior surface. 
The thiek ealeaneal , or Aehilles , tendon of the ealf muscles at- 
taehes to the posterior surface of the calcaneus. The part of the 
calcaneus that touches the ground is the ealeaneal tuberosity, 
and its shelflike projeetion that supports part of the talus is 



Phalanges (Toes) 

The 14 phalanges of the toes are a good deal smaller than those of 
the fingers and so are less nimble. But their general structure and 
arrangement are the same. There are three phalanges in eaeh digit 
except for the great toe, the hallux. The hallux has only two, proxi- 
mal and distal. 

Arehes of the Foot 

A segmented structure ean hold up weight only if it is arehed. 
The foot has three arehes: two longitudinal arehes (medial and 
lateral) and one transverse areh gure 7.35 , which account 
for its awesome strength. These arehes are maintained by the 
interloeking shapes of the foot bones, by strong ligaments, 
and by the pull of some tendons during muscle aetivity. The 
ligaments and muscle tendons provide a eertain amount of 
springiness. In general, the arehes “give,” or streteh slightly, 
when weight is applied to the foot and spring baek when the 
weight is removed, which makes walking and mnning more 
eeonomieal in terms of energy use than would otherwise be 
the ease. 

If you examine your wet footprints, you will see that the me- 
dial margin from the heel to the head of the first metatarsal 
leaves no print. This is because the medial longitudinal areh 
curves well above the ground. The talus is the keystone of this 
areh, which originates at the calcaneus, rises toward the talus, 
and then deseends to the three medial metatarsals. 

The lateral longitudinal areh is very low. It elevates the 
lateral part of the foot just enough to redistribute some of the 
weight to the calcaneus and the head of the fifth metatarsal (to 
the ends of the areh). The cuboid is the keystone bone of this 
areh. 

The two longitudinal arehes serve as pillars for the trans- 
verse areh, which runs obliquely from one side of the foot to 
the other, following the line of the joints between the tarsals 
and metatarsals. Together, the arehes of the foot form a half- 
dome that distributes about half of a persons standing and 
walking weight to the heel bones and half to the heads of the 
metatarsals. 
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Table 7.5 Bones of the Appendieiilar Skeleton, Part 2: Pelvie Girdle and Lower Limb 


BODY REGION 


BONES* 


ILLLISTRATION 


LOCATION 


MARKINGS 


Pelvie girdle 

(Figures 7.30, 7.31) 


Lower limb 

Thigh (Figure 7.32) 


Kneeeap 
(Figure 7.32) 


Leg (Figure 7.33) 


Foot (Figure 7.34) 


Coxal ( 2 ) 

(hip) 


Ferrmr (2) 


Patella (2) 


Tibia (2) 


Fibula (2) 


5 Metatarsals (10) 


14 Phalanges (28) 
distal 
middle 
proximal 



7 Tarsals (14) 
talus 

calcaneus 

navicular 

cuboid 

lateral cuneiform 
intermediate cuneiform 
medial cuneiform 


Eaeh coxal (hip) bone is 
formed by the fusion of an 
ilium, ischium, and pubis; 
the coxal bones articulate 
anteriorly at the pubic 
symphysis and form saeroiliae 
joints with the sacrum 
posteriorly; girdle eonsisting 
of both coxal bones and the 
sacrum is basinlike 


Femur is the sole bone of 
thigh; between hipjointand 
knee; largest bone of the 
body 


Patella is a sesamoid bone 
formed within the tendon 
of the quadriceps (anterior 
thigh) muscles 

Tibia is the larger and more 
medial bone of leg; between 
knee and foot 

Fibula is the lateral bone of 
leg; stieklike 

Tarsals are seven bones 
forming the proximal part of 
the foot; the talus articulates 
with the leg bones at the 
ankle joint; the calcaneus, the 
largest tarsal, forms the heel 


Metatarsals are five bones 
numbered l-V 

Phalanges form the toes; 
three in digits 2-5, two in 
digit 1 (the great toe) 


lliae erest; anterior and 
posterior iliae spines; 
auricular surface; greater 
and lesser seiatie notehes; 
obturator foramen; isehial 
tuberosity and spine; 
acetabulum; pubic areh; 
pubiccrest; pubic tubercle 


Head; greater and lesser 
troehanters; neek; lateral 
and medial eondyles 
and epieondyles; gluteal 
tuberosity; linea aspera 


Medial and lateral eondyles; 
tibial tuberosity; anterior 
border; medial malleolus 

Head; lateral malleolus 


* The number in parentheses () following the bone name denotes the total number of such bones in the body. 



Homeostatie imbalanee 7.8 


Standing immobile for extended periods plaees excessive strain 
on the tendons and ligaments of the feet (because the muscles 
are inaetive) and ean result in fallen arehes, or a flat feet” par- 
ticularly if a person is overweight. Running on hard surfaces ean 
also cause arehes to fall unless the rnnner wears shoes that give 
proper areh support. + 



Check Your Understanding 


34. Besides supporting our weight, what is a major function of 
the arehes of the foot? 

35. What are the two largest tarsal bones in eaeh foot, and 
which one forms the heel of the foot? 


For ansvvers, see Appendix H. 


The bones of the thigh, leg, and foot are summarized in 
Table 7.5. 
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Frontal bone 


Ossifieation 

eenter 


Posterior fontanelle 



Frontal suture 

Anterior 

fontanelle 


Parietal bone 


Oeeipital 

bone 



(a) Superior view 


Parietal bone 


Ossifieation 

eenter 


Posterior 


fontanelle 


Mastoid 
fontanelle 

Oeeipital bone 



Frontal bone 


Sphenoidal 

fontanelle 


Temporal bone (squamous portion) 


(b) Lateral view 


Figure 7.36 Skull of a nevvborn. Notiee that the infant's skull 
has more bones than that of an adult. (For a related image, see A 
BriefAtlas of the Human Body, Figure 16.) 


Developmental Aspeets 
of the Skeleton 

Define fontanelles and indieate their signifieanee. 

✓ Deseribe hovv skeletal proportions ehange through life. 

Discuss hovv age-related skeletal ehanges may affeet health. 

The membrane bones of the skull start to ossify late in the seeond 
month of development. The rapid deposit of bone matrix at the 
ossifieation eenters produces eone-shaped protmsions in the de- 
veloping bones. At birth, the skull bones are still ineomplete and 
are eonneeted by as yet unossified remnants of fibrous membranes 
ealled fontanelles (fon"tah-nelz') Figure 7.36]. The fontanelles 
allow the infants head to be eompressed slightly during birth, and 
they aeeommodate brain growth in the fetus and infant. A baby s 
pulse ean be felt surging in these “soft spots”; henee their name 
(fontanelle — little fountain). The large, diamond-shaped anterior 
fontanelle is palpable for 1 Vi to 2 years after birth. The others are 
replaeed by bone by the end of the first year. 



jure 7.3 i A baby born vvìth a deft lip and palate. 



Homeostatie imbalanee 7.9 


Several eongenital abnormalities may distort the skull. Most 
eommon is eleft palate , a eondition in which the right and left 
halves of the palate fail to fuse medially Figure 7.37 . The per- 
sistent opening between the oral and nasal eavities interferes 
with sucking and ean lead to aspiration (inhalation) of food into 
the hrngs and aspiration pneumonia.+ 


The skeleton ehanges throughout life, but the ehanges in ehild- 
hood are most dramatie. At birth, the babys cranium is huge 
relative to its faee, and several bones are still unfused (e.g., the 
mandible and frontal bones). The maxillae and mandible are 
foreshortened, and the contours of the faee are flat (Figure 7.39). 
By 9 months after birth, the cranium is already half of its adult 
size (volume) because of the rapid growth of the brain. By 8 to 
9 years, the cranium has almost reaehed adult proportions. 

Between the ages of 6 and 13, the head appears to enlarge 
substantially as the faee literally grows out from the skull. The 
jaws, eheekbones, and nose beeome more prominent. These fa- 
eial ehanges are eorrelated with the expansion of the nose and 
paranasal sinuses, and development of the permanent teeth. 
Figure 7.39 traeks how differential bone growth alters body pro- 
portions throughout life. 

Only the thoraeie and saeral curvatures are well developed 
at birth. These so-ealled primary curvatures are convex pos- 
teriorly, and an infants spine arehes, like that of a four-legged 
animal (Figure 7.38). 

The seeondary curvatures —eervieal and lumbar—are convex 
anteriorly and are assoeiated with a ehilds development. They 
result from reshaping of the intervertebral dises rather than from 
modifieations of the vertebrae. The eervieal curvature is present 
before birth but is not pronounced until the baby starts to lift 
its head (at about 3 months). The lrnnbar curvature develops 
when the baby begins to walk (at about 12 months). The lrnnbar 
curvature positions the weight of the tmnk over the body s eenter 
of gravity, providing optimal balanee when standing. 

Vertebral problems (seoliosis or lordosis; see Figure 7.17a 
and e) may appear during the early sehool years, when rapid 
growth of the limb bones stretehes many muscles. During the 
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gure 7.38 The C-shaped spine of a nevvborn infant. 


presehool years, lordosis is often present, but this is usually ree- 
tified as the abdominal muscles beeome stronger and the pelvis 
tilts forward. The thorax grows wider, but a true “military pos- 
ture” (head ereet, shoulders baek, abdomen in, and ehest out) 
does not develop until adoleseenee. 



Homeostatie imbalanee 7.10 


The appendicular skeleton ean also suffer from a number of 
eongenital abnormalities. One that occurs in just over 1% of 
infants and is quite severe is dysplasia ofthe hip (dis-pla'ze-ah; 
“bad formation”). The acetabulum forms ineompletely or the 
ligaments of the hip joint are loose, so the head of the femur 
slips out of its soeket. Early treatment (a splint or harness to 
hold the femur in plaee or surgery to tighten hip ligaments) is 
essential to prevent permanent erippling. + 


During youth, growth of the skeleton not only inereases over- 
all body height but also ehanges body proportions gure 7.39^ . 
At birth, the head and tmnk are approximately 1 V 2 times as long 
as the lower limbs. The lower limbs grow more rapidly than the 
tmnk from this time on, and by the age of 10, the head and tmnk 
are approximately the same height as the lower limbs, a eondi- 
tion that persists thereafter. During puberty, the female pelvis 
broadens in preparation for ehildbearing, and the entire male 
skeleton beeomes more robust. Onee adult height is reaehed, a 
healthy skeleton ehanges very little until late middle age. 

Old age affeets many parts of the skeleton, espeeially the 
spine. As the dises beeome thinner, less hydrated, and less 
elastie, the risk of dise herniation inereases. By 55 years, a 
loss of several eentimeters in stature is eommon. Further 
shortening ean be produced by osteoporosis of the spine or 
by kyphosis (ealled cc dowagers hump” in the elderly; see Fig- 
ure 7.17b). What was done during youth may be undone in 
old age as the vertebral column gradually resumes its initial 
are shape. 

The thorax beeomes more rigid with age, largely because the 
eostal eartilages ossify. This loss of rib eage elastieity causes shal- 
low breathing, which leads to less effieient gas exchange. 



Human newborn 



Human adult 




Figure 7.39 Different grovvth rates of body parts determine 
body proportions. (a) Differential growth transforms the rounded, 
foreshortened skull of a newborn to the sloping skull of an adult. 

(b) During growth of a human, the arms and legs grow faster than 
the head and trunk, as seen in this conceptualization of different- 
aged individuals all drawn at the same height. 


All bones, you will reeall, lose mass with age. Cranial bones 
lose less mass than most, but ehanges in faeial contours with age 
are eommon. As the bony tissue of the jaws deelines, the jaws 
look small and ehildlike onee again. If the elderly person loses 
his or her teeth, this loss of bone from the jaws is aeeelerated, 
because the alveolar region bone is resorbed. As bones beeome 
more porous, they are more likely to fracture, espeeially the ver- 
tebrae and the neek of the femur. 



Check Your Understanding 


36. What developmental events result in a dramatie enlargement 
of the faeial skeleton between the ages of 6 and 13? 

37. llnder what eonditions does the lumbar curvature of the 
spine develop? 

_ For ansvvers, see Appendix Fi. 


Our skeleton is a marvelous substructure, to be sure, but it 
is much more than that. It is a proteetor and supporter of other 
body systems, and without it (and the joints eonsidered in Chap- 
ter 8), our muscles would be almost useless. The homeostatie re- 
lationships between the skeletal system and other body systems 
are illustrated in System Connections in Chapter 6 (p. 195). 
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Chapter Summary 



For more ehapter study tools, go to the Study Area of 
Mastering A&P at www.masteringaandp.com. 

There you will find: 

■ interaetive Physiology ÌP 

■ A&PFIix A&PFIix 

■ Praetiee Anatomy Lab PÀL 


PhysioEx 


PEx 


The Thoraeie Cage (pp. 224-227) 

1. The bones of the thoraeie eage include the 12 rib pairs, the 
sternum, and the thoraeie vertebrae. Tbe thoraeie eage proteets 
the organs of the thoraeie eavity. 

2. Sternum. The sternmn eonsists of the fused manubrium, body, 
and xiphoid proeess. 

3. Ribs. Tbe first seven rib pairs are ealled tme ribs; the rest are 
ealled false ribs. Ribs 11 and 12 are floating ribs. 


■ Videos, Praetiee Quizzes and Tests, MP3 Tutor Sessions, Case 

studies, and much more! part 2 The Appendicular Skeleton 


1. The axial skeleton forms the longitudinal axis of the body. Its 
prineipal subdivisions are the skull, vertebral column, and 
thoraeie eage. It provides support and proteetion (by enclosure). 

2. The appendicular skeleton eonsists of the bones of the 
peetoral and pelvie girdles and the limbs. It allows mobility for 
manipulation and loeomotion. 


The Peetoral (Shoulder) Girdle* (pp. 227-228) 

1. Eaeh peetoral girdle eonsists of one elaviele and one scapula. The 
peetoral girdles attaeh the upper limbs to the axial skeleton. 

2. eiavieles. The elavieles hold the scapulae laterally away from the 
thorax. The sternoclavicular joints are the only attaehment points 
of the peetoral girdle to the axial skeleton. 

3. Scapulae. The scapulae articulate with the elavieles and with the 
humerus bones of the arms. 


part 1 The Axial Skeleton 

The Skull (pp. 201-217) 

1. The skull is formed by 22 bones. The eranimn forms the vault 
and base of the skull, which proteet the brain. The faeial skeleton 
provides openings for the respiratory and digestive passages and 
attaehment points for faeial muscles. 

2. Except for the temporomandibular joints, all bones of the adult 
skull are joined by immovable sutures. 

3. Cranium. The eight bones of the eranimn include the paired 
parietal and temporal bones and the single frontal, oeeipital, 
ethmoid, and sphenoid bones (see Table 7.1, pp. 216-217). 

4. Faeial bones. The 14 bones of the faee include the paired maxillae, 
zygomaties, nasals, laerimals, palatines, and inferior nasal eonehae 
and the single mandible and vomer bones (Table 7.1). 

5. Orbits and nasal eavity. Both the orbits and the nasal eavities are 
eomplieated bony regions formed of several bones. 

6. Paranasal sinuses. Paranasal sinuses occur in the frontal, 
ethmoid, sphenoid, and maxillary bones. 

7. Hyoid bone. The hyoid bone, supported in the neek by 
ligaments, serves as an attaehment point for tongue and neek 
muscles. 

The Vertebral Column (pp. 218-224) 

1. General eharaeteristies. The vertebral column includes 24 
movable vertebrae (7 eervieal, 12 thoraeie, and 5 lumbar) and the 
saeram and coccyx. 

2. The fibroeartilage intervertebral dises aet as shoek absorbers and 
provide flexibility to the vertebral column. 

3. The primary curvatures of the vertebral column are the thoraeie 
and saeral; the seeondary curvatures are the eervieal and lrnnbar. 
Curvatures inerease spine flexibility. 

4. General structure of vertebrae. With the exception of C x and C 2 , 
all vertebrae have a body, two transverse proeesses, two superior 
and two inferior articular proeesses, a spinous proeess, and a 
vertebral areh. 

5. Regional vertebral eharaeteristies. Speeial features distinguish 
the regional vertebrae (see Table 7.2, p. 223). 


The llpper Limb* (pp. 228-234) 

1. Eaeh upper limb eonsists of 30 bones and is speeialized for mobility. 

2. Arm/forearm/hand. The skeleton of the arm is eomposed solely 
of the humerus; the skeleton of the forearm is eomposed of the 
radius and ulna; and the skeleton of the hand eonsists of the 
earpals, metaearpals, and phalanges. 

The Pelvie (Hip) Girdle* (pp. 234-238) 

1. The pelvie girdle, a heavy structure speeialized for weight bearing, 
is eomposed of two hip bones and the saeram. It secures the 
lower limbs to the axial skeleton. 

2. Eaeh hip bone eonsists of three fused bones: ilium, ischium, and 
pubis. The acetabulum occurs at the point of fiision. 

3. Ilium/ischium/pubis. The ilium is the superior flaring portion 
of the hip bone. Eaeh ilium forms a secure joint with the saeram 
posteriorly. The ischium is a curved bar of bone; we sit on 

the isehial tuberosities. The V-shaped pubic bones articulate 
anteriorly at the pubic symphysis. 

4. Pelvie structure and ehildbearing. The pelvis is the deep, 
basinlike structure formed by the hip bones, saeram, and coccyx. 
The male pelvis is deep and narrow with larger, heavier bones 
than those of the female. The female pelvis, which forms the birth 
eanal, is shallow and wide. 

The Lower Limb* (pp. 238-243) 

1. Eaeh lower limb eonsists of the thigh, leg, and foot and is 
speeialized for weight bearing and loeomotion. 

2. Thigh. The femur is the only bone of the thigh. Its ball-shaped 
head articulates with the acetabulum. 

3. Leg. The bones of the leg are the tibia, which partieipates in 
forming both the knee and ankle joints, and the fibula. 

4. Foot. The bones of the foot include the tarsals, metatarsals, and 
phalanges. The most important tarsals are the calcaneus (heel 
bone) and the talus, which articulates with the tibia superiorly. 

5. The foot is supported by three arehes (lateral, medial, and 
transverse) that distribute body weight to the heel and ball of 
the foot. 
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Developmental Aspeets of the Skeleton (pp. 244-245) 

1. Fontanelles, which allow brain growth and ease birth passage, are 
present in the skull at birth. Growth of the cranium after birth is 
related to brain growth. inerease in size of the faeial skeleton follows 
tooth development and enlargement of nose and sinus eavities. 

2. The vertebral column is C shaped at birth (thoraeie and saeral 
curvatures are present); the seeondary curvatures form when the 
baby begins to lift its head and walk. 

3. Long bones continue to grow in length until late adoleseenee. The 
head and torso, initially 1 Vi times the length of the lower limbs, 
equal their length by the age of 10. 


4. Changes in the female pelvis (preparatory for ehildbirth) occur 
during puberty. 

5. Onee at adult height, the skeleton ehanges little until late middle 
age. With old age, the intervertebral dises thin; this, along with 
osteoporosis, leads to a gradual loss in height and inereased risk of 
dise herniation. Loss of bone mass inereases the risk of fractures, 
and thoraeie eage rigidity promotes breathing difhculties. 

*For assoeiated bone markings, see the pages indieated in the seetion 
heads. 


Review Questions 


Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. Mateh the bones in column B with their deseription in column A. 
(Note that some deseriptions require more than a single ehoiee.) 


Column A 

_ (1) eonneeted by the (a) 

eoronal suture (b) 

_(2) keystone bone of (e) 

cranium (d) 

_(3) keystone bone of (e) 

the faee (f) 

_(4) form the hard palate (g) 

_(5) allows the spinal eord (h) 

to pass (i) 

_(6) forms the ehin 

_(7) eontain paranasal 

sinuses 

_(8) eontains mastoid 

sinuses 

2. Mateh the key terms with the bone deseriptions that follow. 

Key: 

(a) elaviele (b) ilium (e) ischium 

(d) pubis (e) saeram (f) scapula 

(g) sternum 

_ (1) bone of the axial skeleton to which the peetoral girdle 

attaehes 

_(2) markings include glenoid eavity and aeromion 

_(3) features include the ala, erest, and greater seiatie noteh 

_(4) doubly curved; aets as a shoulder strat 

_(5) hip bone that articulates with the axial skeleton 

_(6) the “sit-down” bone 

_(7) anteriormost bone of the pelvie girdle 

_(8) part of the vertebral column 

3. Use key ehoiees to identify the bone deseriptions that follow. 


Key: 



(a) earpals 

(b) femur 

(e) hbula 

(d) humerus 

(e) radius 

(f) tarsals 

(g) tibia 

(h) ulna 



(1) articulates with the acetabulum and the tibia 

(2) forms the lateral aspeet of the ankle 


Column B 

ethmoid 

frontal 

mandible 

maxillary 

oeeipital 

palatine 

parietal 

sphenoid 

temporal 


_(3) bone that “earries” the hand 

_(4) the wrist bones 

_(5) end shaped like a monkey wrench 

_(6) articulates with the capitulum of the humerus 

_(7) largest bone of this “group” is the calcaneus 

Short Ansvver Essay Questions 

4. Name the eranial and faeial bones and eompare and eontrast the 
functions of the eranial and faeial skeletons. 

5. How do the relative proportions of the cranium and faee of a 
fetus eompare with those of an adult skull? 

6. Name and diagram the normal vertebral curvatures. Which are 
primary and which are seeondary curvatures? 

7. List at least two speeifie anatomieal eharaeteristies eaeh for typieal 
eervieal, thoraeie, and lumbar vertebrae that would allow anyone 
to identify eaeh type eorreetly. 

8. What is the function of the intervertebral dises? 

9. Distinguish between the anulus hbrosus and nucleus pulposus 
regions of a dise. Which provides durability and strength? Which 
provides resilienee? Which part is involved in a “slipped” dise? 

10. What is a trae rib? A false rib? 

11. The major hmetion of the shoulder girdle is flexibility. What is 
the major hmetion of the pelvie girdle? Relate these hmetional 
differenees to anatomieal differenees seen in these girdles. 

12. List three important differenees between the male and female 
pelves. 

13. Briefly deseribe the anatomieal eharaeteristies and impairment of 
hmetion seen in eleff palate and hip dysplasia. 

14. Compare a young adult skeleton to that of an extremely aged 
person relative to bone mass in general and the bony structure of 
the skull, thorax, and vertebral column in particular. 

15. Peter Howell, a teaehing assistant in the anatomy elass, pieked 
up a hip bone and pretended it was a telephone. He held the big 
hole in this bone right up to his ear and said, “Hello, obturator, 
obturator (operator, operator)” Name the structure he was 
helping the students to learn. 


Critical Thinking 
and Clinical Applieation 
Questions 

1. Justiniano worked in a poultry-packing plant where his job was 
cutting open ehiekens and stripping out their viseeral organs. 
Affer work, he typed for long hours on his computer keyboard, 
writing a book about his work in the plant. Soon, his wrist 
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and hand began to hurt whenever he flexed it, and he began to 
awaken at night with pain and tingling on the thumb-half of his 
hand. What eondition did he probably have? 

2. Ralph had polio as a boy and was partially paralyzed in one lower 
limb for over a year. Although no longer paralyzed, he now has 

a severe lateral curvature of the lumbar spine. Explain what has 
happened and identify his eondition. 

3. Mary s grandmother slipped on a seatter mg and fell heavily to 
the floor. Her left lower limb was laterally rotated and notieeably 
shorter than the right, and when she attempted to get up, she 
winced with pain. Mary surmised that her grandmother might 


have “fractured her hip,” which later proved to be tme. What 
bone was probably fractured and at what site? Why is a “fractured 
hip” a eommon type of fracture in the elderly? 

4. Mrs. Shea eame up with what she eonsidered to be a elever idea 
to bypass the long lines at Disney World. She had her husband 
rent a wheelchair and he wheeled her around from one exhibit to 
another for the better part of three days. As they sat on the plane, 
waiting to take off for Chicago, she eomplained to him that she 
had two sore spots on her buttocks. Why? What do you suppose 
would happen (to her buttocks) if she was wheeled around for a 
few more days? 



AT THE e L I N I e 


Related eiinieal Terms 

Chiropractic (kfro-prak'tik) A system of treating disease by 

manipulating the vertebral column based on the idea that most 
diseases are due to pressure on nerves caused by faulty bone 
alignment; a speeialist in this fìeld is a ehiropraetor. 

Clubfoot A relatively eommon eongenital defeet (one in 700 births) 
in which the soles of the feet faee medially and the toes point 
inferiorly; may be genetieally induced or refleet an abnormal 
position of the foot during fetal development. 

Lamineetomy Surgical removal of a vertebral lamina; most often 
done to relieve the symptoms of a ruptured dise. 

Orthopedist (or"tho-pe'dist) or orthopedie surgeon A physieian 
who speeializes in restoring lost skeletal system function or 
repairing damage to bones and joints. 


Pelvimetry Measurement of the dimensions of the inlet and outlet of 
the pelvis, usually to determine whether the pelvis is of adequate 
size to allow normal delivery of a baby. 

Spina bifida (spi'nah bì'fì-dah; “eleft spine”) Congenital defeet of 
the vertebral column in which one or more of the vertebral 
arehes are ineomplete; ranges in severity from inconsequential to 
severe eonditions that impair neural fimetioning and encourage 
nervous system infeetions. 

Spinal fusion Surgical procedure involving insertion of bone ehips 
(or erashed bone) to immobilize and stabilize a speeifie region of 
the vertebral column, particularly in eases of vertebral fracture 
and herniated dises. 



Case Study 


Skeleton 


Kayla Tanner, a 45-year-old mother 
of four, was a passenger on the bus 
involved in an aeeident on Route 91. 
VVhen paramedies arrived on the 
seene, they found Mrs. Tanner lying on her side in the aisle. Upon 
examination, they found that her right thigh appeared shorter than 
her left thigh. They also notieed that even slight hip movement 
caused eonsiderable pain. Suspecting a hip disloeation, they 
stabilized and transported her. 

In the emergeney department, doetors diseovered a deereased 
ability to sense light touch in her right foot, and she was unable to 
move her toes or ankle. Disloeation of her right hip was eonfirmed 
by X ray. Mrs. Tanner was sedated to relax the muscles around 
the hip, and then doetors plaeed her in the supine position and 
performed a elosed reduction ("popped" the femur baek in plaee). 

1. Mrs. Tanner's pelvie girdle eontains a hemispherieal soeket at 
the point where her femur attaehes. Name this structure. 


3 


4 


5 


6 


2. Name the structure on the femur that forms the "ball" that fits 
into the "soeket" you named in question 1. 



There are three bones in the pelvie girdle that fuse together at a 
point within the structure that you named in question 1. Name 
those three bones. 


Mrs. Tanner suffered an injury to the hip joint, but if you were 
asked to rest your hands on your hips, you would not actually 
touch this joint. VVhat structure in the pelvie girdle would your 
hands be resting on? 


The sedation that Mrs. Tanner was given was to relax the large 
muscles of the thigh and buttocks that attaeh to the proximal 
end of the femur. Name the structures on the femur where 
these muscles attaeh. 


Mrs. Tanner's injury caused damage to the seiatie nerve that 
passes aeross the hip and down into the thigh, lower leg, and 
foot. Name the pelvie structure that this nerve passes through 
as it travels into the upper thigh. 


(Ansvvers in Appendix H) 














eiassifieation of Joints (pp. 249-250) 

Fibrous Joints (pp. 250-251) 
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Cartilaginous Joints (pp. 251-252) 
Synehondroses (p. 251) 
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Bursae and Tendon Sheaths (p. 253) 

Faetors lnfluencing the Stability 
of Synovial Joints (pp. 255-256) 

Movements Allovved by Synovial Joints 
(pp. 256-258) 

Types of Synovial Joints (p. 258) 
Seleeted Synovial Joints (pp. 262-269) 
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(pp. 269-272) 

Common Joint lnjuries (pp. 269-270) 
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Conditions (pp. 270-272) 

Developmental Aspeets of Joints 

(pp. 272-273) 


T he graceful movements of ballet daneers and the rough-and-tumble 

grapplings of football players demonstrate the great variety of motion allowed by 
joints, or articulations —the sites where two or more bones meet. Our joints have 
two fundamental functions: They give our skeleton mobility, and they hold it together, 
sometimes playing a proteetive role in the proeess. 

Joints are the weakest parts of the skeleton. Nonetheless, their structure resists various 
forees, such as crushing or tearing, that threaten to foree them out of alignment. 


dassifìeation of Joints 

Define joint or articulation. 

eiassify joints by structure and by function. 

Joints are elassified by structure and by fimetion. The structural elassifieation focuses on 
the material binding the bones together and whether or not a joint eavity is present. Stme- 
turally, there arefibrous , cartilaginous , and synovial joints ( 'able 8.1 on p. 253). 
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UNIT 2 Covering, Support, and Movement of the Body 



(a) Suture 


Joint held together with very short, 
intereonneeting fibers, and bone edges 
interloek. Found only in the skull. 



fibrous 

eonneetive 

tissue 


(b) Syndesmosis 


Joint held together by a ligament. 
Fibrous tissue ean vary in length, but 

is longer than in sutures. 




Fibula 

Tibia 



Ligament 



gure 8.1 Fibrous joints. 


Th efimetional elassifieation is based on the amoimt of move- 
ment allowed at the joint. On this basis, there are synarthroses 
(sin"ar-thro'sèz; syn =together, arthro =joint), which are 
immovable joints; amphiarthroses (am"fe-ar-thro'sèz; am- 
phi =on both sides), slightly movable joints; and diarthroses 
(di"ar-thro'sèz; dia =through, apart), or freely movable joints. 
Freely movable joints predominate in the limbs. Immovable and 
slightly movable joints are largely restrieted to the axial skeleton. 
This loealization of functional joint types is understandable be- 
cause the less movable the joint, the more stable it is likely to be. 

In general, fibrous joints are immovable, and synovial joints 
are freely movable. However, cartilaginous joints have both rigid 
and slightly movable examples. Sinee the structural eategories are 
more clear-cut, we will use the structural elassifieation in this dis- 
cussion, indieating fiinetional properties where appropriate. 

Fibroiis Joints 

Deseribe the general structure of fibrous joints. Name and 
give an example of eaeh of the three eommon types of 
fibrous joints. 

In fibrous joints, the bones are joined by fibrous tissue, namely 
dense fibrous eonneetive tissue, and no joint eavity is present. 
The amount of movement allowed depends on the length of the 
eonneetive tissue fibers uniting the bones. Most fibrous joints 
are immovable, although a few are slightly movable. The three 
types of fibrous joints are sutures , syndesmoses , and gomphoses. 


Sutures 

Sutures, literally “seams,” occur only between bones of the skull 
gure 8.1 a). The wavy articulating bone edges interloek, and 
the junction is eompletely filled by a minimal amount of very 
short eonneetive tissue fibers that are continuous with the peri- 
osteum. The result is nearly rigid spliees that knit the bones 
together, yet allow the skull to expand as the brain grows dur- 
ing youth. During middle age, the fibrous tissue ossifies and 
the skull bones fuse into a single unit. At this stage, the elosed 
sutures are more preeisely ealled synostoses (sin"os-to'sèz), lit- 
erally, “bony junctions.” Because movement of the eranial bones 
would damage the brain, the immovable nature of sutures is a 
proteetive adaptation. 

Syndesmoses 

In syndesmoses (sin"des-mo'sèz), the bones are eonneeted ex- 
clusively by ligaments (syndesmos =ligament), eords or bands of 
fibrous tissue. Although the eonneeting fibers are always longer 
than those in sutures, they vary quite a bit in length. 

The amount of movement allowed at a syndesmosis de- 
pends on the length of the eonneeting fibers. If the fibers 
are short (as in the ligament eonneeting the distal ends 
of the tibia and fibula, Figure 8.1b), little or no movement 
is allowed, a eharaeteristie best deseribed as “give.” If the 
fibers are long (as in the ligament-like interosseous mem- 
brane eonneeting the radius and ulna, Figure 7.28, p. 231), a 
large amount of movement is possible. 
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gure 8.2 Cartilaginous joints. 


Gomphoses 

A gomphosis (gom-fo'sis) is a peg-in-soeket fibroiis joint (Fig- 
ure 8.1c). The only example is the articulation of a tooth with 
its bony alveolar soeket. The term gomphosis eomes from the 
Greek gompho , meaning “nail” or “bolt ” and refers to the way 
teeth are embedded in their soekets (as if hammered in). The fi- 
brous eonneetion in this ease is the short periodontal ligament 
(Figure 23.11, p. 860). 

Cartilaginous Joints 

Deseribe the general structure of cartilaginous joints. Name 
and give an example of eaeh of the two eommon types of 
cartilaginous joints. 

In cartilaginous joints (kar"tí-laj'ì-nus), the articulating bones 
are united by eartilage. Like fibrous joints, they laek a joint eav- 
ity and are not highly movable. The two types of cartilaginous 
joints are synehondroses and symphyses. 


Synehondroses 

A bar or plate of hyaline eartilage unites the bones at a syn- 
ehondrosis (sin"kon-dro'sis; “junction of eartilage”). Virtually 
all synehondroses are synarthrotie. 

The most eommon examples of synehondroses are the epi- 
physeal plates in long bones of ehildren Figure 8.2a). Epi- 
physeal plates are temporary joints and eventually beeome 
synostoses. Another example of a synehondrosis is the immov- 
able joint between the eostal eartilage of the first rib and the 
manubrium of the stermim (Figure 8.2a). 

Symphyses 

A joint wher e fibroeartilage unites the bone is a symphysis (sim' 
fih-sis; “growing together”). Sinee fibroeartilage is eompressible 
and resilient, it aets as a shoek absorber and permits a limited 
amount of movement at the joint. Even though fibroeartilage is 
the main element of a symphysis, hyaline eartilage is also present 
in the form of articular eartilages on the bony surfaces. Symphy- 
ses are amphiarthrotie j oints designed for strength with flexibility. 
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Examples include the inter vertebr al j oints and the pubic symphy- 
sis of the pelvis (Figure 8.2b, and see Table 8.2 on p. 254). 



Check Your IJnderstanding 


1. What term is a synonym for "joint"? 

2. What functional joint elass eontains the least-mobile joints? 

3. Of sutures 7 symphyses, and synehondroses, vvhieh are 
cartilaginous joints? 

4. Hovv are joint mobility and stability related? 

_ For ansvvers, see Appendix H. 








Synovial Joints 

Deseribe the structural eharaeteristies of synovial joints. 

Oompare the structures and functions of bursae and 
tendon sheaths. 

s List three natural faetors that stabilize synovial joints. 

Synovial joints (si-no've-al; “joint eggs”) are those in which the 
articulating bones are separated by a fluid-containing joint eavity. 
This arrangement permits substantial freedom of movement, and 
all synovial joints are freely movable diarthroses. Nearly all joints 
of the limbs—indeed, most joints of the body—fall into this elass. 


General Structure 

Synovial joints have six distinguishing features Figure 8.3' : 

■ Articular eartilage. Glassy-smooth hyaline eartilage eovers 
the opposing bone surfaces as articular eartilage. These thin 
(1 mm or less) but spongy cushions absorb eompression plaeed 
on the joint and thereby keep the bone ends from being emshed. 

■ Joint (articular) eavity. A feature unique to synovial joints, 
the joint eavity is really just a potential spaee that eontains a 
small amount of synovial fluid. 

■ Articular capsule. The joint eavity is enelosed by a two-layered 
articular capsule, or joint eapsiile. The tough external fibrous 
layer is eomposed of dense irregular eonneetive tissue that 
is continuous with the periostea of the articulating bones. It 
strengthens the joint so that the bones are not pulled apart. 
The inner layer of the joint capsule is a synovial membrane 
eomposed of loose eonneetive tissue. Besides lining the fi- 
brous layer internally, it eovers all internal joint surfaces that 
are not hyaline eartilage. The synovial membranes fimetion is 
to make synovial fluid. 

■ Synovial fluid. A small amount of slippery synovial fluid 
occupies all free spaees within the joint capsule. This flmd 
is derived largely by filtration from blood flowing through 
the eapillaries in the synovial membrane. Synovial fluid has 
a viscous, egg-white eonsisteney (ovum =egg) due to hy- 
aluronic aeid seereted by eells in the synovial membrane, but 
it thins and beeomes less viscous drning joint aetivity. 

Synovial fluid, which is also found within the articular 
eartilages, provides a slippery, weight-bearing film that re- 
duces frietion between the eartilages. Without this lubricant, 



Ligament 


Joint eavity 
(eontains 
synovial fluid) 


Articular (hyaline) 
eartilage 


Fibrous 

layer 

Synovial 

membrane 

(seeretes 

synovial 

fluid) 


Articular 

capsule 


Periosteum 


gure 8.3 General structure of a synovial joint. 


mbbing would wear away joint smfaees and excessive frie- 
tion could overheat and destroy the joint tissues, essentially 
“eooking” them. The synovial fluid is foreed from the ear- 
tilages when a joint is eompressed; then as pressme on the 
joint is relieved, synovial fluid seeps baek into the articular 
eartilages like water into a sponge, ready to be squeezed out 
again the next time the joint is loaded (put under pressme). 
This proeess, ealled weeping liibrieation , lubricates the free 
smfaees of the eartilages and nomishes their eells. (Re- 
member, eartilage is avascular.) Synovial fluid also eontains 
phagoeytie eells that rid the joint eavity of mierobes and eel- 
lular debris. 

■ Reinforeing ligaments. Synovial joints are reinforeed and 
strengthened by a nrnnber of bandlike ligaments. Most of- 
ten, these are capsular ligaments, which are thiekened parts 
of the fibrous layer. In other eases, they remain distinet and 
are found outside the capsule (as extracapsular ligaments) 
or deep to it (as intracapsular ligaments). Sinee intracapsu- 
lar ligaments are eovered with synovial membrane, they do 
not actually lie within the joint eavity. 

People said to be double-jointed amaze the rest of us by 
plaeing both heels behind their neek. However, they have the 
normal number of joints. Its just that their joint capsules and 
ligaments are more stretehy and loose than average. 

■ Nerves and blood vessels. Synovial joints are riehly supplied 
with sensory nerve fibers that innervate the capsule. Some of 
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Table 8.1 

Summary of Joint eiasses 



STRUCTURAL CLASS 

STRUCTURAL CHARACTERISTICS 

TYPES 

MOBILITY 

Fibrous 


Bone ends/parts united by eollagen fibers 

Suture (short fibers) 

Immobile (synarthrosis) 




Syndesmosis (longer fibers) 

Slightly mobile (amphiarthrosis) 
and immobile 




Gomphosis (periodontal ligament) 

Immobile 

Cartilaginous 


Bone ends/parts united by eartilage 

Synehondrosis (hyaline eartilage) 

Immobile 




Symphysis (fibroeartilage) 

Slightly movable 

Synovial 


Bone ends/parts eovered with articular 
eartilage and enelosed within an articular 
capsule lined with synovial membrane 

1. Plane 4. Condylar 

2. Hinge 5. Saddle 

3. Pivot 6. Ball and soeket 

Freely movable (diarthrosis; 
movements depend on design 
of joint) 


these fibers deteet pain, as anyone who has suffered j oint injury 
is aware, but most monitor joint position and streteh. Moni- 
toring joint streteh is one of several ways the nervous system 
senses our posture and body movements (see p. 487). Synovial 
joints are also riehly supplied with blood vessels, most of which 
supply the synovial membrane. There, extensive eapillary beds 
produce the blood filtrate that is the basis of synovial fluid. 

Besides the basie eomponents deseribed above, eertain syno- 
vial joints have other structural features. Some, such as the hip 
and knee joints, have cushioning fatty pads between the fibrous 
layer and the synovial membrane or bone. Others have dises or 
wedges of fibroeartilage separating the articular surfaces. Where 
present, these articular dises, or menisei (mé-nis'ki; “ereseents”), 
extend inward from the articular capsule and partially or eom- 
pletely divide the synovial eavity in two (see the menisei of the 
knee in Figure 8.8a, b, e, and f). Articular dises improve the fit 
between articulating bone ends, making the joint more stable and 


minimizing wear and tear on the joint surfaces. Besides the knees, 
articular dises occur in the jaw and a few other joints (see nota- 
tions in the Structural Type column in Table 8.2). 

Bursae andTendon Sheafhs 

Bursae and tendon sheaths are not strietly part of synovial joints, 
but they are often found elosely assoeiated with them Figure 8.4 . 
Essentially bags of kibrieant, they aet as “ball bearings” to reduce 
frietion between adjaeent structures during joint aetivity. Bur- 
sae (ber'se; “purse”) are flattened fibrous saes lined with synovial 
membrane and eontaining a thin film of synovial fluid. They occur 
where ligaments, muscles, skin, tendons, or bones mb together. 

A tendon sheath is essentially an elongated bursa that wraps 
eompletely around a tendon subjected to frietion, like a bun around 
a hot dog. They are eommon where several tendons are crowded 
together within narrow eanals (in the wrist region, for example). 
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Aeromion — 
of scapula 

Subacromial 

bursa 


Bursa rolls - 
and lessens 
frietion. 


Fibrous layer of - 
articular capsule 


Articular 

eartilage 


Tendon 

sheath 


Synovial 

membrane 


Humerus head ■ 
rolls medially as 
arm abducts. 


Humerus moving 


Tendon of- 

long head 
of bieeps 
braehii muscle 


Fibrous 

layer 


Humerus 


(b) Enlargement of (a), shovving how a bursa eliminates frietion 
where a ligament (or other structure) would rub against a bone 


(a) Frontal seetion through the right shoulder joint 


Figure 8.4 Bursae and tendon sheaths. 





























Table 8.2 


Structural and Functional Characteristics of Body Joints 


ILLUSTRATION 


JOINT 

ARTICULATING BONES 

STRUCTURAL TYPE* 

Skull 

Temporo- 

mandibular 

Cranial and faeial 
bones 

Temporal bone of 
skull and mandible 

Fibrous; suture 

Synovial; modified 
hinge* (eontains 
articular dise) 

Atlanto-oeeipital 

Oeeipital bone of 
skull and atlas 

Synovial; eondylar 

Atlantoaxial 

Atlas (Cì) and 
axis (C 2 ) 

Synovial; pivot 

Intervertebral 

Betvveen adjaeent 
vertebral bodies 

Cartilaginous; 

symphysis 

Intervertebral 

Betvveen articular 
proeesses 

Synovial; plane 

Costovertebral 

Vertebrae (transverse 
proeesses or bodies) 
and ribs 

Synovial; plane 

Sternoclavicular 

Sternum and daviele 

Synovial; shallovv 
saddle (eontains 
articular dise) 

Sternoeostal 

(first) 

Sternum and rib 1 

Cartilaginous; 

synehondrosis 

Sternoeostal 

Sternum and ribs 2-7 

Synovial; double plane 

Aeromio- 

clavicular 

Aeromion of scapula 
and elaviele 

Synovial; plane 
(eontains articular dise) 

Shoulder 

(glenohumeral) 

Scapula and humerus 

Synovial; ball-and- 
soeket 

Elbow 

Ulna (and radius) 
vvith humerus 

Synovial; hinge 

Proximal 

radioulnar 

Radius and ulna 

Synovial; pivot 

Distal 

radioulnar 

Radius and ulna 

Synovial; pivot 
(eontains articular dise) 

Wrist 

Radius and proximal 
earpals 

Synovial; eondylar 

Interearpal 

Adjaeent earpals 

Synovial; plane 

Carpometacarpal 
of digit 1 
(thumb) 

Carpal (trapezium) 
and metaearpal 1 

Synovial; saddle 

Carpometacarpal 
of digits 2-5 

Carpal(s) and 
metaearpal(s) 

Synovial; plane 

Metaearpo- 

phalangeal 

(knuckle) 

Metaearpal and 
proximal phalanx 

Synovial; eondylar 

Interphalangeal 

(finger) 

Adjaeent phalanges 

Synovial; hinge 
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FUNCTIONAL TYPE; MOVEMENTS ALLOWED 

Synarthrotie; no movement 

Diarthrotie; gliding and uniaxial rotation; 
slight lateral movement, elevation, 
depression, protraetion, and retraetion of 
mandible 

Diarthrotie; biaxial; flexion, extension, lateral 
flexion, circumduction of head on neek 

Diarthrotie; uniaxial; rotation of the head 
Amphiarthrotie; slight movement 

Diarthrotie; gliding 
Diarthrotie; gliding of ribs 


Diarthrotie; multiaxial (allovvs elavieleto 
move in all axes) 

Synarthrotie; no movement 
Diarthrotie; gliding 

Diarthrotie; gliding and rotation of scapula 
on elaviele 

Diarthrotie; multiaxial; flexion, extension, 
abduction, adduction, circumduction, 
rotation of humerus 

Diarthrotie; uniaxial; flexion, extension of 
forearm 

Diarthrotie; uniaxial; pivot (convex head of 
radius rotates in radial noteh of ulna) 

Diarthrotie; uniaxial; rotation of radius 
around long axis of forearm to allovv 
pronation and supination 

Diarthrotie; biaxial; flexion, extension, 
abduction, adduction, circumduction of hand 

Diarthrotie; gliding 

Diarthrotie; biaxial; flexion, extension, 
abduction, adduction, circumduction, 
opposition of metaearpal I 

Diarthrotie; gliding of metaearpals 

Diarthrotie; biaxial; flexion, extension, 
abduction, adduction, circumduction of 
fingers 

Diarthrotie; uniaxial; flexion, extension of 
fingers 
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Table 8.2 


ILLIISTRATION 



JOINT 

ARTICULATING BONES 

STRUCTURAL TYPE* 

FUNCTIONAL TYPE; MOVEMENTS ALLOWED 

Saeroiliae 

Sacrum and coxal 
bone 

Synovial; plane in 
ehildhood, inereasingly 
fibrous in adult 

Diarthrotie in ehild; amphiarthrotie in adult; 
(more movement during pregnaney) 

Pubic symphysis 

Pubic bones 

Cartilaginous; 

symphysis 

Amphiarthrotie; slight movement (enhaneed 
during pregnaney) 

Hip (coxal) 

Hip bone and femur 

Synovial; ball-and- 
soeket 

Diarthrotie; multiaxial; flexion, extension, 
abduction, adduction, rotation, 
circumduction of thigh 

Knee 

(tibiofemoral) 

Femur and tibia 

Synovial; modified 
hinge* (eontains 
articular dises) 

Diarthrotie; biaxial; flexion, extension of leg, 
some rotation allowed in flexed position 

Knee 

(femoropatellar) 

Femur and patella 

Synovial; plane 

Diarthrotie; gliding of patella 

Superior 

tibiofibular 

Tibia and fibula 
(proximally) 

Synovial; plane 

Diarthrotie; gliding of fibula 

Inferior 

tibiofibular 

Tibia and fibula 
(distally) 

Fibrous; syndesmosis 

Synarthrotie; slight "give" during dorsiflexion 

Ankle 

Tibia and fibula with 
talus 

Synovial; hinge 

Diarthrotie; uniaxial; dorsiflexion, and plantar 
flexion of foot 

Intertarsal 

Adjaeent tarsals 

Synovial; plane 

Diarthrotie; gliding; inversion and eversion 
of foot 

Tarsometatarsal 

Tarsal(s) and 
metatarsal(s) 

Synovial; plane 

Diarthrotie; gliding of metatarsals 

Metatarso- 

phalangeal 

Metatarsal and 
proximal phalanx 

Synovial; eondylar 

Diarthrotie; biaxial; flexion, extension, 
abduction, adduction, circumduction 
of great toe 

Interpha- 
langeal (toe) 

Adjaeent phalanges 

Synovial; hinge 

Diarthrotie; uniaxial; flexion; extension of 
toes 
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*Fibrous joints indieated by orange eireles; cartilaginous joints by blue eireles; synovial joints by purple eireles. 
+ These modified hinge joints are structurally bieondylar. 


Faetors lnfluencing the Stability 
of Synovial Joints 

Because joints are eonstantly stretehed and eompressed, they 
must be stabilized so that they do not disloeate (eome out of 
alignment). The stability of a synovial joint depends ehiefly on 
three faetors: the shapes of the articular surfaces; the number 
and positioning of ligaments; and muscle tone. 

Artieiilar Surfaees 

The shapes of articular surfaces determine what movements are 
possible at a joint, but surprisingly, articular surfaces play only 
a minor role in joint stability. Many joints have shallow soek- 
ets or noneomplementary articulating surfaces (“misfits”) that 
actually hinder joint stability. But when articular surfaces are 
large and fit snugly together, or when the soeket is deep, stabil- 
ity is vastly improved. The ball and deep soeket of the hip joint 
provide the best example of a joint made extremely stable by the 
shape of its articular surfaces. 


Ligaments 

The capsules and ligaments of synovial joints unite the bones 
and prevent excessive or undesirable motion. As a rule, the 
more ligaments a joint has, the stronger it is. However, when 
other stabilizing faetors are inadequate, undue tension is plaeed 
on the ligaments and they streteh. Stretehed ligaments stay 
stretehed, like tafiy, and a ligament ean streteh only about 6% 
of its length before it snaps. Thus, when ligaments are the major 
means of braeing a joint, the joint is not very stable. 

MuscleTone 

For most joints, the muscle tendons that eross the joint are the 
most important stabilizing faetor. These tendons are kept taut at 
all times by the tone of their muscles. (Muscle tone is defined as 
low levels of eontraetile aetivity in relaxed muscles that keep the 
muscles healthy and ready to reaet to stimulation.) Muscle tone 
is extremely important in reinforeing the shoulder and knee 
joints and the arehes of the foot. 
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UNIT 2 Covering, Support, and Movement of the Body 



Check Your IJnderstanding 


5. What are the tvvo layers of the articular capsule? 

6 . Hovv do bursae and tendon sheaths improve joint function? 

7. Generally speaking, vvhat faetor is most important in 
stabilizing synovial joints? 

8 . What is the importanee of vveeping lubrication? 

_ For ansvvers, see Appendix Fi. 


Movements Allowed by Synovial Joints 

Name and deseribe (or perform) the eommon body 
movements. 



Name and provide examples of the six types of synovial 
joints based on the movement(s) allovved. 



Every skeletal muscle of the body is attaehed to bone or other eon- 
neetive tissue structures at no fewer than two points. The muscles 
origin is attaehed to the immovable (or less movable) bone. Its 
other end, the insertion, is attaehed to the movable bone. Body 
movement occurs when muscles eontraet aeross joints and their 
insertion moves toward their origin. The movements ean be de- 
seribed in direetional terms relative to the lines, or axes, around 
which the body part moves and the planes of spaee along which 
the movement occurs, that is, along the transverse, frontal, or sag- 
ittal plane. (See Chapter 1 to review these planes.) 

Range of motion allowed by synovial joints varies from non- 
axial movement (slipping movements only, sinee there is no 
axis around which movement ean occur) to uniaxial move- 
ment (movement in one plane) to biaxial movement (move- 
ment in two planes) to multiaxial movement (movement in or 
around all three planes of spaee and axes). Range of motion var- 
ies greatly in different people. In some, such as trained gymnasts 
or aerobats, range of joint movement may be extraordinary. The 
ranges of motion at the major joints are given in the far right 
eolrnnn of Table 8.2. 

There are three general types of movements: gliding , angidar 
movements , and rotation. The most eommon body movements 
allowed by synovial joints are deseribed next and ilhistrated in 

Figure 8.5. 


Gliding Movements 

Gliding occurs when one flat, or nearly flat, bone surface glides or 
slips over another (baek-and-forth and side-to-side; Figure 8.5a) 
without appreeiable angulation or rotation. Gliding occurs at the 
interearpal and intertarsal joints, and between the flat articular 
proeesses of the vertebrae (Table 8.2). 

Angular Movements 

Angular movements (Figure 8.5b-e) inerease or deerease the 
angle between two bones. These movements may occur in any 
plane of the body and inehide flexion, extension, hyperexten- 
sion, abduction, adduction, and circumduction. 


gure 8.5 Movements allovved by synovial joints. 



(a) Gliding movements at the wrist 


Hyperextension Extension 



(b) Angiilar movements: flexion, extension, and hyperextension of 
the neek 


Extension 


vm 


Hyperextension 



Flexion 




(e) Angular movements: flexion, extension, and hyperextension of 
the vertebral column 
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(d) Angular movements: flexion, extension, and hyperextension at the shoulder and knee 




(e) Angular movements: abduction, adduction, and (f) Rotation of the head, neek, and lower limb 

circumduction of the upper limb at the shoulder 


Figure 8.5 (continued) 
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Flexion Flexion (flek'shun) is a bending movement, usually 
along the sagittal plane, that deereases the angle of the joint and 
brings the articulating bones eloser together. Examples include 
bending the head forward on the ehest (Figure 8.5b) and bend- 
ing the body tmnk or the knee from a straight to an angled 
position (Figure 8.5c and d). As a less obvious example, the arm 
is flexed at the shoulder when the arm is lifted in an anterior 
direetion (Figure 8.5d). 


Extension Extension is the reverse of flexion and occurs 
at the same joints. It involves movement along the sagittal 
plane that inereases the angle between the articulating bones 
and typieally straightens a flexed limb or body part. Examples 
include straightening a flexed neek, body trunk, elbow, or 
knee (Figure 8.5b-d). Continuing such movements beyond 

Ì the anatomieal position is ealled hyperextension (literally, 
cc superextension”) (Figure 8.5b-d). 



Abduction Abduction ( cc moving away”) is movement of a 
limb away from the midline or median plane of the body, along 
the frontal plane. Raising the arm or thigh laterally is an exam- 
ple of abduction (Figure 8.5e). For the fingers or toes, abduction 
means spreading them apart. In this ease cc midline” is the long- 
est digit: the third finger or seeond toe. Notiee, however, that 
lateral bending of the trunk away from the body midline in the 
frontal plane is ealled lateral flexion, not abduction. 


Adduction Adduction ( cc moving toward”) is the opposite of 
abduction, so it is the movement of a limb toward the body 
midline or, in the ease of the digits, toward the midline of the 
hand or foot (Figure 8.5e). 

Circumduction Circumduction (Figure 8.5e) is moving a limb 
so that it deseribes a eone in spaee ( circum =around; duco =to 
draw). The distal end of the limb moves in a eirele, while the 
point of the eone (the shoulder or hip joint) is more or less sta- 
tionary. A piteher winding up to throw a ball is actually eir- 
cumducting his or her pitehing arm. Because circumduction 
eonsists of flexion, abduction, extension, and adduction per- 
formed in succession, it is the quickest way to exercise the many 
muscles that move the hip and shoulder ball-and-soeket joints. 


the ulna (Figure 8.6a). Rotating the forearm laterally so that the 
palm faees anteriorly or superiorly is supination. In the anatomieal 
position, the hand is supinated and the radius and ulna are parallel. 

In pronation, the forearm rotates medially and the palm 
faees posteriorly or inferiorly. Pronation moves the distal end of 
the radius aeross the ulna so that the two bones form an X. This 
is the forearms position when we are standing in a relaxed man- 
ner. Pronation is a much weaker movement than supination. 

A triek to help you keep these terms straight: A pro basketball 
player pronates his or her forearm to dribble the ball. 

Dorsiflexion and Plantar Flexion of the Foot The up-and- 
down movements of the foot at the ankle are given more speeifie 
names (Figure 8.6b). Fifting the foot so that its superior surface 
approaehes the shin is dorsiflexion (eorresponds to wrist exten- 
sion), whereas depressing the foot (pointing the toes) is plantar 
flexion (eorresponds to wrist flexion). 

Inversion and Eversion Inversion and eversion are speeial 
movements of the foot (Figure 8.6c). In inversion, the sole of the 
foot turns medially. In eversion, the sole faees laterally. 

Protraetion and Retraetion Nonangular anterior and posterior 
movements in a transverse plane are ealled protraetion and re- 
traetion, respeetively (Figure 8.6d). The mandible is protraeted 
when you jut out your jaw and retraeted when you bring it baek. 

Elevation and Depression Elevation means lifting a body 
part superiorly (Figure 8.6e). For example, the scapulae are el- 
evated when you shrag your shoulders. Moving the elevated 
part inferiorly is depression. During chewing, the mandible is 
alternately elevated and depressed. 

Opposition The saddle joint between metaearpal I and the 
trapezimn allows a movement ealled opposition of the thumb 
(Figure 8.6f). This movement is the aetion taken when you 
touch your thumb to the tips of the other fingers on the same 
hand. It is opposition that makes the human hand such a fine 
tool for grasping and manipulating objeets. 

Types of Synovìal Joinfs 


Rotation 

Rotation is the turning of a bone around its own long axis. It 
is the only movement allowed between the first two eervieal 
vertebrae and is eommon at the hip (Figure 8.5f) and shoulder 
joints. Rotation may be direeted toward the midline or away 
from it. For example, in medial rotation of the thigh, the femur s 
anterior surface moves toward the median plane of the body; 
lateral rotation is the opposite movement. 


Although all synovial joints have structural features in eom- 
mon, they do not have a eommon structural plan. Based on 
the shape of their articular surfaces, which in turn determine 
the movements allowed, synovial joints ean be elassified fiirther 
into six major eategories—plane, hinge, pivot, eondylar (or el- 
lipsoid), saddle, and ball-and-soeket joints. The properties of 
these joints are summarized in Focus on Types ofSynovial Joints 
(Figure 8.7) on pp. 260-261. 


Speeial Movements 

Certain movements do not fit into any of the above eategories 
and occur at only a few joints. Some of these speeial movements 
are illustrated in : igure 8.6. 

Supination and Pronation The terms supination (soo'pì- 
na'shun; cc turning backward”) and pronation (pro-na'shun; 
cc turning forward”) refer to the movements of the radius around 



Check Your Understanding 


9. John bent over to piek up a dime. What movement vvas 
occurring at his hip joint, at his knees, and betvveen his index 
finger and thumb? 

10. On the basis of movement allovved, vvhieh of the follovving 
joints are uniaxial? Hinge, eondylar, saddle, pivot. 

_ For ansvvers, see Appendix Fi. 


(Text continues on p. 262.) 
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(a) Pronation (P) and supination (S) 


Inversion 





Eversion 


(e) Inversion and eversion 



(b) Dorsiflexion and plantar flexion 




Protraetion 
of mandible 




a 



Retraetion 
of mandible 



(d) Protraetion and retraetion 



(e) Elevation and depression (f) Opposition 


gure 8.6 Speeial body movements. 




























FOCUS 


Synovial Joints 


Figure 8. The shapes of the joint surfaces define the types of 
movements that ean occur at a synovial joint; they also determine 
the dassifieation of synovial joints into six structural types. 


Nonaxial movement 



Examples: interearpal joints, intertarsal joints, joints between vertebral articular surfaces 


(b) Hinge joint 



Uniaxial movement 


Medial/lateral 

axis 


Cylinder 

Trough 


Examples: Elbowjoints, interphalangeal joints 



Flexion and extension 


Uniaxial movement 
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(d) Condylar joint 



Biaxial movement 
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Examples: Metaearpophalangeal (knuckle) joints, wrist joints 


(e) Saddle joint 


Biaxial movement 
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Example: Oarpometaearpal joints of the thumbs 


(f) Ball-and-soeket joint 


Multiaxial movement 
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Examples: Shoulder joints and hip joints 
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(a) Sagittal seetion through the right knee joint 


(b) Superior view of the right tibia in the knee joint, showing 
the menisei and emeiate ligaments 
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(e) Anterior view of right knee 


(d) Posterior view of the joint capsule, including ligaments 


gure 8.8 The knee joint. 


Seleeted Synovial Joints 

Deseribe the elbovv, knee, hip, javv, and shoulder joints in 
terms of articulating bones, anatomieal eharaeteristies of 
the joint, movements allovved, and joint stability. 

In this seetion, we examine five joints in detail: knee, elbow, 
shoulder, hip, and temporomandibular (jaw) joint. All have the 
six distinguishing eharaeteristies of synovial joints, and we will 
not discuss these eommon features again. Instead, we will em- 
phasize the unique structural features, fiinetional abilities, and, 
in eertain eases, fimetional weaknesses of eaeh of these joints. 


Knee Joint 

The knee joint is the largest and most complex joint in the body 
(Figure 8.8] . Despite its single joint eavity, the knee eonsists of 
three joints in one: an intermediate one between the patella and 
the lower end of the femur (the femoropatellar joint), and lateral 
and medial joints (eolleetively known as the tibiofemoral joint) 
between the femoral eondyles above and the C-shaped menisei, 
or semilunar eartilages , of the tibia below (Figure 8.8b and e). Be- 
sides deepening the shallow tibial articular surfaces, the menisei 
help prevent side-to-side roeking of the femur on the tibia and ab- 
sorb shoek transmitted to the knee joint. However, the menisei are 
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(e) Anterior view of flexed knee, showing the emeiate ligaments 
(artieiilar capsule removed, and quadriceps tendon cut 
and refleeted distally) 


Figure 8.8 (continued) 


attaehed only at their outer margins and are frequently torn free. 

The tibiofemoral joint aets primarily as a hinge, permitting flex- 
ion and extension. However, structurally it is a bieondylar joint. 
Some rotation is possible when the knee is partly flexed, and when 
the knee is extending. But, when the knee is fully extended, side-to- 
side movements and rotation are strongly resisted by ligaments and 
the menisei. The femoropateHar joint is a plane joint, and the pateHa 
glides aeross the distal end of the femur during knee flexion. 

The knee joint is unique in that its joint eavity is only par- 
tially enelosed by a capsule. The relatively thin articular eap- 
sule is present only on the sides and posterior aspeets of the 
knee, where it eovers the bulk of the femoral and tibial eondyles. 
Anteriorly, where the capsule is absent, three broad ligaments 
mn from the patella to the tibia below. These are the patellar 
ligament flanked by the medial and lateral patellar retinacula 
(ret"ì-nak'u-lah; “retainers”), which merge impereeptibly into 
the articular capsule on eaeh side (Figure 8.8c). The patellar lig- 
ament and retinacula are actually continuations of the tendon 
of the bulky quadriceps muscle of the anterior thigh. Physieians 
tap the patellar ligament to test the knee-jerk reflex. 

The synovial eavity of the knee joint has a eomplieated shape, 
with several extensions that lead into “blind aHeys.” At least a dozen 
bursae are assoeiated with this joint, some of which are shown 
in Figure 8.8a. For example, notiee the subcutaneous prepatellar 
bursa , which is often injured when the knee is bumped anteriorly. 

All three types of joint ligaments stabilize and strengthen the 
capsule of the knee joint. The ligaments of two of the types, eap- 
sular and extracapsular, all aet to prevent hyperextension of the 



Medial femoral eondyle 
Anterior cruciate ligament 

Medial meniscus on 
medial tibial eondyle 


Patella 


(f) Photograph of an opened knee joint; view similar to (e) 
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knee and are stretehed taut when the knee is extended. These 
include the following: 

■ The extracapsular fibular and tibial eollateral ligaments are 
also eritieal in preventing lateral or medial rotation when the 
knee is extended. The broad, flat tibial eollateral ligament 
mns from the medial epieondyle of the femur to the medial 
eondyle of the tibial shaft below and is fused to the medial 
meniscus (Figure 8.8c-e). 

■ The oblique popliteal ligament (pop"li-te' al) is actually part 
of the tendon of the semimembranosus muscle that fuses 
with the joint capsule and helps stabilize the posterior aspeet 
of the knee joint (Figure 8.8d). 

■ The arcuate popliteal ligament ares superiorly from the 
head of the fibula over the popliteus muscle and reinforees 
the joint capsule posteriorly (Figure 8.8d). 

The knees intracapsular ligaments are ealled emeiate liga- 
ments (kroo'she-àt) because they eross eaeh other, forming an 
X (cruci =cross) in the noteh between the femoral eondyles. 
They aet as restraining straps to help prevent anterior-posterior 
displaeement of the articular surfaces and to secure the articu- 
lating bones when we stand (Figure 8.8a, b, e). Although these 
ligaments are in the joint capsule, they are outside the syno- 
vial eavity, and synovial membrane nearly eovers their surfaces. 
Note that the two cruciate ligaments both mn superiorly to the 
femur and are named for their tibial attaehment site. 

The anterior cruciate ligament attaehes to the anterior inter- 
eondylar area of the tibia (Figure 8.8b). From there it passes pos- 
teriorly, lateraHy, and upward to attaeh to the femur on the medial 
side of its lateral eondyle. This ligament prevents forward sliding 
of the tibia on the femur and eheeks hyperextension of the knee. It 
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gure 8.9 A eommon knee injury. Anterior view of a knee 
being hit by a hoekey puck. Such blows to the lateral side tear both 
the tibial eollateral ligament and the medial meniscus because the 
two are attaehed. The anterior cruciate ligament also tears. 


is somewhat lax when the knee is flexed, and taut when the knee 
is extended. 

The stronger posterior cruciate ligament is attaehed to the 
posterior intereondylar area of the tibia and passes anteriorly, me- 
dially, and superiorly to attaeh to the femur on the lateral side of 
the medial eondyle (Figure 8.8a, b). This ligament prevents baek- 
ward displaeement of the tibia or forward sliding of the femur. 

The knee capsule is heavily reinforeed by muscle tendons. Most 
important are the strong tendons of the quadriceps muscles of the 
anterior thigh and the tendon of the semimembranosus muscle 
posteriorly (Figure 8.8c and d). The greater the strength and tone 
of these muscles, the less the ehanee of knee injury. 

The knees have a built-in loeking deviee that provides steady 
support for the body in the standing position. As we begin to 
stand up, the wheel-shaped femoral eondyles roll like ball bear- 
ings aeross the tibial eondyles and the flexed leg begins to extend 
at the knee. Because the lateral femoral eondyle stops rolling be- 
fore the medial eondyle stops, the femur spins (rotates) medially 
on the tibia, until the emeiate and eollateral ligaments of the knee 
are twisted and taut and the menisei are eompressed. The tension 
in the ligaments effeetively loeks the joint into a rigid structure 
that eannot be flexed again until it is unlocked. This unlocking 
is aeeomplished by the popliteus muscle (see Figure 8.8d and 
Table 10.15, p. 370). It rotates the femur laterally on the tibia, 
causing the ligaments to beeome untwisted and slaek. 



Homeostatie imbalanee 8.1 


Of all body joints, the knees are most susceptible to sports in- 
juries because of their high relianee on nonarticular faetors for 
stability and the faet that they earry the body s weight. The knee 
ean absorb a vertieal foree equal to nearly seven times body 
weight. However, it is very vulnerable to horizontal blows, such 


as those that occur during bloeking and taekling in football and 
in iee hoekey. 

When thinking of eommon knee injuries, remember the 
3 Cs: eollateral ligaments, emeiate ligaments, and eartilages 
(menisei). Most dangerous are lateral blows to the extended 
knee. These forees tear the tibial eollateral ligament and the 
medial meniscus attaehed to it, as well as the anterior emei- 
ate ligament Fi ure 8.9) . It is estimated that 50% of all pro- 
fessional football players have serious knee injuries during 
their eareers. 

Although less devastating than the injury just deseribed, in- 
juries that affeet only the anterior emeiate ligament (ACL) are 
beeoming more eommon, particularly as womens sports be- 
eome more vigorous and eompetitive. Most ACL injuries occur 
when a mnner ehanges direetion quickly, twisting a hyperex- 
tended knee. A torn ACL heals poorly, so repair usually requires 
a graft taken from either the patellar ligament, the hamstring 
tendon, or the ealeaneal tendon. + 

Shoiilder (Glenohumeral) Joint 

In the shoulder joint, stability has been saerifieed to provide 
the most freely moving joint of the body. The shoulder joint 
is a ball-and-soeket joint. The large hemispherieal head of the 
humerus fits in the small, shallow glenoid eavity of the scapula 
(Figure 8.10), like a golf ball sitting on a tee. Although the gle- 
noid eavity is slightly deepened by a rim of fibroeartilage, the 
glenoid labrum (labmrn =lip), it is only about one-third the 
size of the humeral head and contributes little to joint stability 
(Figure 8.10d). 

The articular capsule enelosing the joint eavity (from the mar- 
gin of the glenoid eavity to the anatomieal neek of the humerus) is 
remarkably thin and loose, qualities that contribute to this joints 
freedom of movement. The few ligaments reinforeing the shoulder 
joint are loeated primarily on its anterior aspeet. The superiorly 
loeated coracohumeral ligament (kor'ah-ko-hu'mer-ul) pro- 
vides the only strong thiekening of the capsule and helps support 
the weight of the upper limb (Figure 8.10c). Three glenohumeral 
hgaments (glé"no-hu'mer-ul) strengthen the front of the capsule 
somewhat but are weak and may even be absent (Figure 8.10c, d). 

Muscle tendons that eross the shoulder joint contribute most 
to this joints stability. The cc superstabilizer” is the tendon of the 
long head of the bieeps braehii muscle of the arm (Figure 8.lOe). 
This tendon attaehes to the superior margin of the glenoid la- 
brum, travels through the joint eavity, and then runs within the 
intertubercular sulcus of the humerus. It secures the head of the 
humerus against the glenoid eavity. 

Four other tendons (and the assoeiated muscles) make up 
the rotator cuff. This cuff eneireles the shoulder joint and 
blends with the articular capsule. The muscles include the sub- 
scapularis, supraspinatus, infraspinatus, and teres minor. (The 
rotator cuff muscles are illustrated in Figure 10.15, p. 351.) The 
rotator cuff ean be severely stretehed when the arm is vigorously 
circumducted; this is a eommon injury of baseball pitehers. As 
noted in Chapter 7, shoulder disloeations are fairly eommon. 
Because the shoulder s reinforeements are weakest anteriorly 
and inferiorly, the humerus tends to disloeate in the forward 
and downward direetion. 
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(a) Frontal seetion through right shoulder joint 
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(b) Cadaver photo eorresponding to (a) 
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(e) Anterior view of right shoulder joint capsule 


(d) Lateral view of soeket of right shoulder joint, 
humerus removed 
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(e) Anterior view of an opened shoulder joint 


Figure 8.10 The shoulder joint. 
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(a) Median sagittal seetion through right elbow (lateral view) 


(b) Lateral view of right elbow joint 
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(e) Cadaver photo of medial view of right elbow 


(d) Medial view of right elbow 


gure8.11 The elbovv joint. 


Elbovv Joint 

Our upper limbs are flexible extensions that permit us to reaeh out 
and manipulate things in our environment. Besides the shorilder 
joint, the most prominent of the upper limb joints is the elbow. 
The elbow joint provides a stable and smoothly operating hinge 
that allows flexion and extension only Figure 8.11 . Within the 
joint, both the radius and ulna articulate with the eondyles of the 
humerus, but it is the elose gripping of the troehlea by the ulnas 
troehlear noteh that forms the “hinge” and stabilizes this joint (Fig- 
ure 8.1 la). A relatively lax articular capsule extends inferiorly from 
the humerus to the ulna and radius, and to the anular ligament 
(an'u-lar) surrounding the head of the radius (Figure 8.1 lb, e). 

Anteriorly and posteriorly, the articular capsule is thin and allows 
substantial freedom for elbow flexion and extension. However, side- 
to-side movements are restrieted by two strong eapsrilar ligaments: 
the ulnar eollateral ligament medially, and the radial eollateral 
ligament, a triangrilar ligament on the lateral side (Figure 8.1 lb, e, 
and d). Additionally, tendons of several arm muscles, such as the 
bieeps and trieeps, eross the elbow joint and provide security. 


The radius is a passive “onlooker” in the angular elbow 
movements. However, its head rotates within the anular liga- 
ment during supination and pronation of the forearm. 

Hip Joint 

The hip (coxal) joint, like the shoulder joint, is a ball-and-soeket 
joint. It has a good range of motion, but not nearly as wide as the 
shoulder s range. Movements occur in all possible planes but are 
limited by the joint s strong ligaments and its deep soeket. 

The hip joint is formed by the articulation of the spherieal 
head of the femur with the deeply cupped acetabulum of the hip 
bone gure 8.12] . The depth of the acetabulum is enhaneed 
by a circular rim of fìbroeartilage ealled the acetabular labrum 
(as"é-tab'u-lar) (Figure 8.12a, b). The labrams diameter is less 
than that of the head of the femur, and these articular surfaces 
fit snugly together, so hip joint disloeations are rare. 

The thiek articular capsule extends from the rim of the aeetab- 
ulum to the neek of the femur and eompletely eneloses the joint. 
Several strong ligaments reinforee the capsule of the hip joint. 
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(b) Photo of the interior of the hip joint, lateral view 


8 


Anterior inferior 
iliae spine 


Greater — 
troehanter 


\ 



lliofemoral 

ligament 

Pubofemoral 

ligament 



(e) Posterior view of right hip joint, capsule in plaee 


(d) Anterior view of right hip joint, capsule in plaee 


gure 8.12 Thehipjoint. 


These include the iliofemoral ligament (il"e-o-fem'o-ral), a strong 
V-shaped ligament anteriorly; the pubofemoral ligament (pu"bo- 
fem'o-ral), a triangular thiekening of the inferior part of the capsule; 
and the isehiofemoral ligament (is"ke-o-fem'o-ral), a spiraling 
posterior ligament (Figure 8.12c, d). These ligaments are arranged 
in such a way that they C screw” the femur head into the acetabulum 
when a person stands up straight, thereby providing more stability. 

The ligament of the head of the femur, also ealled the ligamen- 
tum teres , is a flat intracapsular band that mns from the femur head 
to the lower lip of the acetabulum (Figure 8.12a, b). This ligament is 
slaek during most hip movements, so it is not important in stabiliz- 
ing the joint. In faet, its meehanieal Ametion (if any) is unclear, but 
it does eontain an artery that helps supply the head of the femur. 
Damage to this artery may lead to severe arthritis of the hip joint. 

Muscle tendons that eross the joint and the bulky hip and 
thigh muscles that surround it contribute to its stability and 


strength. In this joint, however, stability eomes ehiefly from 
the deep soeket that securely eneloses the femoral head and the 
strong capsular ligaments. 

Temporomandibular Joint 

The temporomandibular joint (TMJ), or jaw joint, is a modified 
hinge joint. It lies just anterior to the ear Figure 8.13 . At this joint, 
the eondylar proeess of the mandible articulates with the inferior 
surface of the squamous part of the temporal bone. The mandibles 
eondylar proeess is egg shaped, whereas the articular surface of the 
temporal bone has a more complex shape. Posteriorly, it forms the 
eoneave mandibular fossa; anteriorly it forms a dense knob ealled 
the articular tubercle. The lateral aspeet of the loose articular eap- 
sule that eneloses the joint is thiekened into a lateral ligament. 
Within the capsule, an articular dise divides the synovial eavity into 
superior and inferior eompartments (Figure 8.13a, b). 
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(a) Loeation of the joint in the skull 


(b) Enlargement of a sagittal seetion through the joint 
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(e) Lateral excursion: lateral (side-to-side) movements of the mandible 


gure 8.13 The temporomandibular 
(jaw) joint. In (b), note that the tvvo 
parts of the joint eavity allovv different 
movements, indieated by arrovvs. The inferior 


eompartment of the joint eavity allovvs the 
eondylar proeess of the mandible to rotate in 
opening and elosing the mouth. The superior 
eompartment lets the eondylar proeess move 


forvvard to braee against the articular tubercle 
vvhen the mouth opens vvide, and also allovvs 
lateral excursion of this joint (e). 


Two distinet leinds of movement occur at the TMJ (Figure 
8.13c). First, the eoneave inferior dise surface reeeives the eondylar 
proeess of the mandible and allows the familiar hingelike move- 
ment of depressing and elevating the mandible while opening and 
elosing the mouth. Seeond, the superior dise surface glides ante- 
riorly along with the eondylar proeess when the mouth is opened 


wide. This anterior movement braees the eondylar proeess against 
the articular tubercle, so that the mandible is not foreed through 
the thin roof of the mandibular fossa when one bites hard foods 
such as nuts or hard eandies. The superior eompartment also al- 
lows this joint to glide from side to side. As the posterior teeth are 
drawn into occlusion during grinding, the mandible moves with 
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a side-to-side movement ealled lateral excursion (Figure 8.13c). 
This lateral j aw movement is unique to mammals and it is readily 
apparent in horses and cows as they chew. 



Homeostatie imbalanee 8.2 


Because of its shallow soeket, the TMJ is the most easily dislo- 
eated joint in the body. Even a deep yawn ean disloeate it. This 
joint almost always disloeates anteriorly, the eondylar proeess of 
the mandible ending up in a skull region ealled the infratempo- 
ralfossa (Figure 8.13a). In such eases, the mouth remains wide 
open. To realign a disloeated TMJ, the physieian plaees his or 
her thumbs in the patients mouth between the lower molars 
and the eheeks, and then pushes the mandible inferiorly and 
posteriorly. 

At least 5% of Amerieans suffer from painful temporoman- 
dibular disorders, the most eommon symptoms of which are 
pain in the ear and faee, tenderness of the jaw imiseles, pop- 
ping sounds when the mouth opens, and joint stiffness. Usually 
caused by painful spasms of the chewing muscles, TMJ disorders 
often affliet people who grind their teeth; however, it ean also re- 
sult from jaw trauma or from poor occlusion of the teeth. Treat- 
ment usually focuses on getting the jaw muscles to relax by using 
massage, applying moist heat or iee, muscle-relaxant dmgs, and 
adopting stress reduction techniques. For tooth grinders, use of a 
bite plate during sleep is generally reeommended. + 



CheckYour IJnderstanding 


11. Of the five joints studied in more detail—hip, shoulder, 
elbovv, knee, and temporomandibular—vvhieh tvvo have 
menisei? Which aet mainly as a uniaxial hinge? Which 
depend mainly on muscles and their tendons for stability? 

_ For ansvvers, see Appendix H. 


Homeostatie imbalanees 
of Joints 

Name the most eommon joint injuries and discuss the 
symptoms and problems assoeiated with eaeh. 

s Oompare and eontrast the eommon types of arthritis. 

s Deseribe the cause and consequences of Lyme disease. 

Few of us pay attention to our joints unless something goes 
wrong with them. Although remarkably strong, joints are more 
likely to be injured by forees the bony skeleton ean withstand. 
This is the priee of our flexibility. Joint pain and malffmetion 
ean be caused by a number of faetors besides traumatic injury, 
including inflammatory eonditions and degenerative proeesses 
due to frietion and wear. 


Common Joint Injiiríes 

For most of us, sprains and disloeations are the most eommon 
trauma-induced joint injuries, but eartilage injuries are equally 
threatening to athletes. 




Figure 8.14 Arthroseopie photograph of a torn medial 
meniscus. (Courtesy of the author's tennis game.) 

CartilageTears 

Many aerobies devotees, encouraged to “feel the burn ’ during 
their workout, may feel the snap and pop of their overstressed 
eartilage instead. Although most eartilage injuries involve tear- 
ing of the knee menisei, tears and ovemse damage to the articu- 
lar eartilages of other joints is beeoming inereasingly eommon 
in eompetitive young athletes. 

Cartilage tears typieally occur when a meniscus is subjected to 
eompression and shear stress at the same time. Cartilage is avascular 
and it rarely ean obtain sufflcient nourishment to repair itself, so 
it usually stays torn. Cartilage fragments (ealled loose bodies) ean 
interfere with joint ffmetion by causing the joint to loek or bind, so 
most sports physieians reeommend that the damaged eartilage be 
removed. Today, this ean be done by arthroseopie surgery (ar-thro- 
skop'ik; “looking into joints”), a procedure that enables patients to 
be out of the hospital the same day. The arthroseope, a small instru- 
ment bearing a tiny lens and fiber-optie light source, enables the sur- 
geon to view the joint interior, as in ure 8.14. The surgeon ean 
then repair a ligament, or remove eartilage fragments through one 
or more tiny slits, minimizing tissue damage and searring. Removal 
of part of a meniscus does not severely impair knee joint mobility, 
but the joint is definitely less stable. Removal of the entire meniscus is 
an invitation to early onset of osteoarthritis in the joint. For younger 
patients a meniseal transplant may be an option to replaee irrepara- 
bly damaged eartilage. In the future, a tissue-engineered meniscus 
grown from your own stem eells may be implanted instead. 


Sprains 

In a sprain, the ligaments reinforeing a joint are stretehed or 
torn. Common sites of sprains are the ankle, the knee, and the 
lumbar region of the spine. Partially torn ligaments will repair 
themselves, but they heal slowly because ligaments are so poorly 
vascularized. Sprains tend to be painfiil and immobilizing. 
When ligaments are eompletely torn, there are three options: 

■ The torn ends of the ligament ean be sewn together. This is dif- 
ficult because trying to sew the hundreds of fibrous strands of a 
ligament together is like trying to sew two hairbmshes together. 
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■ Certain ligaments, like the anterior emeiate ligament, are 
best repaired by replaeing them with grafts. For example, a 
pieee of tendon from a muscle ean be attaehed to the articu- 
lating bones. 

■ For many ligaments, such as the knee s medial eollateral liga- 
ment, weVe eome to realize that time and immobilization are 
just as effeetive as any surgical option. 


Disloeations 



A disloeation (luxation) occurs when bones are foreed out of 
alignment. It is usually aeeompanied by sprains, inflammation, 
and difficulty in moving the joint. Disloeations may result from 
serious falls and are eommon eontaet sports injuries. Joints of 
the jaw, shoulders, fingers, and thumbs are most eommonly dis- 
loeated. Like fractures, disloeations must be reduced\ that is, the 
bone ends must be returned to their proper positions by a phy- 
sieian. Subluxation is a partial disloeation of a joint. 

Repeat disloeations of the same joint are eommon because the 
initial disloeation stretehes the joint capsule and ligaments. The 
resulting loose capsule provides poor reinforeement for the joint. 


Inflammatory and Degenerative Conditions 

Inflammatory eonditions that affeet joints include bursitis and 
tendonitis, various forms of arthritis, and Lyme disease. 


Biirsitis and Tendonitis 

Bursitis is inflammation of a bursa and is usually caused by a blow 
or frietion. Falling on ones knee may result in a painfiil bursitis of 
the prepatellar bursa, known as housemaids knee or water on the 
knee. Prolonged leaning on ones elbows may damage the bursa 
elose to the oleeranon, producing students elbow , or oleeranon 
bmsitis. Severe eases are treated by injeeting anti-inflammatory 
dmgs into the bursa. If excessive fluid accumulates, removing 
some fluid by needle aspiration may relieve the pressure. 

Tendonitis is inflammation of tendon sheaths, typieally caused 
by overuse. Its symptoms (pain and swelling) and treatment (rest, 
iee, and anti-inflammatory dmgs) mirror those of bursitis. 


Arthritis 

The term arthritis deseribes over 100 different types of inflam- 
matory or degenerative diseases that damage the joints. In all 
its forms, arthritis is the most widespread erippling disease in 
North Ameriea. One in five of us suffers its ravages. To a greater 
or lesser degree, all forms of arthritis have the same initial symp- 
toms: pain, stiffness, and swelling of the joint. 

Acute forms of arthritis usually result from baeterial inva- 
sion and are treated with antibioties. Chronic forms of arthritis 
include osteoarthritis, rheumatoid arthritis, and gouty arthritis. 

Osteoarthritis Osteoarthritis (OA) is the most eommon ehronie 
arthritis. A ehronie (long-term) degenerative eondition, OA is of- 
ten ealled cc wear-and-tear arthritis.” OA is most prevalent in the 
aged and is probably related to the normal aging proeess (although 
it is seen oeeasionally in younger people and some forms have a 
genetie basis). More women than men are affeeted, but nearly half 
of us will develop this eondition by the age of 85. 


Current theory holds that normal joint use prompts the re- 
lease of (metalloproteinase) enzymes that break down articular 
eartilage, espeeially its eollagen fibrils. In healthy individuals, 
this damaged eartilage is eventually replaeed, but in people with 
OA, more eartilage is destroyed than replaeed. Although its spe- 
eifie cause is unknown, OA may refleet the cumulative effeets of 
years of eompression and abrasion aeting at joint surfaces, caus- 
ing excessive amounts of the eartilage-destroying enzymes to be 
released. The result is softened, roughened, pitted, and eroded 
articular eartilages. Because this proeess occurs most where 
an uneven orientation of forees cause extensive mierodamage, 
badly aligned or overworked joints are likely to develop OA. 

As the disease progresses, the exposed bone tissue thiekens 
and forms bony spurs (osteophytes) that enlarge the bone ends 
and may restriet joint movement. Patients eomplain of stiff- 
ness on arising that lessens somewhat with aetivity. The affeeted 
joints may make a emnehing noise, ealled crepitus (krep'ì-tus), 
as they move and the roughened articular surfaces rub together. 
The joints most often affeeted are those of the eervieal and lum- 
bar spine and the fingers, knuckles, knees, and hips. 

The course of osteoarthritis is usually slow and irreversible. 
In many eases, its symptoms are eontrollable with a mild pain 
reliever like aspirin or aeetaminophen, along with moderate ae- 
tivity to keep the joints mobile. Rubbing a hot-pepper substance 
ealled eapsaiein on the skin over the painfiil joints helps lessen 
the pain of OA. Glucosamine and ehondroitin sulfate, nutritional 
supplements eonsisting of macromolecules normally present in 
eartilage, have been widely used by arthritis sufferers. However, 
several reeent studies suggest that these supplements are no more 
effeetive than plaeebos. Osteoarthritis is rarely erippling, but it 
ean be, particularly when the hip or knee joints are involved. 

Rheumatoid Arthritis Rheiimatoid arthritis (RA) (roo'mah- 
toid) is a ehronie inflammatory disorder with an insidious on- 
set. Though it usually arises between the ages of 30 and 50, it 
may occur at any age. It affeets three times as many women as 
men. While not as eommon as osteoarthritis, rheumatoid ar- 
thritis affeets millions, about 1% of all people. 

In the early stages of RA, joint tenderness and stiffness are eom- 
mon. Many joints, particularly the small joints of the fingers, wrists, 
ankles, and feet, are afflieted at the same time and bilaterally. For 
example, if the right elbow is affeeted, most likely the left elbow is 
also affeeted. The course of RA is variable and marked by flare-ups 
(exacerbations) and remissions ( rheumat = susceptible to ehange). 
Along with pain and swelling, its manifestations may include ane- 
mia, osteoporosis, muscle weakness, and cardiovascular problems. 

RA is an autoimmune disease —a disorder in which the 
body s immune system attaeks its own tissues. The initial trigger 
for this reaetion is unknown, but various baeteria and vimses 
have been suspect. Perhaps these mieroorganisms bear mol- 
ecules similar to some naturally present in the joints (possibly 
glyeosaminoglyeans, which are complex earbohydrates found 
in eartilage, joint fluid, and other eonneetive tissues), and the 
immune system, onee aetivated, attempts to destroy both. 

RA begins with inflammation of the synovial membrane 
(.synovitis) of the affeeted joints. Inflammatory eells (lym- 
phoeytes, maerophages, and others) migrate into the joint eavity 
from the blood and unleash a deluge of inflammatory ehemieals 
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Joints: From Knights in Shining Armor to Bionie Humans 


The teehnology for fashioning joíntS 

in medieval suits of armor developed over 
centuries. The teehnology for ereating 

the prostheses (artifieial joints) used 

in medieine today developed, in relative 
terms, in a flash—less than 60 years. 

Llnlike the joints in medieval armoi , 
vvhieh vvas vvorn outside the body, today's 
artifieial joints must function inside the 
body. The history of joint prostheses dates 
to the 1940s and 1950s, vvhen VVorld VVar 
II and the Korean VVar left large numbers 
of wounded who needed artifieial limbs. 
Today, nearly 1 million Amerieans per year 
reeeive a total joint replaeement, mostly 
because of the destructive effeets of 
osteoarthritis or rheumatoid arthritis. 

To produce durable, mobile joints 
requires substances that are strong, 
nontoxic, and resistant to the eorrosive 
effeets of organie aeids in blood. In 
1963, Sir John eharnley, an English 
orthopedie surgeon, revolutionized the 
therapy of arthritie hips with an artifieial 
hip design that is still in use today. His 
deviee eonsisted of a metal ball on a stem 
and a cup-shaped polyethylene plastie 
soeket anehored to the pelvis by methyl 
methaerylate eement. This eement proved 
to be exceptionally strong and relatively 
problem free. Hip prostheses were 
followed by knee prostheses, but not until 
10 years later did smoothly operating total 
knee joint replaeements beeome a reality. 
Today, the metal parts of the prostheses 
are strong eobalt and titanium alloys, and 
the number of knee replaeements equals 
the number of hip replaeements. 

Replaeements are now available for 
many other joints, including fingers, 
elbows, and shoulders. Total hip and knee 
replaeements last about 10 to 15 years 
in elderly patients who do not excessively 
stress the joint. Most such operations are 
done to reduce pain and restore about 
80% of original joint function. 

Replaeement joints are not yet 
strong or durable enough for young, 
aetive people, but making them so is 
a major goal. Another problem is that 
the prostheses work loose over time, 
so researehers are seeking to enhanee 
the fit between implant and bone. One 
solution is to strengthen the eement that 


binds them (simply eliminating air bubbles 
from the eement inereases its durability). 
Another solution is to use a eementless 
prosthesis, which allows the bone to grow 
into its surface, fixing it in plaee. In order 
for this to happen, a preeise fit in the 
prosthesis and the bone must be aehieved, 
something at which surgical robots such 
as ROBODOC excel. 

Dramatie ehanges are also occurring 
in the way artifieial joints are made. 
CAD/CAM (computer-aided design 
and computer-aided manufacturing) 
techniques have signifieantly reduced the 
time and eost of ereating individualized 
joints. Fed the patient's X rays and medieal 
information, the computer draws from 
a database of hundreds of normal joints 
and generates possible designs and 
modifieations for a prosthesis. Onee the 
best design is seleeted, the computer 
produces a program to direet the 
maehines that make the prosthesis. 

Joint replaeement therapy is eoming of 
age, but equally exciting are techniques 
that eall on the ability of the patient's own 
tissues to regenerate. 

■ Bone marrow stimulation: Small holes 
poked through to the bone marrow 
allow mesenehymal stem eells from the 


bone marrow to migrate into the joint 
and produce new eartilage. 

■ Osteoehondral grafting: Healthy bone 
and eartilage are removed from one 
part of the body and transplanted to 
the injured joint. 

■ Autologous ehondroeyte implantation: 
Healthy ehondroeytes are removed from 
the body and seeded onto a supporting 
matrix of tissue-engineered eollagen. 
VVhen subjected to meehanieal pressure 
in the lab, the eells produce new 
eartilage, which is then implanted. 

■ Mesenehymal stem eell regeneration: 
Llndifferentiated mesenehymal eells 
are removed from bone marrow and 
plaeed in a gel, which is paeked into an 
area of eroded eartilage. 


These techniques offer hope for 
younger patients, sinee they could stave 
off the need for a joint prosthesis for 
several years. 

And so, through the centuries, the 
focus has shifted from jointed armor to 
artifieial joints that ean be put inside the 
body to restore lost function. Modern 
teehnology has aeeomplished what the 
armor designers of the Middle Ages never 
dreamed of. 




A hip prosthesis. 


X ray of right knee showing total knee 
replaeement prosthesis (eo-designed by 
Kenneth Gustke, M.D., of Florida Orthopedie 
lnstitute). 
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Figure 8.1 A hand deformed by rheumatoid arthritis. 

Inflammation has enlarged the synovial joints. 

that destroy body tissues when released inappropriately in large 
amounts as in RA. Synovial fluid accumulates, causing joint 
swelling, and in time, the inflamed synovial membrane thiek- 
ens into a pannus (“rag”), an abnormal tissue that elings to the 
articular eartilages. The pannus erodes the eartilage (and some- 
times the underlying bone) and eventually sear tissue forms and 
eonneets the bone ends. Later this sear tissue ossifies and the 
bone ends fuse together, immobilizing the joint. This end eondi- 
tion, ealled ankylosis (ang"kì-lo'sis; “stifF eondition”), often pro- 
duces bent, deformed fingers Figure 8.1! . Not all eases of RA 
progress to the severely erippling ankylosis stage, but all eases do 
involve restrietion of joint movement and extreme pain. 

A wonder dmg for RA sufferers is still undiscovered. The goal 
of current RA treatment is to go beyond simply alleviating the 
symptoms and instead to dismpt the relentless destmetion of 
the joints by the autoimmune proeesses. Steroidal and nonster- 
oidal anti-inflammatory dmgs deerease pain and inflammation, 
inereasing joint mobility. More powerful immune suppressants 
(such as methotrexate) aet to slow the autoimmune reaetion. 
Several biologie agents are available to bloek the aetion of in- 
flammatory ehemieals. An important target of many of these 
agents is an inflammatory ehemieal ealled tumor neerosis faetor, 
an important contributor to destruction of eartilage. Together, 
these dmgs ean dramatieally slow the course of RA. As a last 
resort, replaeing the joint with a joint prosthesis (artifieial joint), 
may be an option to restore fimetion (see A Gloser Look , p. 271). 
Indeed, some RA sufferers have over a dozen artifieial joints. 

Gouty Arthritis Uric aeid, a normal waste product of nucleic 
aeid metabolism, is ordinarily excreted in urine without any 
problems. However, when blood levels of uric aeid rise exces- 
sively (due to its excessive production or slow excretion), it may 
be deposited as needle-shaped urate erystals in the soft tissues 
of joints. An inflammatory response follows, leading to an ago- 
nizingly painfiil attaek of gouty arthritis (gow'te), or gout. The 
initial attaek typieally affeets one joint, often at the base of the 
great toe. 

Gout is far more eommon in men than in women because 
men naturally have higher blood levels of uric aeid (perhaps 



because estrogens inerease the rate of its excretion). Because gout 
seems to run in families, genetie faetors are definitely implieated. 

Untreated gout ean be very destmetive; the articulating bone 
ends fiise and immobilize the joint. Fortunately, several dmgs (eol- 
ehieine, nonsteroidal anti-inflammatory dmgs, glucocorticoids, 
and others) that terminate or prevent gout attaeks are available. Pa- 
tients are advised to drink plenty of water and to avoid aleohol ex- 
eess (which promotes uric aeid overproduction), and foods high in 
purine-containing nucleic aeids, such as liver, kidneys, and sardines. 


Lyme Disease 

Lyme disease is an inflammatory disease caused by spiroehete baete- 
ria transmitted by the bite of tieks that live on miee and deer. It oft en 
results in joint pain and arthritis, espeeially in the knees, and is ehar- 
aeterized by a skin rash, flu-like symptoms, and foggy thinking. If 
untreated, neurological disorders and irregular heartbeat may ensue. 

Because symptoms vary from person to person, the disease is 
hard to diagnose. Antibiotie therapy is the usual treatment, but 
it takes a long time to kill the infeeting baeteria. 



Check Your Llnderstanding' 


12. What does the term "arthritis" mean? 

13. How would you determine by looking at someone suffering 
from arthritis if he or she has OA or RA? 

14. What is the cause of Lyme disease? 

_ For ansvvers, see Appendix H. 


Developmental Aspeets 
of Joints 

Discuss faetors that promote or disturb joint homeostasis. 

As bones form from mesenehyme in the embryo, the joints de- 
velop in parallel. By week 8, the synovial joints resemble adult 
joints in form and arrangement, and synovial fluid is being se- 
ereted. During ehildhood, a joints size, shape, and flexibility are 
modified by use. Aetive joints have thieker capsules and liga- 
ments, and larger bony supports. 

Injuries aside, relatively few interferenees with joint func- 
tion occur until late middle age. Eventually advaneing years take 
their toll and ligaments and tendons shorten and weaken. The 
intervertebral dises beeome more likely to herniate, and oste- 
oarthritis rears its ugly head. Many people have osteoarthritis 
by the time they are in their 70s. The middle years also see an 
inereased ineidenee of rheumatoid arthritis. 

Exercise that coaxes joints through their fiill range of motion, 
such as regular stretehing and aerobies, is the key to postponing the 
immobilizing effeets of aging on ligaments and tendons, to keeping 
eartilages well nourished, and to strengthening the muscles that sta- 
bilize the joints. The key word for exercising is c pmdently 5 because 
excessive or abusive use of the joints guarantees early onset of os- 
teoarthritis. The buoyancy of water relieves much of the stress on 
weight-bearing joints, and people who swim or exercise in a pool 
often retain good joint fimetion as long as they live. As with so many 
medieal problems, it is easier to prevent joint problems than to cure 
or eorreet them. 
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CheckYour IJnderstanding 


15. What is the effeet of regular exercise on joint health and 
structure? 


For ansvvers, see Appendix H. 


The importanee of joints is obvious: The skeletons ability to pro- 
teet other organs and to move smoothly refleets their presenee. Now 
that we are familiar with joint structure and with the movements 
that joints allow, we are ready to eonsider how the muscles attaehed 
to the skeleton cause body movements by aeting aeross its joints. 


Chapter Summary 




MAP) For more ehapter study tools, go to the Study Area of 

MasteringA&P at www.masteringaandp.com. 

There you will find: 

■ interaetive Physiology ÍP 

■ A&PFIix A&PFIix 

■ Praetiee Anatomy Lab PÀL 


PhysioEx 


PEx 


Videos, Praetiee Quizzes and Tests, MP3 Tutor Sessions, Case 
Studies, and much more! 


1. Joints, or articulations, are sites where bones meet. Their 

functions are to hold bones together and to allow various degrees 
of skeletal movement. 

eiassifieation of Joints (pp. 249-250) 

1. Joints are elassifìed structurally as fìbrous, cartilaginous, 
or synovial. They are elassed functionally as synarthrotie, 
amphiarthrotie, or diarthrotie. 


Faetors lnfluencing the Stability of Synovial Joints (pp. 255-256) 

4. Articular surfaces providing the most stability have large surfaces 
and deep soekets and fìt snugly together. 

5. Ligaments prevent undesirable movements and reinforee the joint. 

6. The tone of muscles whose tendons eross the joint is the most 
important stabilizing faetor in many joints. 

Movements Allowed by Synovial Joints (pp. 256-258) 

7. When a skeletal muscle eontraets, the insertion (movable 
attaehment) moves toward the origin (immovable attaehment). 

8. Synovial joints differ in their range of motion. Motion may be 
nonaxial (gliding), uniaxial (in one plane), biaxial (in two planes), 
or multiaxial (in all three planes). 

9. Three eommon types of movements ean occur when muscles 
eontraet aeross joints: (a) gliding movements, (b) angular 
movements (which include flexion, extension, abduction, 
adduction, and circumduction), and (e) rotation. 

10. Speeial movements include supination and pronation, inversion 
and eversion, protraetion and retraetion, elevation and 
depression, opposition, dorsiflexion and plantar flexion. 


Fibrous Joints (pp. 250-251) 

1. Fibrous joints occur where bones are eonneeted by fìbrous tissue; 
no joint eavity is present. Nearly all fìbrous joints are synarthrotie. 

2. Sutures/syndesmoses/gomphoses. The major types of fìbrous 
joints are sutures, syndesmoses, and gomphoses. 

Cartilaginous Joints (pp. 251-252) 

1. In cartilaginous joints, the bones are united by eartilage; no joint 
eavity is present. 

2. Synehondroses/symphyses. Cartilaginous joints include 
synehondroses and symphyses. Synehondroses are synarthrotie; 
all symphyses are amphiarthrotie. 

Synovial Joints (pp. 252-269) 

1. Most body joints are synovial joints, all of which are diarthrotie. 

General Structure (pp. 252-253) 

2. All synovial joints have a joint eavity enelosed by a fìbrous layer 
lined with synovial membrane and reinforeed by ligaments; 
articulating bone ends eovered with articular eartilage; and 
synovial fluid in the joint eavity. Some (e.g., the knee) eontain 
fìbroeartilage dises that absorb shoek. 

Bursae and Tendon Sheaths (p. 253) 

3. Bursae are fìbrous saes lined with synovial membrane and 
eontaining synovial fluid. Tendon sheaths are similar to bursae 
but are eylindrieal structures that surround muscle tendons. 
Both allow adjaeent structures to move smoothly over one 
another. 


Types of Synovial Joints (p. 258) 

11. The six major eategories of synovial joints are plane joints 
(nonaxial movement), hinge joints (uniaxial), pivot joints 
(uniaxial, rotation permitted), eondylar joints (biaxial with 
angular movements in two planes), saddle joints (biaxial, like 
eondylar joints, but with freer movement), and ball-and-soeket 
joints (multiaxial and rotational movement). 

Seleeted Synovial Joints (pp. 262-269) 

12. The knee joint is the largest joint in the body. It is a hinge joint 
formed by the articulation of the tibial and femoral eondyles 
(and anteriorly by the patella and patellar surface of the femur). 
Extension, flexion, and (some) rotation are allowed. Its articular 
surfaces are shallow and eondylar. C-shaped menisei deepen the 
articular surfaces. The joint eavity is enelosed by a capsule only 
on the sides and posterior aspeet. Several ligaments help prevent 
displaeement of the joint surfaces. Muscle tone of the quadriceps 
and semimembranosus muscles is important in knee stability. 

13. The shoulder joint is a ball-and-soeket joint formed by the 
glenoid eavity of the scapula and the humeral head. The most 
freely movable joint of the body, it allows all angular and 
rotational movements. Its articular surfaces are shallow. Its 
capsule is lax and poorly reinforeed by ligaments. The tendons of 
the bieeps braehii and rotator cuff muscles help to stabilize it. 

14. The elbow is a hinge joint in which the ulna (and radius) 
articulates with the humerus, allowing flexion and extension. Its 
articular surfaces are highly eomplementary and are the most 
important faetor contributing to joint stability. 

15. The hip joint is a ball-and-soeket joint formed by the acetabulum 
of the hip bone and the femoral head. It is highly adapted for 
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weight bearing. Its articular surfaces are deep and secure. Its 
capsule is heavy and strongly reinforeed by ligaments. 

16. The temporomandibular joint is formed by (1) the eondylar 
proeess of the mandible and (2) the mandibular fossa and 
articular tubercle of the temporal bone. Tbis joint allows both 
a hingelike opening and elosing of the mouth and an anterior 
gliding of the mandible. It often disloeates anteriorly and exhibits 
a number of TMJ disorders. 

Homeostatie imbalanees of Joints (pp. 269-272) 

Common Joint lnjuries (pp. 269-270) 

1. Cartilage injuries, particularly of the knee, are eommon in eontaet 
sports and may result from excessive eompression and shear 
stress. The avascular eartilage is unable to repair itself. 

2. Sprains involve stretehing or tearing of joint ligaments. Because 
ligaments are poorly vascularized, healing is slow. 

3. Disloeations involve displaeement of the articular surfaces of 
bones. They must be reduced. 

Inflammatory and Degenerative Conditions (pp. 270-272) 

4. Bursitis and tendonitis are inflammations of a bursa and a tendon 
sheath, respeetively. 


5. Arthritis is joint inflammation or degeneration aeeompanied 
by stiífness, pain, and swelling. Acute forms generally result 
from baeterial infeetion. Chronic forms include osteoarthritis, 
rheumatoid arthritis, and gouty arthritis. 

6. Osteoarthritis is a degenerative eondition most eommon in the 
aged. Spine, knees, hips, kmiekles, and fingers are most affeeted. 

7. Rheumatoid arthritis, the most erippling arthritis, is an 
autoimmune disease involving severe inflammation of the joints. 

8. Gouty arthritis, or gout, is joint inflammation caused by the 
deposit of urate salts in soft joint tissues. 

9. Lyme disease is an infectious disease caused by the bite of a tiek 
infeeted with spiroehete baeteria. 

Developmental Aspeets of Joints (pp. 272-273) 

1. Joints form from mesenehyme and in tandem with bone 
development in the embryo. 

2. Excluding traumatic injury, joints usually hmetion well until 
late middle age, at which time symptoms of eonneetive tissue 
stiffening and osteoarthritis begin to appear. Pmdent exercise 
delays these effeets, whereas excessive exercise promotes the early 
onset of arthritis. 


Revievv Questions 


Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 


1. Mateh the key terms to the appropriate deseriptions. 


2 . 

3. 

4. 

5. 


6 . 

7 . 


Key: (a) fibrous joints 

(e) synovial joints 

_(1) exhibit a j oint eavity 


(b) cartilaginous joints 


_(2) types are sutures and syndesmoses 

_(3) bones eonneeted by eollagen fibers 

_(4) types include synehondroses and symphyses 

_(5) all are diarthrotie 

_(6) many are amphiarthrotie 

_(7) bones eonneeted by a dise of hyaline eartilage or 

fibroeartilage 

_(8) nearly all are synarthrotie 

_(9) shoulder, hip, jaw, and elbow joints 

Freely movable joints are (a) synarthroses, (b) diarthroses, 

(e) amphiarthroses. 

Anatomieal eharaeteristies shared by all synovial joints include 
all except (a) articular eartilage, (b) a joint eavity, (e) an articular 
capsule, (d) presenee of fibroeartilage. 

Faetors that influence the stability of a synovial joint include 
(a) shape of artiodar surfaces, (b) presenee of strong reinforeing 
ligaments, (e) tone of surrounding muscles, (d) all of these. 


The deseription “Articular surfaces deep and secure; capsule 
heavily reinforeed by ligaments and muscle tendons; extremely 
stable joint” best deseribes (a) the elbow joint, (b) the hip joint, 
(e) the knee joint, (d) the shoulder joint. 

Ankylosis means (a) twisting of the ankle, (b) tearing of 
ligaments, (e) displaeement of a bone, (d) immobility of a joint 
due to fusion of its articular surfaces. 

An autoimmune disorder in which joints are affeeted bilaterally 
and which involves pannus formation and gradual joint 


immobilization is (a) bursitis, (b) gout, (e) osteoarthritis, 

(d) rheumatoid arthritis. 

Short Ansvver Essay Questions 

8. Definejoint. 

9. Discuss the relative value (to body homeostasis) of immovable, 
slightly movable, and freely movable joints. 

10. Compare the structure, hmetion, and eommon body loeations of 
bursae and tendon sheaths. 

11. Joint movements may be nonaxial, uniaxial, biaxial, or multiaxial. 
Define what eaeh of these terms means. 

12. Compare and eontrast the paired movements of flexion and 
extension with adduction and abduction. 

13. How does rotation differ from circumduction? 

14. Name two types of uniaxial, biaxial, and multiaxial joints. 

15. What is the speeifie role of the menisei of the knee? Of the 
anterior and posterior emeiate ligaments? 

16. The knee has been ealled “a beauty and a beast.” Provide several 
reasons that might explain the negative (beast) part of this 
deseription. 

17. Why are sprains and eartilage injuries a particular problem? 

18. List the hmetions of the following elements of a synovial 
joint: fibrous layer of the capsule, synovial fluid, articular 
eartilage. 



Crìtical Thinking 

and eiinieal Applieation 

Questions 


1. Sophie worked eleaning homes for 30 years so she could send her 
two ehildren to eollege. Several times, she had been foreed to eall 
her employers to tell them she could not eome in to work because 
one of her kneeeaps was swollen and painhil. What is Sophies 
eondition, and what probably caused it? 
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2. As Harry was mnning down the road, he tripped and his leít 
ankle twisted violently to the side. When he pieked himself up, 
he was unable to put any weight on that ankle. The diagnosis was 
severe disloeation and sprains of the left ankle. The orthopedie 
surgeon stated that she would perform a elosed reduction of the 
disloeation and attempt ligament repair by using arthroseopy. 

(a) Is the ankle joint normally a stable joint? (b) What does its 
stability depend on? (e) What is a elosed reduction? 

(d) Why is ligament repair neeessary? (e) What does arthroseopy 
entail? (f) How will the use of this procedure minimize Harry s 
recuperation time (and suffering)? 

3. Mrs. Bell, a 45-year-old woman, appeared at her physieians ofhee 
eomplaining of unbearable pain in the interphalangeal joint of 
her right great toe. The joint was red and swollen. When asked 
about previous episodes, she reealled a similar attaek two years 


AT THE e L I N I e 


Related eiinieal Terms 

Ankylosing spondylitis (ang'kì-lóz"ing spon"dì-li'tis; ankyl = 
erooked, bent; spondyl =vertebra) A variant of rheumatoid 
arthritis that ehiefly affeets males; it usually begins in the 
saeroiliae joints and progresses superiorly along the spine. The 
vertebrae beeome intereonneeted by fìbrous tissue, causing the 
spine to beeome rigid (“poker baek”). 

Arthrology (ar-throl'o-je; logos =study) The study of joints. 

Arthroplasty (“joint reforming”) Replaeing a diseased joint with an 
artifìeial joint. 

Chondromalacia patellae (kon-dro-mal-a'si-ah; “soffening of 

eartilage by the patella”) Damage and soffening of the articular 
eartilages on the posterior patellar surface and the anterior 
surface of the distal femur; most offen seen in adoleseent 


earlier that disappeared as suddenly as it had eome. Her diagnosis 
was arthritis. (a) What type? (b) What is the preeipitating cause of 
this particular type of arthritis? 

4. Graee heard on the evening TV news that the deer population 
in her state had been inereasing rapidly in the past few years and 
it was eommon knowledge that deer walked the streets at night. 
After the program, she suddenly exclaimed, “So thats why those 
three boys in my sons elass got Lyme disease last year.” Explain 
what she meant by that eomment. 

5. Tony Bowers, an exhausted biology student, was attending a 
lecture. Affer 30 minutes or so, he lost interest and began to doze. 
As the lecture ended, the hubbub aroused him and he let go with 
a tremendous yawn. To his great distress, he couldnt elose his 
mouth—his lower jaw was “stuck” open. What do you think had 
happened? 


athletes. Produces a sharp pain in the knee when the leg is 
extended (in elimbing stairs, for example). May result when the 
quadriceps femoris, the main group of muscles on the anterior 
thigh, pulls unevenly on the patella, persistently mbbing it 
against the femur in the knee joint; offen eorreeted by exercises 
that strengthen weakened parts of the quadriceps muscles. 

Rheumatism A term used by laypeople to indieate disease involving 
muscle or joint pain; consequently may be used to apply to 
arthritis, bursitis, ete. 

Synovitis (sin"o-vi'tis) Inflammation of the synovial membrane of 
a joint. Caused by injury, infeetion, or arthritis. Excess synovial 
fluid accumulates in the joint eavity, a eondition ealled effusion 
that causes the joint to swell, limiting joint movement. 




Case Study 


Joints 


In the previous ehapter, you met 
Kayla Tanner, a 45-year-old mother of 
four vvho suffered a disloeated right 
hip in the bus aeeident on Route 91. 
Prior to the elosed reduction, the doetors noted that her right 
thigh vvas flexed at the hip 7 adducted, and medially rotated. 

After the reduction, the hip vvas put through a gentle range of 
motion (ROM) to assess the joint. A vvidened joint spaee in the 
postreduction X ray shovved that the reduction vvas not eomplete, 
but no bone fragments vvere visible in the joint spaee. Mrs. Tanner 
vvas scheduled for immediate surgery. 

The surgeons diseovered that the acetabular labrum vvas 
detaehed from the rim of the acetabulum and vvas lying deep 
vvithin the joint spaee. The detaehed portion of the labmrn vvas 
excised, and the hip vvas surgically reduced. During the early 
healing phase (first tvvo vveeks), Mrs. Tanner vvas kept in traetion 
vvith the hip abducted. 

1. Joints ean be elassified by structure and by function. Hovv would 
you structurally and functionally elassify the joint involved in the 
injury in this ease? 


2. Name the six distinguishing features that define the structural 
elassifieation of the joint involved in this injury. 

3. The doetors noted that there were no bone fragments in the 
joint spaee. VVhat is normally found in this spaee? 

4. Surgeons had to remove a portion of Mrs. Tanner's acetabular 
labrum. VVhat is this structure and what function does it supply 
at this joint? 

5. The doetors noted that Mrs. Tanner's thigh was flexed at the 
hip 7 adducted, and medially rotated. Deseribe what this means 
in terms of the position of her leg. 

6 . Hip disloeations ean be elassified as anterior or posterior 
depending on which direetion the head of the femur is faeing 
after it disloeates. Based on the deseription you provided in 
question 5, which type of disloeation did Mrs. Tanner suffer? 

7. In order to assess the joint as part of Mrs. Tanner's 
rehabilitation, elinieians would want to assess all of the 
movements that normally occur at the hip. List all the 
movements that the elinieians will need to assess. 


(Ansvvers in Appendix H) 









Overvievv of Musde Tissues (pp. 276-278) 

Types of Muscle Tissue (p. 277) 

Speeial Characteristics of Muscle Tissue 
(p. 277) 

Muscle Functions (pp. 277-278) 

Skeletal Musde (pp. 278-305) 

Gross Anatomy of a Skeletal Muscle 
(pp. 278-279) 

Mieroseopie Anatomy of a Skeletal Muscle 
Fiber (pp. 279-285) 


Sliding Filament Model of Contraction 
(p. 285) 

Physiology of Skeletal Muscle Fibers 
(pp. 285-293) 

Contraction of a Skeletal Muscle 
(pp. 293-298) 

Muscle Metabolism (pp. 298-301) 

Foree of Muscle Contraction (pp. 301-302) 

Veloeity and Duration of Contraction 
(pp. 302-304) 

Adaptations to Exercise (pp. 304-305) 


Smooth Musde (pp. 305-311) 

Mieroseopie Structure of Smooth Muscle 
Fibers (pp. 305-307) 

Contraction of Smooth Muscle 
(pp. 307-309) 

Types of Smooth Muscle (p. 309) 

Developmental Aspeets of Muscles 

(pp. 312-313, 315) 


B ecause flexing muscles look like miee scurrying beneath the skin, 

some seientist long ago dubbed them miiseles , from the Latin mus meaning “little 
mouse.” Indeed, we tend to think of the rippling muscles of professional boxers or 
weight lifters when we hear the word muscle. But muscle is also the dominant tissue in 
the heart and in the walls of other hollow organs. In all its forms, muscle tissue makes up 
nearly half the body s mass. 

Muscles are distinguished by their ability to transform ehemieal energy (ATP) into 
direeted meehanieal energy. In so doing, they beeome eapable of exerting foree. 
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Overvievv of MuscleTissues 

✓ eompare and eontrast the three basie types of muscle tissue. 
List four important functions of muscle tissue. 
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Types of MuscleTissue 

Chapter 4 introduced the three types of muscle tissue— skeletal , 
eardiae , and smooth. Now we are ready to deseribe eaeh type in 
detail, but before we do, let s introduce some terminology. 

■ Skeletal and smooth muscle eells (but not eardiae muscle 
eells) are elongated, and for this reason, they are ealled mus- 
ele fibers. 

■ Whenever you see the prefixes myo or mys (both are word roots 
meaning a muscle”) or sareo (flesh), the referenee is to muscle. 
For example, the plasma membrane of muscle eells is ealled the 
sareolemma (sar"ko-lem'ah), literally, C muscle” (sareo) cc husk” 
(lemma), and muscle eell eytoplasm is ealled sareoplasm. 

Okay, let s get to it. 

Skeletal Muscle 

Skeletal muscle tissue is paekaged into the skeletal muscles , or- 
gans that attaeh to and eover the bony skeleton. Skeletal mus- 
ele fibers are the longest muscle eells and have obvious stripes 
ealled striations (see Figure 4.9a, p. 138). Although it is often 
aetivated by reflexes, skeletal muscle is ealled voluntary muscle 
because it is the only type subject to conscious eontrol. 

■ When you think of skeletal muscle tissue, the key words to 
keep in mind are skeletal , striated , and voluntary. 

Skeletal muscle is responsible for overall body mobility. It 
ean eontraet rapidly, but it tires easily and must rest after short 
periods of aetivity. Nevertheless, it ean exert tremendous power, 
a faet revealed by reports of people lifting ears to save their loved 
ones. Skeletal muscle is also remarkably adaptable. For example, 
your forearm muscles ean exert a foree of a fraetion of an ounce 
to piek up a paper elip—or a foree of about 6 pounds to piek up 
this book! 

Carcliac Muscle 

Cardiac muscle tissue occurs only in the heart (the bodys 
blood pump), where it constitutes the bulk of the heart walls. 
Like skeletal muscle eells, eardiae muscle eells are striated (see 
Figure 4.9b, p. 139), but eardiae muscle is not voluntary. Indeed, 
it ean and does eontraet without being stimulated by the nerv- 
ous system. Most of us have no conscious eontrol over how fast 
our heart beats. 

■ Key words to remember for eardiae muscle are eardiae , stri- 
ated , and involuntary. 

Cardiac muscle usually eontraets at a fairly steady rate set 
by the heart s paeemaker, but neural eontrols allow the heart to 
speed up for brief periods, as when you raee aeross the tennis 
court to make that overhead smash. 

Smooth Muscle 

Smooth muscle tissue is found in the walls of hollow viseeral or- 
gans, such as the stomaeh, urinary bladder, and respiratory passages. 
Its role is to foree fluids and other substances through internal body 
ehannels. Like skeletal muscle, smooth muscle eonsists of elongated 
eells, but smooth muscle has no striations (see Figure 4.9c, p. 139). 


Like eardiae muscle, smooth muscle is not subject to vohintary eon- 
trol. Its eontraetions are slow and sustained. 

■ We ean deseribe smooth muscle tissue as viseeral , nonstri- 
ated , and involuntary. 


Speeial Characteristics of MuscleTissue 

What enables muscle tissue to perform its duties? Four speeial 
eharaeteristies are key. 

Excitability, also termed responsiveness, is the ability to 
reeeive and respond to a stimulus, that is, any ehange in the 
environment either inside or outside the body. In the ease of 
muscle, the stimulus is usually a ehemieal—for example, a neu- 
rotransmitter released by a nerve eell, or a loeal ehange in pH. 
The response (sometimes separated out as an additional eharae- 
teristie ealled conductivity) is to generate an eleetrieal impulse 
that travels along the plasma membrane of the muscle eell and 
causes the eell to eontraet. 

Contractility is the ability to shorten foreibly when ade- 
quately stimulated. This ability sets muscle apart from all other 
tissue types. 

Extensibility is the ability to extend or streteh. Muscle eells 
shorten when eontraeting, but they ean streteh, even beyond 
their resting length, when relaxed. 

Elastieity is the ability of a muscle eell to reeoil and resume 
its resting length after stretehing. 


r 
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Muscle Functions 

Muscle performs at least four important functions for the body. 
It produces movement, maintains posture, stabilizes joints, gen- 
erates heat, and more. 

Producing Movement 

Just about all movements of the human body and its parts result 
from muscle eontraetion. Skeletal muscles are responsible for 
all loeomotion (moving from plaee to plaee) and manipulation. 
They enable you to respond quickly to ehanges in the external 
environment—for example, jump out of the way of a ear, direet 
your eyes, and smile or frown. 

Blood courses through your body because of the rhythmieally 
beating eardiae muscle of your heart and the smooth muscle 
in the walls of your blood vessels, which helps maintain blood 
pressure. Smooth muscle in organs of the digestive, urinary, and 
reproductive traets propels, or squeezes, substances (foodstuffs, 
urine, semen) through the organs and along the traet. 

Maintaining Posture and Body Position 

We are rarely aware of the skeletal muscles that maintain body 
posture. Yet these muscles function almost continuously, mak- 
ing one tiny adjustment after another to counteract the never- 
ending downward pull of gravity. 

Stabilizing Joints 

Even as muscles pull on bones to cause movement, they stabilize 
and strengthen the joints of the skeleton (Chapter 8). 
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Generating Heat 

Muscles generate heat as they eontraet. This heat is vitally im- 
portant in maintaining normal body temperature. Because 
skeletal muscle accounts for at least 40% of body mass, it is the 
muscle type most responsible for generating heat. 

Additional Functions of Muscle 

What else do muscles do? Skeletal muscles proteet the more frag- 
ile internal organs (the viseera) by enelosing them. Smooth mus- 
ele forms valves to regulate the passage of substances through 
internal body openings, dilates and eonstriets the pupils of your 
eyes, and forms the arreetor pili muscles attaehed to hair follieles. 


stimulation, every skeletal muscle fiber is supplied with a nerve 
ending that eontrols its aetivity. 

Skeletal muscle has a rieh blood supply. This is understand- 
able because eontraeting muscle fibers use huge amounts of 
energy and require almost continuous delivery of oxygen and 
nutrients via the arteries. Muscle eells also give oíf large amounts 
of metabolie wastes that must be removed through veins if eon- 
traetion is to remain eífieient. Muscle eapillaries, the smallest of 
the body s blood vessels, are long and winding and have numer- 
ous eross-links, features that aeeommodate ehanges in muscle 
length. They straighten when the muscle stretehes and eontort 
when the muscle eontraets. 





In this ehapter, we examine the structure and fimetion of 
skeletal muscle. Then we eonsider smooth muscle more briefly, 
largely by eomparing it with skeletal muscle. We deseribe ear- 
diae muscle in detail in Chapter 18, but for easy eomparison, 
Table 9.3 on p. 310 summarizes the eharaeteristies of all three 
muscle types. 



Check Your IJnderstanding 


1. When deseribing muscle, vvhat does "striated" mean? 

2. Harry is pondering an exam question that asks, "Which 
muscle type has elongated eells and is found in the vvalls of 
the urinary bladder?" Hovv should he respond? 


For ansvvers, see Appendix Fi. 


Skeletal Muscle 

✓ Deseribe the gross structure of a skeletal muscle. 

Deseribe the mieroseopie structure and functional roles of 
the myofibrils, sareoplasmie retieolom, and T tubules of 
skeletal muscle fibers. 

Deseribe the sliding filament model of muscle eontraetion. 

For easy referenee, Table 9.1 on p. 283 summarizes the levels 
of skeletal muscle organization, gross to mieroseopie, that we 
deseribe in the following seetions. 

Gross Anatomy of a Skeletal Miisele 

Eaeh skeletal muscle is a diserete organ, made up of several 
kinds of tissues. Skeletal muscle fibers predominate, but blood 
vessels, nerve fibers, and substantial amounts of eonneetive tis- 
sue are also present. We ean easily examine a skeletal muscles 
shape and its attaehments in the body without a mieroseope. 

Nerve and Blood Supply 

In general, one nerve, one artery, and one or more veins serve 
eaeh muscle. These structures all enter or exit near the eentral 
part of the muscle and braneh profusely through its eonnee- 
tive tissue sheaths (deseribed below). Unlike eells of eardiae 
and smooth muscle tissues, which ean eontraet without nerve 


ConnectiveTissue Sheaths 

In an intaet muscle, several different eonneetive tissue sheaths 
wrap individual muscle fibers. Together these eonneetive tissue 
sheaths support eaeh eell and reinforee and hold together the 
muscle as a whole, preventing the bulging muscles from burst- 
ing during exceptionally strong eontraetions. 

Lets eonsider these eonneetive tissue sheaths from external 
to internal (see 1gure 9.1 and the top three rows of Table 9.1). 

■ Epimysium.The epimysium (ep"ì-mis'e-um; meaning “out- 
side the muscle”) is an “overeoat” of dense irregular eonnee- 
tive tissue that surrounds the whole muscle. Sometimes it 
blends with the deep faseia that lies between neighboring 
muscles or the superficial faseia deep to the skin. 

■ Perimysium and faseides. Within eaeh skeletal muscle, the 
muscle fibers are grouped into faseieles (fas'ì-klz; cc bundles”) 
that resemble bundles of stieks. Surrounding eaeh faseiele is 
a layer of fibrous eonneetive tissue ealled perimysium (per"í- 
mis'e-um; meaning cc around the muscle [faseieles]”). 

■ Endomysium. The endomysium (en"do-mis'e-um; meaning 
cc within the muscle”) is a wispy sheath of eonneetive tissue 
that surrounds eaeh individual muscle fiber. It eonsists of 
fine areolar eonneetive tissue. 

As shown in Figure 9.1, all of these eonneetive tissue sheaths 
are continuous with one another as well as with the tendons that 
join imiseles to bones. When muscle fibers eontraet, they pull 
on these sheaths, which transmit the pulling foree to the bone 
to be moved. The sheaths contribute somewhat to the natural 
elastieity of muscle tissue, and also provide entry and exit routes 
for the blood vessels and nerve fibers that serve the muscle. 

Attaehments 

Reeall from Chapter 8 that most skeletal muscles span joints 
and attaeh to bones (or other structures) in at least two plaees. 
When a muscle eontraets, the movable bone, the muscles inser- 
tion, moves toward the immovable or less movable bone, the 
imiseles origin. In the muscles of the limbs, the origin typieally 
lies proximal to the insertion. 

Muscle attaehments, whether origin or insertion, may be di- 
reet or indireet. 

■ In direet, or fleshy, attaehments, the epimysium of the mus- 
ele is fiised to the periosteum of a bone or perichondrium of 
a eartilage. 
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Epimysium 


Perimysium 


Endomysium 


Muscle fiber 
in middle of 
a faseiele 


Perimysium wrapping a faseiele 



(between individual muscle fibers) 


9 


Muscle fiber 



Faseiele 


(a) 


Perimysium 


gure 9.1 Connective tissue sheaths of skeletal musde: epimysium, perimysium, 
and endomysium. (b) Photomierograph of a eross seetion of part of a skeletal muscle (30x). 
(For a related image, see A BriefAtlas ofthe Human Body, Plate 29.) 


■ In indireet attaehments, the muscles eonneetive tissue 
wrappings extend beyond the muscle either as a ropelike 
tendon (Figure 9.1a) or as a sheetlike aponeurosis (ap"o- 
nu-ro'sis). The tendon or aponeurosis anehors the muscle to 
the eonneetive tissue eovering of a skeletal element (bone or 
eartilage) or to the faseia of other muscles. 

indireet attaehments are much more eommon because of 
their durability and small size. Tendons are mostly tough eolla- 
gen fibers which ean withstand the abrasion of rough bony pro- 
jeetions that would tear apart the more delieate muscle tissues. 
Because of their relatively small size, more tendons than fleshy 
muscles ean pass over a joint—so tendons also eonserve spaee. 

Before moving on to mieroseopie anatomy, you may want to 
review the top three rows of Table 9.1. 

Mieroseopie Anatomy of a Skeletal 
Muscle Fiber 

Eaeh skeletal muscle fiber is a long eylindrieal eell with multiple 
oval nuclei just beneath its sareolemma or plasma membrane 
gure 9.2b] . Skeletal muscle fibers are huge eells. Their diam- 
eter typieally ranges from 10 to 100 pm—up to ten times that 


of an average body eell—and their length is phenomenal, some 
up to 30 em long. Their large size and multiple nuclei are not 
surprising onee you learn that hundreds of embryonie eells fuse 
to produce eaeh fiber. 

Sareoplasm, the eytoplasm of a muscle eell, is similar to the 
eytoplasm of other eells, but it eontains unusually large amounts 
of glyeosomes (granules of stored glyeogen that provide glucose 
during muscle eell aetivity) and myoglobin, a red pigment that 
stores oxygen. Myoglobin is similar to hemoglobin, the pigment 
that transports oxygen in blood. 

In addition to the usual organelles, a muscle eell eontains 
three structures that are highly modified: myofibrils, sareoplas- 
mie reticulum, and T tubules. Let s look at these structures more 
elosely because they play important roles in muscle eontraetion. 

Myofìbrils 

A single muscle fiber eontains hundreds to thousands of rod- 
like myofibrils that mn parallel to its length (Figure 9.2b). The 
myofibrils, eaeh 1-2 pm in diameter, are so densely paeked in 
the fiber that mitoehondria and other organelles appear to be 
squeezed between them. They account for about 80% of cellular 
volume. 
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(a) Photomierograph of portions 
of two isolated muscle 
fibers (700x). Notiee the 
obvious striations 
(alternating dark and light 
bands). 


(b) Diagram of part of a 
muscle fiber showing 
the myofibrils. One 
myofibril extends from 
the cut end of the fiber. 


(e) Small part of one 
myofibril enlarged to 
show the myofilaments 

responsible for the 
banding pattern. Eaeh 
sareomere extends from 
one Z dise to the next. 


(d) Enlargement of one 
sareomere (seetioned 
lengthwise). Notiee the 
myosin heads on the thiek 
filaments. 


(e) Cross-sectional view of a 
sareomere cut through in 
different loeations. 



Nuclei 


Dark A band 
Light I band 


Fiber 



Sareolemma 


Mitoehondrion 


Myofibril 


Dark A band 


Light I band 


Nucleus 


Thin (aetin) 
filament , 


Z dise 


H zone 


Z dise 



Thiek (myosin) 
filament 


I band 



A band 
Sareomere 


band 


M line 



Z dise 


M line 


Z dise 



Thin (aetin) 
filament 

Elastie (titin) 
filaments 

Thiek 

(myosin) 

filament 


Myosin 

filament 

Aetin 

filament 


I band 

thin filaments 
only 


H zone 

thiek filaments 
only 


M line 

thiek filaments linked 
by aeeessory proteins 


Outer edge of A band 

thiek and thin 
filaments overlap 


gure 9.2 Mieroseopie anatomy of a skeletal muscle fiber. (For a related image, see 
A BriefAtlas ofthe Human Body, Plate 28.) 
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Myofibrils eontain the eontraetile elements of skeletal muscle 
eells, the sareomeres, which eontain even smaller rodlike struc- 
tures ealled myofilaments. Table 9.1 (bottom three rows; p. 283) 
summarizes these structures, which we discuss next. 

Striations, Sareomeres, and Myofilaments Striations, a re- 

peating series of dark and light bands, are evident along the 
length of eaeh myofibril. In an intaet muscle fiber, the dark A 
bands and light I bands are nearly perfeetly aligned, giving the 
eell its striated appearanee. 

As illustrated in Figure 9.2c: 

■ Eaeh dark A band has a lighter region in its midseetion ealled 
the H zone (H for helle; “bright”). 

■ Eaeh H zone is biseeted vertieally by a dark line ealled the 
M line (Aí for middle) formed by molecules of the protein 
myomesin. 

■ Eaeh light I band also has a midline intermption, a darker 
area ealled the Z dise (or Z line). 

■ The region of a myofibril between two successive Z dises is 
a sareomere (sar'ko-mèr; literally, “muscle segment”). Aver- 
aging 2 pm long, a sareomere is the smallest eontraetile unit 
of a muscle fiber—the functional unit of skeletal muscle. It 
eontains an A band flanked by half an I band at eaeh end. 
Within eaeh myofibril, the sareomeres align end to end like 
boxcars in a train. 

If we examine the banding pattern of a myofibril at the mo- 
lecular level, we see that it arises from orderly arrangement of 
even smaller structures within the sareomeres. These smaller 
structures, the myofilaments or filaments, are the muscle 
equivalents of the aetin- or myosin-eontaining mierofilaments 
deseribed in Chapter 3. As you will reeall, the proteins aetin 
and myosin play a role in motility and shape ehange in virtually 
every eell in the body. This property reaehes its highest develop- 
ment in the eontraetile muscle fibers. 

The eentral thiek filaments eontaining myosin (red) extend 
the entire length of the A band (Figure 9.2c and d). They are eon- 
neeted in the middle of the sareomere at the M line. The more 
lateral thin filaments eontaining aetin (blue) extend aeross the 
I band and partway into the A band. The Z dise, a eoin-shaped 
sheet eomposed largely of the protein alpha-aetinin, anehors 
the thin filaments. We deseribe the third type of myofilament 
illustrated in Figure 9.2d, the elastie filament , in the next seetion. 
Intermediate (desmin) filaments (not illustrated) extend from 
the Z dise and eonneet eaeh myofibril to the next throughout 
the width of the muscle eell. 

Looking at the banding pattern more elosely, we see that the 
H zone of the A band appears less dense because the thin fila- 
ments do not extend into this region. The M line in the eenter of 
the H zone is slightly darker because of the fine protein strands 
there that hold adjaeent thiek filaments together. The myofila- 
ments are eonneeted to the sareolemma and held in alignment 
at the Z dises and the M lines. 

A longitudinal view of the myofilaments (Figure 9.2d) is a 
bit misleading because it looks as if eaeh thiek (red) filament 
interdigitates with only four thin (blue) filaments. The eross see- 
tion of a sareomere on the far right in Figure 9.2e shows an 


area where thiek and thin filaments overlap. Notiee that a hex- 
agonal arrangement of six thin filaments surrounds eaeh thiek 
filament, and three thiek filaments enelose eaeh thin filament. 


Molecular Composition of Myofilaments Muscle eontraetion 
depends on the myosin- and aetin-eontaining myofilaments. 
As noted earlier, thiek filaments (about 16 nm in diameter) are 
eomposed primarily of the protein myosin. Eaeh myosin mol- 
ecule eonsists of two heavy and four light polypeptide ehains, 
and has a rodlike tail attaehed by a flexible hinge to two globular 
heads igure 9.3’ . The tail eonsists of two intertwined helieal 
polypeptide heavy ehains. 

The globular heads, eaeh assoeiated with two light ehains, 
are the “business end” of myosin. During eontraetion, they link 
the thiek and thin filaments together, forming eross bridges 
gure 9.4 on p. 284), and swivel around their point of at- 
taehment. As we will explain shortly, these eross bridges aet as 
motors to generate foree. 

Eaeh thiek filament eontains about 300 myosin molecules 
bundled together, with their tails forming the eentral part of 
the thiek filament and their heads faeing outward at the end 
of eaeh thiek filament (Figure 9.3). As a result, the eentral 
portion of a thiek filament (in the H zone) is smooth, but its 
ends are studded with a staggered array of myosin heads. The 
heads bear aetin and ATP-binding sites and also have intrinsie 
ATPase aetivity that splits ATP to generate energy for muscle 
eontraetion. 

The thin filaments (7-8 nm thiek) are eomposed ehiefly 
of the protein aetin (blue in Figure 9.3). Aetin has kidney- 
shaped polypeptide subunits, ealled globular aetin or G aetin, 
which bear the aetive sites to which the myosin heads attaeh 
during eontraetion. In the thin filaments, G aetin subunits are 
polymerized into long aetin filaments edlìeàfilamentoas, or F, 
aetin. Two intertwined aetin filaments, resembling a twisted 
double strand of pearls, form the baekbone of eaeh thin fila- 
ment (Figure 9.3). 

Thin filaments also eontain several regulatory proteins. 

■ Polypeptide strands of tropomyosin (tro"po-mi'o-sin), 
a rod-shaped protein, spiral about the aetin eore and help 
stiffen and stabilize it. Successive tropomyosin molecules are 
arranged end to end along the aetin filaments, and in a re- 
laxed muscle fiber, they bloek myosin-binding sites on aetin 
so that myosin heads on the thiek filaments eannot bind to 
the thin filaments. 

■ Troponin (tro'po-nin), the other major protein in thin fila- 
ments, is a globular three-polypeptide complex (Figure 9.3). 
One of its polypeptides (Tnl) is an inhibitory subunit that 
binds to aetin. Another (TnT) binds to tropomyosin and helps 
position it on aetin. The third (TnC) binds calcium ions. 


r 




L 


Both troponin and tropomyosin help eontrol the myosin-aetin 
interaetions involved in eontraetion. Several other proteins help 
form the structure of the myofibril. 

■ The elastie filament we referred to earlier is eomposed of 
the giant protein titin (Figure 9.2d). Titin extends from the 
Z dise to the thiek filament, and then mns within the thiek 
filament (forming its eore) to attaeh to the M line. It holds 
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Longitudinal seetion of filaments vvithin one 
sareomere of a myofibril 




Thiek filament 



Thin filament 



In the eenter of the sareomere, the thiek filaments 
laek myosin heads. Myosin heads are present only 
in areas of myosin-aetin overlap. 




Thiek filament 


Eaeh thiek filament eonsists of many myosin moleeiiles 
whose heads protmde at opposite ends of the filament. 


Portion of a thiek filament 


Myosin head 



Aetin-binding sites 



ATP- 


Flexible hinge region 


Myosin molecule 


Thin filament 


A thin filament eonsists of two strands of aetin subunits 
twisted into a helix plus two types of regulatory proteins 

(troponin and tropomyosin). 

Portion of a thin filament 


Tropomyosin Troponin Aetin 



Aetin subunits 


gure 9.3 Composition of thiek and thin filaments. 


the thiek filaments in plaee, thus maintaining the organiza- 
tion of the A band, and helps the muscle eell spring baek into 
shape after stretehing. (The part of the titin that spans the I 
bands is extensible, unfolding when the muscle stretehes and 
reeoiling when the tension is released.) Titin does not resist 
stretehing in the ordinary range of extension, but it stiffens 
as it uncoils, helping the muscle resist excessive stretehing, 
which might pull the sareomeres apart. 

■ Another important structural protein is dystrophin, which 
links the thin filaments to the integral proteins of the 


sareolemma (which in turn are anehored to the extracellular 
matrix). 

■ Other proteins that bind filaments or sareomeres together 
and maintain their alignment include nebulin , myomesin , 
and Cproteins. 

Sareoplasmie Retieiiliim andTTubules 

Skeletal muscle fibers eontain two sets of intraeelhilar tubules 
that help regulate muscle eontraetion: (1) the sareoplasmie re- 
ticulum and (2) T tubules. 
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Table 9.1 


Structure and Organizational Levels of Skeletal Muscle 


STRUCTURE AND ORGANIZATIONAL LEVEL 


DESCRIPTION 


CONNECTIVE 
TISSUE WRAPPINGS 


Muscle (organ) 


Epimysium Muscle 



A muscle eonsists of hundreds to thousands of 
muscle eells, plus eonneetive tissue vvrappings, 
blood vessels, and nerve fibers. 


Covered externally by 
the epimysium 


Faseiele (a portion of the muscle) 



A faseiele is a diserete bundle of muscle eells, 
segregated from the rest of the muscle by a 
eonneetive tissue sheath. 


Surrounded by 
perimysium 


Muscle Fiber (eell) 


Nucleus 


Part of muscle fiber 


Endomysium 

Sareolemma 



Myofibril 


A muscle fiber is an elongated multinucleate eell; 
it has a banded (striated) appearanee. 


Surrounded by 
endomysium 


Myofibril or Fibril (complex organelle eomposed of bundles of Myofibrils are rodlike eontraetile elements that 
myofilaments) occupy most of the muscle eell volume. Composed 

of sareomeres arranged end to end, they appear 
banded, and bands of adjaeent myofibrils are 
aligned. 


Sareomere 

Sareomere (a segment of a myofibril) A sareomere is the eontraetile unit, eomposed of 

Sareomere myofilaments made up of eontraetile proteins. 




Thin (aetin) filament Thiek (myosin) filament 


Myofilament or Filament (extended macromolecular 
structure) 


Thiek filament Head of myosin molecule 



Thin filament Aetin molecules 


Contractile myofilaments are of tvvo types— 
thiek and thin. Thiek filaments eontain bundled 
myosin molecules; thin filaments eontain aetin 
molecules (plus other proteins). The sliding of the 
thin filaments past the thiek filaments produces 
muscle shortening. Elastie filaments (not shovvn 
here) maintain the organization of the A band 
and provide elastie reeoil when muscle 
eontraetion ends. 
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Thin filament (aetin) Myosin heads Thiek filament (myosin) 



gure 9.4 Myosin heads forming eross bridges that gener- 

Ì ate muscular eontraetile foree. Part of a sareomere is seen in a 
transmission eleetron mierograph (277,000x). 



Sareoplasmie Reticulum Shown in blue in ; igure 9.5, the 
sareoplasmie reticulum (SR) is an elaborate smooth endo- 
plasmie reticulum. Its intereonneeting tubules surround eaeh 
myofibril the way the sleeve of a loosely eroeheted sweater 
surrounds your arm. 

Most SR tubules run longitudinally along the myofibril, 
communicating with eaeh other at the H zone. Others ealled 
terminal eisterns ( c end saes”) form larger, perpendicular eross 
ehannels at the A band-I band junctions and they always occur 
in pairs. Olosely assoeiated with the SR are large numbers of 


mitoehondria and glyeogen granules, both involved in produc- 
ing the energy used during eontraetion. 

The SR regulates intracellular levels of ionie calcium. It stores 
calcium and releases it on demand when the muscle fiber is 
stimulated to eontraet. As you will see, calcium provides the 
final c go” signal for eontraetion. 

T Tubules At eaeh A band-I band junction, the sareolemma 
of the muscle eell protrudes deep into the eell interior, form- 
ing an elongated tube ealled the T tubule (T for “transverse”). 
The T tubules, shown in gray in Figure 9.5, tremendously 
inerease the muscle fiber s surface area. Possibly the result of 
fusing tubelike eaveolae (inpoeketings of the sareolemma), 
the lumen (eavity) of the T tubule is continuous with the 
extracellular spaee. 

Along its length, eaeh T tubule runs between the paired ter- 
minal eisterns of the SR, forming triads, successive groupings 
of the three membranous structures (terminal eistern, T tubule, 
and terminal eistern). As they pass from one myofibril to the 
next, the T tubules also eneirele eaeh sareomere. 

Muscle eontraetion is ultimately eontrolled by nerve- 
initiated eleetrieal impulses that travel along the sareolemma. 
Because T tubules are continuations of the sareolemma, they 
conduct impulses to the deepest regions of the muscle eell and 
every sareomere. These impulses signal for the release of eal- 
cium from the adjaeent terminal eisterns. Think of the T tubules 
as a rapid telegraph system that ensures that every myofibril in 
the muscle fiber eontraets at virtually the same time. 


Part of a skeletal 
muscle fiber (eell) 


band 


A band 


band 


Sareolemma 



Z dise 


H zone 

i 


M 

line 


Z dise 


Myofibril 



Sareolemma 


Triad: 

• T tubule 

• Terminal 
eisterns 

of the SR (2) 


Tubules of 
the SR 

Myofibrils 

Mitoehondria 


gure 9.5 Relationship of the 
sareoplasmie reticulum and T tubules 
to myofibrils of skeletal muscle. The 

tubules of the SR (blue) fuse to form a net of 
communicating ehannels at the level 


of the H zone and the saelike terminal 
eisterns abutting the A-l junctions. The 
T tubules (gray) are invvard invaginations of 
the sareolemma that run deep into the eell 
betvveen the terminal eisterns. (See detailed 


vievv in Figure 9.11, pp. 290-291.) Sites 
of elose eontaet of these three elements 
(terminal eistern, T tubule 7 and terminal 
eistern) are ealled triads. 
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Triad Relationships The roles of the T tubules and SR in pro- 
viding signals for eontraetion are tightly linked. At the triads, 
where these organelles eome into elosest eontaet, integral pro- 
teins (some from the T tubule and others from the SR) pro- 
tmde into the intermembrane spaees. The protmding integral 
proteins of the T tubule aet as voltage sensors. Those of the SR 
form gated ehannels through which the terminal eisterns re- 
lease Ca 2+ . We will return to their interaetion shortly. 

Sliding Filament Model of Gontraetíon 

We almost always think “shortening” when we hear the 
word eontraetion, but to physiologists the term refers only 
to the aetivation of myosins eross bridges, which are the 
foree-generating sites. Shortening occurs if and when the 
eross bridges generate enough tension on the thin filaments 
to exceed the forees that oppose shortening. Contraction 
ends when the eross bridges beeome inaetive, the tension 
deelines, and then the muscle fiber relaxes. 

In a relaxed muscle fiber, the thin and thiek filaments overlap 
only at the ends of the A band ( gure 9.6 (T)). The sliding 
fìlament model of eontraetion states that during eontraetion 
the thin filaments slide past the thiek ones so that the aetin and 
myosin filaments overlap to a greater degree: 

■ When the nervous system stimulates muscle fibers, the my- 
osin heads on the thiek filaments lateh onto myosin-binding 
sites on aetin in the thin filaments, and the sliding begins. 

■ These eross bridge attaehments form and break several times 
during a eontraetion, aeting like tiny ratehets to generate tension 
and propel the thin filaments toward the eenter of the sareomere. 

■ As this event occurs simultaneously in sareomeres through- 
out the eell, the muscle eell shortens. 

■ Notiee that as the thin filaments slide eentrally, the Z dises to 
which they attaeh are pulled toward the M line (Figure 9.6 @). 
O verall, as a muscle eell shortens: (1) the I bands shorten, (2) the 
distanee between successive Z dises shortens, (3) the H zones 
disappear, and (4) the contiguous A bands move eloser together 
but their length does not ehange. 



Fully relaxed sareomere of a muscle fiber 





Fully eontraeted sareomere of a muscle fiber 




Check Your Llnderstanding' 


3. How does the term epimysium relate to the role and position 
of this eonneetive tissue sheath? 

4. Which myofilaments have binding sites for calcium? What 
speeifie molecule binds calcium? 

5. Which region or organelle—eytosol, mitoehondrion, or 
SR—eontains the highest eoneentration of calcium ions in 
a resting muscle fiber? Which structure provides the ATP 
needed for muscle aetivity? 

_ For ansvvers, see Appendix H. 


Physiology of Skeletal Muscle Fibers 

S Explain how muscle fibers are stimulated to eontraet by 
deseribing events that occur at the neuromuscular junction. 

s Deseribe how an aetion potential is generated. 


gure 9.6 Sliding filament model of eontraetion.The numbers 
indieate events in a © relaxed and a ® fully eontraeted sareomere. 
At full eontraetion, the Z dises abut the thiek filaments and the thin 
filaments overlap eaeh other. The photomierographs (top view in 
eaeh ease) show enlargements of 33,000x. 


Follow the events of excitation-contraction coupling that 
lead to eross bridge aetivity. 

The sliding filament model tells us how a muscle fiber eontraets, 
but what induces it to eontraet in the first plaee? For a skeletal 
muscle fiber to eontraet: 

1. The fiber must be aetivated, that is, stimulated by a nerve 
ending so that a ehange in membrane potential occurs. 

2. Next, it must generate an eleetrieal current, ealled an 
aetion potential, in its sareolemma. 
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J, 


Phase 1- 

Motor neuron 
stimulates 
muscle fiber 
(see Figure 9.8). 


Phase 2:- 

Excitation-contraction 
coupling occurs (see 
Figures 9.9 and 9.11). 



Aetion potential (AP) arrives at axon 
terminal at neuromuscular junction 




ACh released; binds to reeeptors 

on sareolemma 




lon permeability of sareolemma ehanges 


r 


Loeal ehange in membrane voltage 

(depolarization) occurs 




Loeal depolarization (end plate 
potential) ignites AP in sareolemma 



1 

AP travels aeross the entire sareolemma 



1 

AP travels along T tubules 




SR releases Ca 2+ ; Ca 2+ binds to 
troponin; myosin-binding sites 
(aetive sites) on aetin exposed 




Myosin heads bind to aetin; 
eontraetion begins 


gure 9.7 The phases leading to muscle fiber eontraetion. 


3. The aetion potential is automatically propagated along the 
sareolomma. 

4. Then, intraeelMar calcium ion levels must rise briefly, 
providing the final trigger for eontraetion. 

Steps 1 and 2, aetivation, occur at the neuromuscular junction 
and set the stage for the events that follow. Steps 3 and 4, which 
link the eleetrieal signal to eontraetion, are ealled excitation- 
eontraetion coupling. Figure 9.' summarizes this series of 
events into two major phases, which we eonsider in detail below. 

The Nerve Stimulus and Events at the 
Neuromuscular Junction 


As a rule, eaeh muscle fiber has only one neuromuscular 
junction, loeated approximately midway along its length. The 
axon terminal and the muscle fiber are exceedingly elose (50- 
80 nm apart), but they remain separated by a spaee, the synap- 
tie eleft (Figure 9.8), which is filled with a gel-like extracellular 
substance rieh in glyeoproteins and eollagen fibers. 

Within the moundlike axon terminal are synaptie vesieles, 
small membranous saes eontaining the neurotransmitter aee- 
tyleholine (as"é-til-ko'lèn), or ACh. The trough-like part of 
the muscle fiber s sareolemma that helps form the neuromus- 
cular junction is highly folded. These junctional folds provide 
a large surface area for the millions of ACh reeeptors loeated 
there. Henee, the neuromuscular junction includes the axon 
terminals, the synaptie eleft, and the junctional folds of the 
sareolemma. 

How does a motor neuron stimulate a skeletal muscle fiber? 
The simplest explanation is: 

■ When a nerve impulse reaehes the end of an axon, the axon 
terminal releases ACh into the synaptie eleft. 

■ ACh diffuses aeross the eleft and attaehes to ACh reeeptors 
on the sareolemma of the muscle fiber. 

■ ACh binding triggers eleetrieal events that ultimately gener- 
ate an aetion potential. 

Focus on Events at the Neuromuscular Junction Figiire 9.8) 
eovers this proeess step by step. Study this figure before 
continuing. 

After ACh binds to the ACh reeeptors, its effeets are quickly 
terminated by aeetyleholinesterase (as"é-til-ko"lin-es'ter-às), 
an enzyme loeated in the synaptie eleft. Aeetyleholinesterase 
breaks down ACh to its building bloeks, aeetie aeid and eholine. 
This removal of ACh prevents continued (and most likely un- 
desirable) muscle fiber eontraetion in the absenee of additional 
nervous system stimulation. 



Homeostatie imbalanee 9.1 


Many toxins, dmgs, and diseases interfere with events at the 
neuromuscular junction. For example, myasthenia gravis 
(asthen = weakness; gravi = heavy), a disease eharaeterized 
by drooping upper eyelids, diíficulty swallowing and talking, 
and generalized muscle weakness, involves a shortage of ACh 
reeeptors. Serum analysis reveals antibodies to ACh reeeptors, 
suggesting that myasthenia gravis is an autoimmune disease. 
Although normal numbers of reeeptors are initially present, 
they appear to be destroyed as the disease progresses. + 


The nerve eells that aetivate skeletal muscle fibers are ealled so- 
matie motor neurons , or motor neurons of the somatie ( volun- 
tary) nervous system. These motor neurons “reside” in the brain 
or spinal eord, but their long threadlike extensions ealled axons 
travel, bundled within nerves, to the muscle eells they serve. 

The axon of eaeh motor neuron divides profusely as it enters 
the muscle. Eaeh axon ending gives off several short, curling 
branehes that eolleetively form an elliptieal neuromuscular 
junction, or end plate, with a single muscle fiber. 


Generation of an Aetion Potential 
Aeross the Sareolemma 

Like the plasma membranes of all eells, a resting sareolemma is 
polarized. That is, a voltmeter would show there is a potential 
differenee (voltage) aeross the membrane and the inside is nega- 
tive relative to the outer membrane faee. (Chapter 3 deseribes 
the resting membrane potential.) 

An aetion potential (AP) is the result of a predietable se- 
quence of eleetrieal ehanges. Onee initiated, they occur along 










































FOeilS 


Events at the Neuromuscu ar Junct on 


Figure 9.8 When a nerve impulse 
reaehes a neuromuscular junction, 
aeetyleholine (ACh) is released. Upon 
binding to sareolemma reeeptors, 
ACh causes a ehange in sareolemma 
permeability leading to a ehange in 
membrane potential. 

A&PFtix Available at www.masteringaandp.com 
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(§) ACh effeets are terminated by 
its breakdovvn in the synaptie 
eleft by aeetyleholinesterase and 
diffusion avvay from the junction. 


lon ehannel eloses; 
ions eannot pass. 


® Aetion potential arrives at 
axon terminal of motor neuron 


© Voltage-gated Ca 2+ 
ehannels open. Ca 2+ enters the 
axon terminal moving dovvn its 
eleetoehemieal gradient. 


©Ca 


2+ entry causes ACÍi _ 

neurotransmitter) to be releas 
by exocytosis. ^ 


® ACh diffuses aeross the 
synaptie eleft and binds to its 
reeeptors on the sareolemma. 


©) ACh binding opens ion 
ehannels in the reeeptors that 
allovv simultaneous passage of 
Na + into the muscle fiber and K + 
out of the muscle fiber. More Na 
ions enter than K + ions exit, 
vvhieh produces a loeal ehange in 
the membrane potential ealled 
the end plate potential. 
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ACh-containing 
synaptie vesiele 




9 


depolarization 




An end plate potential is generated at the neuromuscular 
junction (see Figure 9.8). 


Figure 9.9 Siimmary of events in the generation and propa- 
gation of an aetion potential in a skeletal musde fiber. 


Open Na + 
ehannel 


Closed K + 
ehannel 




© Depolarization: Generating and propagating an aetion potential 
(AP). The loeal depolarization current spreads to adjaeent areas of the 
sareolemma. This opens voltage-gated sodium ehannels there, so Na + 
enters follovving its eleetroehemieal gradient and initiates the AP. The 
AP is propagated as its loeal depolarization vvave spreads to adjaeent 
areas of the sareolemma, opening voltage-gated ehannels there. 
Again Na + diffuses into the eell follovving its eleetroehemieal gradient. 


Closed Na + 
ehannel 

Na + *» 


Open K + 
ehannel 


sj £ 


++++++++ 


++++++++++ 



(í) Repolarization: Restoring the sareolemma to its initial polarized 
state (negative inside, positive outside). Repolarization occurs as 
Na + ehannels elose (inaetivate) and voltage-gated K + ehannels open. 
Because K + eoneentration is substantially higher inside the eell than 
in the extracellular fluid, K + diffuses rapidly out of the muscle fiber. 


the entire surface of the sareolemma. Essentially three steps are 
involved (Figure 9.9): 

© Generation of an end plate potential. Binding of ACh 
molecules to ACh reeeptors at the neuromuscular junction 
opens ehemieally ( ligand ) gated ion ehannels that allow Na + 
and K + to pass (also see Figure 9.8). Because the driving 
foree for Na + is greater than that for K + , more Na + diífuses 
in than K + diífuses out. A transient ehange in membrane 
potential occurs as the interior of the sareolemma beeomes 
less negative, an event ealled depolarization. Initially, depo- 
larization is a loeal event ealled an end plate potential. 

© Depolarization: Generation and propagation of an aetion 
potential. The end plate potential (loeal depolarization at 
the neuromuscular junction) ignites an aetion potential 
by spreading to adjaeent membrane areas and opening 
voltage-gated sodium ehannels there. Na + enters, fol- 
lowing its eleetroehemieal gradient, and onee a eertain 


membrane voltage, referred to as threshold , is reaehed, an 
aetion potential is generated (initiated). 

The aetion potential propagates (moves along the 
length of the sareolemma) in all direetions from the neu- 
romuscular junction, just as ripples move away from a 
pebble dropped into a stream. As it propagates, the loeal 
depolarization wave of the AP spreads to adjaeent areas of 
the sareolemma and opens voltage-gated sodium ehannels 
there. Again, Na + , normally restrieted from entering, dif- 
fuses into the eell following its eleetroehemieal gradient. 

© Repolarization: Restoring the sareolemma to its initial 
polarized state. The repolarization wave, like the de- 
polarization wave, is a consequence of ehanges in mem- 
brane permeability. In this ease, Na + ehannels elose and 
voltage-gated K + ehannels open. Sinee the potassium ion 
eoneentration is substantially higher inside the eell than in 
the extracellular fluid, K + diffuses rapidly out of the muscle 
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fiber, restoring negatively eharged eonditions inside (also 

see Figure 9.10). 

During repolarization, a muscle fiber is said to be in a refrae- 
tory period, because the eell eannot be stimulated again un- 
til repolarization is eomplete. Note that repolarization restores 
only the eleetrieal eonditions of the resting (polarized) state. The 
ATP-dependent Na + -K + pump restores the ionie eonditions of 
the resting state, but hundreds of aetion potentials ean occur 
before ionie imbalanees interfere with eontraetile aetivity. 

Onee initiated, the aetion potential is unstoppable. It ulti- 
mately results in eontraetion of the muscle fiber. Although the 
aetion potential itself lasts only a few milliseeonds (ms), the 
eontraetion phase of a muscle fiber may persist for 100 ms or 
more and far outlasts the eleetrieal event that triggers it. 

Excitation-Contraction Coupling 

Excitation-contraction (E-C) coupling is the sequence of events 
by which transmission of an aetion potential along the sareo- 
lemma causes myofilaments to slide. The aetion potential is brief 
and ends well before any signs of eontraetion are obvious. 

As you will see, the eleetrieal signal does not aet direetly on 
the myofilaments. Instead, it causes the rise in intraeelhilar lev- 
els of calcium ions, which allows the filaments to slide. 

Focus on Excitation-Contraction Coupling Figure 9.11) on 
pp. 290-291 illustrates the steps in this proeess. This Focus fea- 
ture also reveals how the integral proteins of the T tubules and 
terminal eisterns in the triads interaet to provide the Ca 2+ nee- 
essary for eontraetion to occur. Make sure you understand this 
material before continuing. 

Summary: Channels Involved in Initiating Muscle 
Contraction 

So lets summarize what has to happen to excite a muscle eell, 
starting from the nerve ending. Essentially this proeess aetivates 
four sets of ion ehannels: 

1. The proeess begins when the nerve impulse reaehes the 
axon terminal and opens voltage-gated calcium ehannels 
in the axonal membrane. Calcium entry triggers release of 
ACh into the synaptie eleft. 

2. Released ACh binds to ACh reeeptors in the sareolemma, 
opening ehemieally gated Na + -K + ehannels. Greater in- 
flux of Na + causes a loeal voltage ehange (the end plate 
potential). 

3. Loeal depolarization opens voltage-gated sodium ehan- 
nels in the neighboring region of the sareolemma. This 
allows more sodium to enter, which fiirther depolarizes 
the sareolemma, generating and propagating an AR 

4. Transmission of the AP along the T tubules ehanges the 
shape of voltage-sensitive proteins in the T tubules, which 
in turn stimulate SR calcium release ehannels to release 
Ca 2+ into the eytosol. 

Muscle Fiber Contraction: Cross Bridge Cycling 

As we have noted, eross bridge formation (attaehment of my- 
osin heads to aetin) requires Ca 2+ . Lets look more elosely at 
how calcium ions promote muscle eell eontraetion. 



Time (ms) 


gure 9.10 Aetion potential traeing indieates ehanges in Na + 
and K + ion ehannels. 



When intracellular calcium levels are low, the muscle eell is ■ 
relaxed, and tropomyosin molecules physieally bloek the aetive I 
(myosin-binding) sites on aetin. As Ca 2+ levels rise, the ions * 
bind to regulatory sites on troponin. To aetivate its group of 
seven aetins, a troponin must bind two calcium ions, ehange 
shape, and then roll tropomyosin into the groove of the aetin 
helix, away from the myosin-binding sites. In short, the tro- 
pomyosin “bloekade” is removed when suíficient calcium is 
present. Onee binding sites on aetin are exposed, the events of 
the eross bridge eyele occur in rapid succession, as depieted in 
Focus on the Cross Bridge Cycle Figure 9.12) on p. 292. 

The thin filaments continue to slide as long as the calcium 
signal and adequate ATP are present. When nerve impulses 
arrive rapidly, intracellular Ca 2+ levels soar due to successive 
a puffs” or rounds of Ca 2+ released from the SR. In such eases, 
the muscle eells do not eompletely relax between successive 
stimuli and eontraetion is stronger and more sustained (within 
limits) until nervous stimulation eeases. 

As the Ca 2+ pumps of the SR reelaim calcium ions from the 
eytosol and troponin again ehanges shape, tropomyosin again 
bloeks aetins myosin-binding sites. The eontraetion ends, and 
the muscle fiber relaxes. 

When the eyele is ready to start again, the myosin head is in 
its upright high-energy configuration (see step J) in Focus Fig- 
ure 9.12), ready to take another <c step” and attaeh to an aetin site 
farther along the thin filament. This c< walking” of the myosin 
heads along the adjaeent thin filaments during muscle short- 
ening is much like a eentipedes gait. The thin filaments ean- 
not slide backward as the eyele repeats again and again because 
some myosin heads (“legs”) are always in eontaet with aetin (the 
<c ground”). Contracting muscles routinely shorten by 30-35% of 
their total resting length, so eaeh myosin eross bridge attaehes 
and detaehes many times during a single eontraetion. It is likely 
that only half of the myosin heads of a thiek filament are pulling 
at the same instant. The others are randomly seeking their next 
binding site. 

(Text continues onp. 293.) 







O C U S Excitation-Contraction Coupling 


Figure 9. Excitation-contraction (E-C) coupling is the sequence of events 
by which transmission of an aetion potential along the sareolemma leads to 

the sliding of myofilaments. A&P FIÌX Available at www.masteringaandp.com 


Setting the stage 

The events at the neuromuscular junction 
(NMJ) set the stage for E-C coupling by 
providing excitation. Released aeetyleholine 
binds to reeeptor proteins on the sareolemma 
and triggers an aetion potential in a muscle 


Axon terminal of 
motor neuron at NMJ 



Sareolemma 
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Steps in E-C Coupling: 


Sareolemma 



(JÍThe aetion potentiai (AP) propagates 
along the sareolemma and down the 
T tubules. 


©Calcium ions are released. 

Transmission of the AP along the 
T tubules of the triads causes the 
voltage-sensitive tubule proteins to 
ehange shape. This shape ehange opens 
the Ca 2+ release ehannels in the terminal 
eisterns of the sareoplasmie reticulum 
(SR), allowing Ca 2+ to flow into the 
eytosol. 
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©Calcium binds to troponin and 
removes the bloeking aetion of 
tropomyosin. When Ca 2+ binds, 
troponin ehanges shape, exposing 
binding sites for myosin (aetive 
sites) on the thin filaments. 


Aetive sites exposed and 
ready for myosin binding 



f 



Myosin 

eross 

bridge 


(J) Contraction begins: Myosin 
binding to aetin forms eross 
bridges and eontraetion (eross 
bridge eyeling) begins. At this 
point, E-C coupling is over. 


The aftermath 

When the muscle AP eeases, the voltage-sensitive tubule proteins return to their 
original shape, elosing the Ca 2+ release ehannels of the SR. Ca 2+ levels in the 
sareoplasm fall as Ca 2+ is continually pumped baek into the SR by aetive transport. 
Without Ca 2+ , the bloeking aetion of tropomyosin is restored, myosin-aetin 
interaetion is inhibited, and relaxation occurs. Eaeh time an AP arrives at the 
neuromuscular junction, the sequence of E-C coupling is repeated. 
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FOdlS 


Cross Bridge Cycle 


Figure 9. The eross bridge eyele is the series of events 
diiring vvhieh myosin heads pull thin filaments tovvard the 

eenter of the sareomere. A&PFIÌX Available at www.masteringaandp.com 





Thin filament 






Cross bridge formation. Energized 
myosin head attaehes to an aetin 
myofilament, forming a eross bridge. 



(í) Cocking of the myosin head. As ATP is 
hydrolyzed to ADP and ?., the myosin 
head returns to its prestroke high-energy, 
or "eoeked," position.* 



*This eyele will continue as long as ATP is 
available and Ca 2+ is bound to troponin. 




Cross bridge detaehment. After ATP 
attaehes to myosin, the link betvveen myosin 
and aetin vveakens, and the myosin head 
detaehes (the eross bridge "breaks"). 





(2) The power (working) stroke. ADP and ?. 

are released and the myosin head pivots 
and bends, ehanging to its bent low-energy 
state. As a result it pulls the aetin filament 
toward the M line. 



In the absenee 
of ATP, myosin 
heads will not 
detaeh, causing 
rigor mortis. 
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Except for the brief period following muscle eell excitation, 
calcium ion eoneentrations in the eytosol are kept almost unde- 
teetably low. There is a reason for this: Sustained high calcium 
aetivates apoptosis, leading to eell death. 



Homeostatie imbalanee 9.2 


Rigor mortis (death rigor) illustrates the faet that eross bridge 
detaehment is ATP driven. Most muscles begin to stiífen 3 to 
4 hours after death. Peak rigidity occurs at 12 hours and then 
gradually dissipates over the next 48 to 60 hours. Dying eells 
are unable to exclude calcium (which is in higher eoneentration 
in the extracellular fluid), and the calcium influx into muscle 
eells promotes formation of myosin eross bridges. Shortly af- 
ter breathing stops, ATP synthesis eeases, but ATP continues to 
be consumed and eross bridge detaehment is impossible. Aetin 
and myosin beeome irreversibly eross-linked, producing the 
stiífness of rigor mortis, which gradually disappears as muscle 
proteins break down after death. + 



CheckYour IJnderstanding 


6. What are the three structural eomponents of a 
neuromuscular junction? 

7. What is the final trigger for eontraetion? What is the initial 
trigger? 

8. What prevents the filaments from sliding baek to their 
original position eaeh time a myosin eross bridge detaehes 
from aetin? 

9. What would happen if a muscle fiber suddenly ran out of 
ATP when sareomeres had only partially eontraeted? 

_ For ansvvers, see Appendix H. 


of trying to lift a 2000-lb ear. If the muscle tension devel- 
oped overeomes the load and muscle shortening occurs, the 
eontraetion is isotonie (“same tension”), as when you lift a 
5-lb saek of sugar. We will deseribe isometrie and isotonie 
eontraetions in detail, but for now the important thing to 
remember when reading the aeeompanying graphs is this: 
inereasing muscle tension is measured for isometrie eontrae- 
tions, whereas the amount of muscle shortening (distanee in 
millimeters) is measured for isotonie eontraetions. 

■ A skeletal muscle eontraets with varying foree and for differ- 
ent periods of time in response to stimuli of varying frequen- 
eies and intensities. To understand how this occurs, we must 
look at the nerve-muscle functional unit ealled a motor unit. 
This is our next topie. 

The Motor Unit 

Eaeh muscle is served by at least one motor nerve , and eaeh mo- 
tor nerve eontains axons (fibrous extensions) of up to hundreds 
of motor neurons. As an axon enters a muscle, it branehes into 
a nrnnber of terminals, eaeh of which forms a neuromuscular 
junction with a single muscle fiber. A motor unit eonsists of one 
motor neuron and all the muscle fibers it innervates, or supplies 
gure 9.13). When a motor neuron fires (transmits an aetion 
potential), all the muscle fibers it innervates eontraet. 

The number of muscle fibers per motor unit may be as high as 
several hundred or as few as four. Muscles that exert fine eontrol 
(such as those eontrolling the fingers and eyes) have small motor 
units. By eontrast, large, weight-bearing muscles, whose movements 
are less preeise (such as the hip muscles), have large motor units. The 
muscle fibers in a single motor unit are not clustered together but 
are spread throughout the muscle. As a result, stimulation of a single 
motor unit causes a weak eontraetion of the entire muscle. 


r 
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Contraction of a Skeletal Muscle 

Define motor unit and muscle twitch, and deseribe the events 
occurring during the three phases of a muscle twitch. 

Explain how smooth, graded eontraetions of a skeletal 
muscle are produced. 

Differentiate between isometrie and isotonie eontraetions. 

In its relaxed state, a muscle is soft and unimpressive, not what 
you would expect of a prime mover of the body. However, 
within a few milliseeonds, it ean eontraet to beeome a hard elas- 
tie structure with dynamie eharaeteristies that intrigue not only 
biologists but engineers and physieists as well. 

Before we eonsider muscle eontraetion on the organ level, 
let s note a few prineiples of muscle meehanies. 

■ The prineiples governing eontraetion of a single muscle fiber 
and of a skeletal muscle eonsisting of a large number of fibers 
are pretty much the same. 

■ The foree exerted by a eontraeting muscle on an objeet is ealled 
muscle tension. The opposing foree exerted on the muscle by 
the weight of the objeet to be moved is ealled the load. 

■ A eontraeting muscle does not always shorten and move the 
load. If muscle tension develops but the load is not moved, 
the eontraetion is ealled isometrie (“same measure”)—think 


The MuscleTwitch 

Muscle eontraetion is easily investigated in the laboratory using 
an isolated muscle. The muscle is attaehed to an apparatus that 
produces a myogram, a reeording of eontraetile aetivity. The 
line reeording the aetivity is ealled a traeing. 

A muscle twitch is a motor units response to a single ae- 
tion potential of its motor neuron. The muscle fibers eontraet 
quickly and then relax. Every twitch myogram has three distinet 
phases Figure 9.14a]. 

1. Latent period. The latent period is the first few millisee- 
onds following stimulation when excitation-contraction 
coupling is occurring. During this period, eross bridges 
begin to eyele but muscle tension is not yet measurable 
and the myogram does not show a response. 

2. Period of eontraetion. During the period of eontraetion, 
eross bridges are aetive, from the onset to the peak of ten- 
sion development, and the myogram traeing rises to a 
peak. This period lasts 10-100 ms. If the tension (pull) 
beeomes great enough to overeome the resistanee of the 
load, the muscle shortens. 

3. Period of relaxation. This final phase, lasting 10-100 ms, is 
initiated by reentry of Ca 2+ into the SR. Because eontrae- 
tile foree is deelining, muscle tension deereases to zero and 
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(a) Axons of motor neurons extend from the spinal eord to the muscle.There eaeh axon divides into 
a number of axon terminals that form neuromuscular junctions with muscle fibers seattered 
throughout the muscle. 


(b) Branehing axon terminals form 
neuromuscular junctions, one 
per muscle fiber (photomiero- 
graph 330 x). 


Figure 9.13 A motor unit eonsists of one motor neuron and all the musde fibers it 
innervates. (For a related image, s eeA BriefAtlas ofthe Human Body, Plate 30.) 


the traeing returns to the baseline. If the muscle shortened 
during eontraetion, it now returns to its initial length. No- 
tiee that a muscle eontraets faster than it relaxes, as re- 
vealed by the asymmetrie nature of the myogram traeing. 

As you ean see in Figure 9.14b, twitch eontraetions of some 
muscles are rapid and brief, as with the muscles eontrolling 
eye movements. In eontrast, the fibers of fleshy ealf muscles 
(gastrocnemius and soleus) eontraet more slowly and remain 
eontraeted for much longer periods. These differenees between 
muscles refleet variations in enzymes and metabolie properties 
of the myofibrils. 

Graded Muscle Responses 

Muscle twitches —like those single, jerky eontraetions provoked 
in a laboratory—may result from eertain neuromuscular prob- 
lems, but this is not the way our muscles normally operate. In- 
stead, healthy muscle eontraetions are relatively smooth and 
vary in strength as different demands are plaeed on them. These 
variations, needed for proper eontrol of skeletal movement, are 
referred to as graded muscle responses. 

In general, muscle eontraetion ean be graded in two ways: 
by ehanging the frequency of stimulation, and by ehanging the 
strength of stimulation. 


Muscle Response to ehanges in Stimulus Frequency The 

nervous system aehieves greater muscular foree by inereasing 
the firing rate of motor neurons. For example, if two identieal 
stimuli (eleetrieal shoeks or nerve impulses) are delivered to a 
muscle in rapid succession, the seeond twitch will be stronger 
than the first. On a myogram the seeond twitch will appear to 
ride on the shoulders of the first 'igure 9.15a, b) . 

This phenomenon, ealled wave or temporal summation, oe- 
curs because the seeond eontraetion occurs before the muscle 
has eompletely relaxed. Because the muscle is already partially 
eontraeted and more calcium is being squirted into the eytosol 
to replaee that being reelaimed by the SR, muscle tension pro- 
duced during the seeond eontraetion causes more shortening 
than the first. In other words, the eontraetions are added to- 
gether. (However, the refraetory period is always honored. Thus, 
if a seeond stimulus arrives before repolarization is eomplete, 
no wave summation occurs.) 

If the stimulus strength is held eonstant and the muscle is 
stimulated at an inereasingly faster rate: (1) the relaxation time 
between twitches beeomes shorter and shorter, (2) the eoneen- 
tration of Ca 2+ in the eytosol rises higher and higher, and (3) the 
degree of wave summation beeomes greater and greater, pro- 
gressing to a sustained but quivering eontraetion referred to as 
unfused or ineomplete tetanus (Figure 9.15b). 
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(a) Myogram shovving the three phases of an isometrie tvviteh 


|— Latent period 
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(b) Comparison of the relative duration of twitch responses of 
three nrmseles 

gure 9.14 The musde tvviteh. 


Finally, as the stimulation frequency continues to inerease, 
muscle tension inereases until it reaehes maximal tension. At 
this point all evidenee of muscle relaxation disappears and the 
eontraetions fuse into a smooth, sustained eontraetion plateau 
ealled fused or eomplete tetamis (tet'ah-nus; tetan = rigid, 
tense) (Figure 9.15c). (Note that this term is often confused 
with the baeterial disease ealled tetanus that causes severe invol- 
untary eontraetions.) In the real world, fused tetanus happens 
infrequently, for example, when someone shows superhuman 
strength by lifting a fallen tree limb oíf a eompanion. 

Vigorous muscle aetivity eannot continue indefinitely. Pro- 
longed tetanus inevitably leads to muscle fatigue, a situation in 
which the muscle eannot eontraet and its tension drops to zero. 



(a) A single stimulus is delivered.The miisele eontraets and 
relaxes. 


Low stirrmlation frequency -► unfused (ineomplete) tetanus 



100 200 300 

Time (ms) 


(b) If another stimulus is applied before the muscle relaxes 
eompletely, then more tension results.This is wave (or 
temporal) summation and results in unfused (or ineomplete) 
tetanus. 


High stimulation frequency ^fused (eomplete) tetanus 



100 200 300 

Time (ms) 


(e) At higher stimulus frequencies, there is no relaxation at all 
between stimiili.This is fused (eomplete) tetanus. 

Figure 9.1 f A musde's response to ehanges in stimulation 
frequency. (Note that tension is measured in grams.) 
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gure 9.16 Relationship betvveen stimulus intensity (graph 
at top) and musde tension (traeing belovv). Belovv threshold 
voltage, the traeing shovvs no muscle response (stimuli 1 and 2). 
Onee threshold (3) is reaehed, inereases in voltage excite (recruit) 
more and more motor units until the maximal stimulus is reaehed 
(7). Further inereases in stimulus voltage produce no further inerease 
in eontraetile strength. 


Muscle Response to Ghanges in Stimulus Strength Wave 
siimmation contributes to eontraetile foree, but its primary 
function is to produce smooth, continuous muscle eontraetions 
by rapidly stimulating a speeifie number of muscle eells. Re- 
cruitment, also ealled multiple motor unit summation, eon- 
trols the foree of eontraetion more preeisely. In the laboratory, 
reemitment is aehieved by delivering shoeks of inereasing volt- 
age to the muscle, ealling more and more muscle fibers into play. 

■ Stimuli that produce no observable eontraetions are sub- 
threshold stimuli. 

■ The stimulus at which the first observable eontraetion occurs 
is ealled the threshold stimulus Figure 9.16). Beyond this 
point, the muscle eontraets more and more vigorously as the 
stimulus strength inereases. 

■ The maximal stimulus is the strongest stimulus that in- 
ereases eontraetile foree. It represents the point at which all 
the muscles motor units are reemited. 


o 

</> 


a> 





Motor 
unit 1 
recruited 
(small 
fibers) 




Time 



Motor 
unit 2 
recruited 
(medium 
fibers) 


Motor 
unit 3 
reemited 
(large 
fibers) 


Figure 9.17 The size prineiple of reemitment. Reemitment 
of motor neurons eontrolling skeletal muscle fibers is orderly and 
follovvs the size prineiple. 


inereasing the stimulus intensity beyond the maximal stimu- 
lus does not produce a stronger eontraetion. In the body, the 
same phenomenon is caused by neural aetivation of an inereas- 
ingly large number of motor units serving the muscle. 

The recruitment proeess is not random. Instead it is dietated 
by the sizeprineiple Figure 9.1 . In any muscle: 

■ The motor units with the smallest muscle fibers are aetivated 
first because they are eontrolled by the smallest, most highly 
excitable motor neurons. 

■ As motor units with larger and larger muscle fibers begin to 
be excited, eontraetile strength inereases. 

■ The largest motor units, eontaining large, eoarse muscle fi- 
bers, have as much as 50 times the eontraetile foree of the 
smallest ones. They are eontrolled by the largest, least ex- 
eitable (highest-threshold) neurons and are aetivated only 
when the most powerful eontraetion is neeessary. 

Why is the size prineiple important? It allows the inereases 
in foree during weak eontraetions (for example, those that 
maintain posture or slow movements) to occur in small steps, 
whereas gradations in muscle foree are progressively greater 
when large amounts of foree are needed for vigorous aetivities 
such as jumping or mnning. The size prineiple explains how the 
same hand that lightly pats your eheek ean deliver a stinging 
slap at the volleyball during a mateh. 

Although all the motor units of a muscle may be recruited 
simultaneously to produce an exceptionally strong eontraetion, 
motor units are more eommonly aetivated asynchronously. At 
a given instant, some are in tetamis (usually unfused tetanus) 
while others are resting and reeovering. This technique helps 
prolong a strong eontraetion by preventing or delaying fatigue. 
It also explains how weak eontraetions promoted by infrequent 
stimuli ean remain smooth. 
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(a) isotonie eontraetion (eoneentrie) 


On stimulation, muscle develops enough tension (foree) 
to lift the load (weight). Onee the resistanee is overeome, 
the muscle shortens, and the tension remains eonstant for 
the rest of the eontraetion. 



Tendon 



Muscle 

eontraets 

(isotonie 

eontraetion) 


j 




3 kg 


Tendon 


k 



i 



Amount of Muscle 



70 

-Time (ms)-► 



(b) Isometrie eontraetion 


Muscle is attaehed to a weight that exceeds the muscle’s 
peak tension-developing eapabilities. When stimulated, the 
tension inereases to the nrmsele’s peak tension-developing 
eapability, but the muscle does not shorten. 



Muscle 

eontraets 

(isometrie 

eontraetion) 





8 


Amount of resistanee 



90 


80 

70 

-Time (ms)-► 


Figure 9.18 isotonie (eoneentrie) and isometrie eontraetions. 


Isotonie and Isometrie Contractions 

As noted earlier, there are two main eategories of eontraetions— 
isotonie and isometrie. In isotonie eontraetions (iso = same; 
ton = tension), muscle length ehanges and moves a load. Onee 
suíhcient tension has developed to move the load, the tension 
remains relatively eonstant through the rest of the eontraetile 
period (Figure 9.18a). 

Isotonie eontraetions eome in two “flavors ”—eoneentrie 
and eeeentrie. Ooneentrie eontraetions are those in which the 
muscle shortens and does work, such as pieking up a book or 


kieking a ball. Concentric eontraetions are probably more fa- 
miliar, but eeeentrie eontraetions, in which the muscle gener- 
ates foree as it lengthens, are equally important for eoordination 
and purposeful movements. 

Eeeentrie eontraetions occur in your ealf muscle, for example, 
as you walk up a steep hill. Eeeentrie eontraetions are about 50% 
more forceful than eoneentrie ones at the same load and more of- 
ten cause delayed-onset muscle soreness. (Consider how your ealf 
muscles feel the day after hiking up that hill.) The reason is unclear, 
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but it may be that the muscle stretehing that occurs during eeeen- 
trie eontraetions causes mierotears in the muscles. 

Bieeps curls provide a simple example of how eoneentrie and 
eeeentrie eontraetions work together in our everyday aetivities. 
When you flex your elbow to raise this textbook to your shoul- 
der, the bieeps muscle in your arm is eontraeting eoneentrieally. 
When you straighten your arm to return the book to the desk- 
top, the isotonie eontraetion of your bieeps is eeeentrie. Basi- 
eally, eeeentrie eontraetions put the body in position to eontraet 
eoneentrieally. All jumping and throwing aetivities involve both 
types of eontraetion. 

In isometrie eontraetions (metrie — measure), tension may 
build to the muscles peak tension-producing eapaeity, but the mus- 
ele neither shortens nor lengthens (Figure 9.18b). Isometrie eontrae- 
tions occur when a muscle attempts to move a load that is greater 
than the foree (tension) the muscle is able to develop—think of try- 
ing to lift a piano single-handedly. Muscles eontraet isometrieally 
when they aet primarily to maintain upright posture or to hold 
joints stationary while movements occur at other joints. 

Consider a knee bend. When you squat for a few seeonds, the 
quadriceps muscles of your anterior thigh eontraet isometrieally to 
hold your knee in the flexed position. When you start to rise to the 
upright position, they continue to eontraet isometrieally until their 
tension exceeds the load (weight of your upper body). At that point 
muscle shortening (eoneentrie eontraetion) begins. So the quadri- 
eeps eontraetile sequence for a deep knee bend from start to fìn- 
ish is (1) flex knee (eeeentrie), (2) hold squat position (isometrie), 
(3) extend knee (isometrie, then eoneentrie). Of course, this list 
does not even begin to eonsider the isometrie eontraetions of the 
posterior thigh muscles or of the tmnk imiseles that maintain a 
relatively ereet tmnk posture during this movement. 

Eleetroehemieal and meehanieal events occurring within a 
muscle are identieal in both isotonie and isometrie eontraetions. 
However, the results are different. In isotonie eontraetions, the 
thin filaments slide. In isometrie eontraetions, the eross bridges 
generate foree but do not move the thin fìlaments, so there is no 
ehange in the banding pattern from that of the resting state. (You 
could say that they are “spinning their wheels” on the same aetin 
binding sites.) 


immediately after he grabs the bar? As his body begins to 
move upward tovvard the bar? When his body begins to 
approaeh the mat? 

_ For ansvvers, see Appendix /-/. 


Muscle Metabolism 

Deseribe three ways in which ATP is regenerated during 
skeletal muscle eontraetion. 

Define EPOC and muscle fatigue. List possible causes of 
muscle fatigue. 

Providing Energy for Contraction 

As a muscle eontraets, ATP supplies the energy to move and 
detaeh eross bridges, operate the calcium pump in the SR, and 
return Na + and K + to the eell exterior and interior respeetively 
after excitation-contraction coupling. Surprisingly, muscles store 
very limited reserves of ATP—4 to 6 seeonds worth at most, just 
enough to get you going. Because ATP is the only energy source 
used direetly for eontraetile aetivities, it must be regenerated as 
fast as it is broken down if eontraetion is to continue. 

Fortunately, after ATP is hydrolyzed to ADP and inorganie 
phosphate in muscle fibers, it is regenerated within a fraetion of 
a seeond by one or more of the three pathways summarized in 
Figure 9.19: (1) direet phosphorylation of ADP by ereatine phos- 
phate, (2) anaerobie, glyeolysis, which eonverts glucose to laetie 
aeid, and (3) aerobie respiration. All body eells use glyeolysis and 
aerobie respiration to produce ATP, so we touch on them here but 
deseribe them in detail later, in Chapter 24. 

Direet Phosphorylation of ADP by Greatine Phosphate (Fig- 
ure 9.19a) As we begin to exercise vigorously, the demand for 
ATP soars and consumes the ATP stored in working muscles 
within a few twitches. Then ereatine phosphate (CP) (kre'ah- 
tin), a unique high-energy molecule stored in muscles, is tapped 
to regenerate ATP while the metabolie pathways adjust to the 
suddenly higher demand for ATP. 

Coupling CP with ADP transfers energy and a phosphate 
group from CP to ADP to form ATP almost instantly: 


MuscleTone 

Skeletal muscles are deseribed as voluntary, but even relaxed 
muscles are almost always slightly eontraeted, a phenomenon 
ealled muscle tone. Muscle tone is due to spinal reflexes that 
aetivate first one group of motor units and then another in re- 
sponse to aetivated streteh reeeptors in the muscles. Muscle 
tone does not produce aetive movements, but it keeps the mus- 
eles firm, healthy, and ready to respond to stimulation. Skeletal 
muscle tone also helps stabilize joints and maintain posture. 



Check Your Understanding 


10. What is a motor unit? 

11. What is happening in the muscle during the latent period of 
a twitch eontraetion? 

12. Jay is eompeting in a chin-up eompetition. What type of 
muscle eontraetions are occurring in his bieeps muscles 


ereatine 

kinase 

Creatine phosphate + ADP-> ereatine + ATP 

Muscle eells store two to three times more CP than ATP. The 
CP-ADP reaetion, eatalyzed by the enzyme ereatine kinase, is 
so effieient that the amount of ATP in muscle eells ehanges very 
little during the initial period of eontraetion. 

Together, stored ATP and CP provide for maximum muscle 
power for about 15 seeonds—long enough to energize a 100-meter 
dash (slightly longer if the aetivity is less vigorous). The coupled 
reaetion is readily reversible, and to keep CP “on tap,” CP reserves 
are replenished during periods of rest or inaetivity. 

Anaerobie Pathway: Glyeolysis and Laetie Aeid Formation 
(Figure 9.19b) As stored ATP and CP are exhausted, more 
ATP is generated by breaking down (eatabolizing) ghieose ob- 
tained from the blood or glyeogen stored in the muscle. The 
initial phase of ghieose breakdown is glyeolysis (gli-kol'ì-sis; 
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(a) Direet phosphorylation 


(b) Anaerobie pathway 


(e) Aerobie pathway 


Coupled reaetion of ereatine phosphate 
(CP) and ADP 

Energy source: CP 


Glyeolysis and laetie aeid formation 
Energy source: glucose 


Aerobie cellular respiration 

Energy source: glucose; pymvie aeid; free 
fatty aeids from adipose tissue; amino 
aeids from protein eatabolism 



Oxygen use: None 

Products: 1 ATP per CP, ereatine 

Duration of energy provided: 

15 seeonds 



Glucose (from 
glyeogen breakdown or 
delivered from blood) 




Glyeolysis 
in eytosol 



net gain 

Released 
to blood 


Pyrnvie aeid 

i 


Laetie aeid 





Glucose (from 
glyeogen breakdown or 
delivered from blood) 


I 



Fatty 
aeids 


Pymvie aeid 



Amino 

aeids 



net gain per 
glucose 


Oxygen use: None 

Products: 2 ATP per glucose, laetie aeid 

Duration of energy provided: 30-40 seeonds, 
or slightly more 


Oxygen use: Required 

Products: 32 ATP per glucose, C0 2 , H 2 0 

Duration of energy provided: Hours 


r 




L 


gure 9.19 Pathvvays for regenerating ATP during muscle aetivity. The fastest pathvvay 
is direet phosphorylation (a), and the slovvest is aerobie respiration (e). 


cc sugar splitting”). This pathway occurs in both the presenee and 
the absenee of oxygen, but because it does not use oxygen, it is 
an anaerobie (an-a'er-ób-ik; cc without oxygen”) pathway. Dur- 
ing glyeolysis, glucose is broken down to two pyrnvie aeid mol- 
ecules, releasing enough energy to form small amounts of ATP 
(2 ATP per glucose). 

Ordinarily, pymvie aeid produced during glyeolysis then en- 
ters the mitoehondria and reaets with oxygen to produce still 
more ATP in the oxygen-using pathway ealled aerobie respira- 
tion, deseribed shortly. But when muscles eontraet vigorously 
and eontraetile aetivity reaehes about 70% of the maximum 
possible (for example, when you run 600 meters with maximal 
effort), the bulging muscles eompress the blood vessels within 
them, impairing blood flow and oxygen delivery. Under these 
anaerobie eonditions, most of the pymvie aeid produced during 
glyeolysis is eonverted into laetie aeid, and the overall proeess is 
referred to as anaerobie glyeolysis. Thus, during oxygen defieit, 
laetie aeid is the end product of cellular metabolism of glucose. 

Most of the laetie aeid diffiises out of the muscles into the 
bloodstream. Subsequently, the liver, heart, or kidney eells piek 
up the laetie aeid and use it as an energy source. Additionally, 
liver eells ean reeonvert it to pymvie aeid or glucose and release 
it baek into the bloodstream for muscle use, or eonvert it to 
glyeogen for storage. 

The anaerobie pathway harvests only about 5% as much ATP 
from eaeh glucose molecule as the aerobie pathway, but it produces 
ATP about 2Vi times faster. For this reason, when large amounts 


of ATP are needed for moderate periods (30-40 seeonds) of strenu- 
ous muscle aetivity, glyeolysis ean provide most of the ATP needed 
as long as the required fuels and enzymes are available. Together, 
stored ATP and CP and the glyeolysis-laetie aeid pathway ean sup- 
port strenuous muscle aetivity for nearly a minute. 

Although anaerobie glyeolysis readily fuels spurts of vigor- 
ous exercise, it has shorteomings. Huge amounts of ghieose are 
used to produce relatively small harvests of ATP, and the accu- 
mulating laetie aeid is partially responsible for muscle soreness 
during intense exercise. 

Aerobie Respiration (Figure 9.19c) Because the amount of 
ereatine phosphate is limited, muscles must metabolize nutri- 
ents to transfer energy from foodstuffs to ATP. During rest and 
light to moderate exercise, even if prolonged, 95% of the ATP 
used for muscle aetivity eomes from aerobie respiration. Aero- 
bie respiration occurs in the mitoehondria, requires oxygen, 
and involves a sequence of ehemieal reaetions that break the 
bonds of fuel molecules and release energy to make ATP. 

Aerobie respiration, which includes glyeolysis and the reae- 
tions that take plaee in the mitoehondria, breaks down glucose 
entirely. Water, earbon dioxide, and large amounts of ATP are 
its final products. 

Glucose + oxygen —+ earbon dioxide + water + ATP 

The earbon dioxide released diffhses out of the muscle tissue 
into the blood, to be removed from the body by the hmgs. 
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Short-duration exercise 




6 seeonds 




10 seeonds 



30-40 seeonds 

End of exercise 


1 


l 

l 



l 

l 



I 


ATP stored in 
muscles is 
used first. 


ATP is formed from Glyeogen stored in muscles is broken down to glucose, 
ereatine phosphate which is oxidized to generate ATP (anaerobie pathway). 
and ADP (direet 
phosphorylation). 


Prolonged-duration exercise 




Hours 


l 


l 


ATP is generated by breakdown 
of several nutrient energy fuels by 
aerobie pathway. 


gure 9.20 Comparison of energy sources used during short-duration exercise 
and prolonged-duration exercise. 


As exercise begins, muscle glyeogen provides most of the 
fuel. Shortly thereafter, bloodborne glucose, pymvie aeid from 
glyeolysis, and free fatty aeids are the major sources of fuels. 
After about 30 minutes, fatty aeids beeome the major energy 
fuels. Aerobie respiration provides a high yield of ATP (about 
32 ATP per ghieose), but it is slow because of its many steps and 
it requires continuous delivery of oxygen and nutrient fuels to 
keep it going. 

Energy Systems i/sed During Sports Which pathways pre- 
dominate during exercise? As long as a muscle eell has enough 
oxygen, it will form ATP by the aerobie pathway. When ATP 
demands are within the eapaeity of the aerobie pathway, light 
to moderate muscular aetivity ean continue for several hours 
in well-conditioned individuals Figure 9.20 . However, when 
exercise demands begin to exceed the ability of the muscle eells 
to earry out the neeessary reaetions quickly enough, anaerobie 
pathways begin to contribute more and more of the total ATP 
generated. The length of time a muscle ean continue to eontraet 
using aerobie pathways is ealled aerobie endurance, and the 
point at which muscle metabolism eonverts to anaerobie gly- 
eolysis is ealled anaerobie threshold. 

Aetivities that require a surge of power but last only a few see- 
onds, such as weight lifting, diving, and sprinting, rely entirely 
on ATP and CP stores. The more on-and-off or burstlike aetivi- 
ties of tennis, soeeer, and a 100-meter swim appear to be fueled 
almost entirely by anaerobie glyeolysis (Figure 9.20). Prolonged 
aetivities such as marathon mns and jogging, where endurance 
rather than power is the goal, depend mainly on aerobie respira- 
tion using both glucose and fatty aeids as fuels. 


Levels of CP and ATP dont ehange much during prolonged 
exercise because ATP is generated at the same rate as it is used— 
a “pay as you go” system. Compared to anaerobie energy pro- 
duction, aerobie generation of ATP is relatively slow, but the 
ATP harvest is enormous. 

Muscle Fatigiie 

Muscle fatigue is a state of physiologieal inability to eontraet 
even though the muscle still may be reeeiving stimuli. Although 
many faetors appear to contribute to fatigue, its speeifie causes 
are not fully understood. Most experimental evidenee indieates 
that fatigue is due to a problem in excitation-contraction cou- 
pling or, in rare eases, problems at the neuromuscular junction. 
Availability of ATP deelines during eontraetion, but it is abnor- 
mal for a muscle to totally run out of ATP. So, laek of ATP is not 
a fatigue-producing faetor in moderate exercise. 

Several ionie imbalanees contribute to muscle fatigue. As ae- 
tion potentials are transmitted, potassium is lost from the mus- 
ele eells, and accumulates in the flmds of the T tubules. This 
ionie ehange disturbs the membrane potential of the muscle 
eells and halts Ca 2+ release from the SR. 

Theoretieally, in short-duration exercise, an accumulation 
of inorganie phosphate (P A ) from CP and ATP breakdown may 
interfere with calcium release from the SR. Alternatively, it may 
interfere with the release of P^ from myosin and thus hamper my- 
osins power strokes. Laetie aeid has long been assumed to be a 
major cause of fatigue, and excessive intracellular accumulation 
of laetie aeid (which causes the muscles to aehe) raises the eon- 
eentration of H + and alters eontraetile proteins. However, pH is 
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normally regulated within normal limits in all but the greatest 
degree of exertion. Additionally, laetie aeid actually counteracts 
high K + levels, which do lead to muscle fatigue (as noted above). 

In general, intense exercise of short duration produces fa- 
tigue rapidly via ionie disturbances that alter E-C coupling, but 
reeovery is also rapid. In eontrast, the slow-developing fatigue 
of prolonged low-intensity exercise may require several hours 
for eomplete reeovery. It appears that this type of exercise dam- 
ages the SR, interfering with Ca 2+ regulation and release, and 
therefore with muscle aetivation. 


Excess Postexercise Oxygen Consumption (EPOC) 

Whether or not fatigue occurs, vigorous exercise alters a mus- 
eles ehemistry dramatieally. For a muscle to return to its resting 
state, all the following must occur: 

■ Its oxygen reserves in myoglobin must be replenished. 

■ The accumulated laetie aeid must be reeonverted to pymvie aeid. 

■ Glyeogen stores must be replaeed. 

■ ATP and ereatine phosphate reserves must be resynthesized. 

The use of these muscle stores during anaerobie exercise simply 
defers when the oxygen is consumed, because replaeing them 
requires oxygen uptake and aerobie metabolism after exercise 
ends. Additionally, the liver must eonvert any laetie aeid persist- 
ing in blood to ghieose or glyeogen. Onee exercise stops, the 
repayment proeess begins. 

The extra amount of oxygen that the body must take in for 
these restorative proeesses is ealled the excess postexercise oxy- 
gen consumption (EPOC), formerly ealled the oxygen debt. 
EPOC represents the differenee between the amount of oxygen 
needed for totally aerobie muscle aetivity and the amount ae- 
tually used. All anaerobie sources of ATP used during muscle 
aetivity contribute to EPOC. 


Heat Production Diiring Muscle Aetivity 

Only about 40% of the energy released during muscle eontraetion 
is eonverted to useful work (still, this pereentage is signifieantly 
higher than that of many meehanieal deviees). The rest is given off 
as heat, which has to be dealt with to maintain body homeostasis. 

When you exercise vigorously, you start to feel hot as the 
liberated heat warms your blood. Like a ears eooling system 
that dissipates heat, several homeostatie proeesses prevent heat 
in the body from building to dangerous levels. These proeesses 
include sweating and radiating heat from the skin surface. 

Shivering represents the opposite side of homeostatie bal- 
anee. In this ease the body is too eold and muscle eontraetions 
are used to produce more heat. 



Check Your LJnderstanding 


13. When Erie returned from jogging, he was breathing heavily, 
sweating profusely, and eomplained that his legs aehed and felt 
weak. His wife poured him a sports drink and urged him to take 
it easy until he could "eateh his breath." On the basis of what 
you have learned about muscle energy metabolism, respond to 
the following questions: Why is Erie breathing heavily? Which 


ATP-generating pathway have his working muscles been using 
that makes him breathless? What metabolie products might 
account for his sore muscles and muscle weakness? 

_ For ansvvers, see Appendix Fi. 


Foree of Muscle Contraction 

S Deseribe faetors that influence the force # veloeity and 
duration of skeletal muscle eontraetion. 

s Deseribe three types of skeletal muscle fibers and explain 
the relative value of eaeh type. 


The foree of muscle eontraetion depends on the number of my- 
osin eross bridges that are attaehed. This in turn is affeeted by four 
faetors Figure 9.21 : (1) number of muscle fibers stimulated, 
(2) relative size of the fibers, (3) frequency of stimulation, and 
(4) degree of muscle streteh. Lets examine the role of eaeh faetor. 

Niimber of Miisele Fibers Recruited 

As already discussed, the more motor units that are reemited, 
the greater the muscle foree. 

Size of Muscle Fibers 

The bulkier the muscle (the greater its eross-seetional area), the 
more tension it ean develop and the greater its strength, but 
there is more to it than this. As noted earlier, the large fibers 
of large motor units produce the most powerful movements. 
Regular resistanee exercise inereases muscle foree by causing 
muscle eells to hypertrophy (hi-per'tro-fe), or inerease in size. 


r 




L 


Frequency of Stimulation 

As a muscle begins to eontraet, the foree generated by the eross 
bridges—the internal tension —stretehes the eonneetive tissue 
sheaths (noneontraetile eomponents). These in turn beeome taut 
and transfer their tension, ealled the external tension, to the load 



Large 
number of 
muscle 
fibers 
recruited 



High 

frequency of 
stimulation 
(wave 
summation 
and tetanus) 




t 


Muscle and 
sareomere 
stretehed to 
slightly over 100% 
of resting length 


n 

i i 

i 

i 

r 


f Contractile foree (more eross bridges attaehed) 



gure 9.21 Faetors that inerease the foree of skeletal muscle 
eontraetion. 
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Figiire 9.22 Length-tension relationships 
of sareomeres in skeletal muscles. A muscle 
generates maximum foree vvhen it is betvveen 
80 and 120% of its optimal resting length. 
inereases and deereases beyond this optimal 
range reduce its foree and ability to generate 
tension. 



Sareomeres Sareomeres at Sareomeres excessively 

greatly resting length stretehed 

shortened 



Pereent of resting sareomere length 



(muscle insertion). When the eontraetion ends, the noneontraetile 
eomponents reeoil and help return the muscle to its resting length. 

Time is required to take up slaek and streteh the noneon- 
traetile eomponents, and while this is happening, the internal 
tension is already deelining. So, in brief twitch eontraetions, 
the external tension is always less than the internal tension. 
However, when a muscle is stimulated rapidly, eontraetions are 
summed, beeoming stronger and more vigorous and ultimately 
producing tetanus (see Figure 9.15). 

During tetanie eontraetions more time is available to streteh 
the noneontraetile eomponents, and external tension ap- 
proaehes the internal tension. So, the more rapidly a muscle is 
stimulated, the greater the foree it exerts. 


joints normally prevent bone movements that would streteh at- 
taehed muscles beyond their optimal range. 


Veloeity and Duration of Gontraet on 

Muscles vary in how fast they ean eontraet and how long they 
ean continue to eontraet before they fatigue. These eharaeteris- 
ties are influenced by muscle fiber type, load, and reemitment. 

Muscle FiberType 

There are several ways of elassifying muscle fibers, but learning 
about these elasses will be easier if you pay attention to just two 
fimetional eharaeteristies: 


Degree of Muscle Streteh 

The optimal operating length for a muscle fiber is the length 
at which it ean generate maximum foree (Figure 9.21 and 
Figure 9.22). Within a sareomere, the ideal length-tension rela- 
tionship occurs when a muscle is slightly stretehed and the thin 
and thiek filaments overlap optimally, because this relationship 
permits sliding along nearly the entire length of the thin filaments. 

If a muscle fiber stretehes so much that the filaments do 
not overlap, the myosin heads have nothing to attaeh to and 
eannot generate tension. Alternatively, if the sareomeres are so 
eompressed and eramped that the Z dises abut the thiek myo- 
filaments, and the thin filaments touch and interfere with one 
another, little or no further shortening ean occur. 

If you streteh a muscle to various extents and stimulate it te- 
tanieally, the aetive tension the muscle ean generate varies with 
length (Figure 9.22). A severely stretehed muscle (say one over 
180% of its optimal length) eannot develop tension. Likewise, 
at 75% of a muscles resting length, its ability to generate foree 
(or shorten) is limited because the aetin myofilaments in its sar- 
eomeres overlap and the thiek filaments run into the Z dises, 
restrieting fiirther shortening. 

In the body, skeletal muscles are maintained near their opti- 
mal operating length by the way they are attaehed to bones. The 


■ Speed of eontraetion. On the basis of speed (veloeity) of 
fiber shortening, there are slow fibers and fast fibers. The 
differenee refleets how fast their myosin ATPases split ATP, 
and the pattern of eleetrieal aetivity of their motor neurons. 
Oontraetion duration also varies with fiber type and depends 
on how quickly Ca 2+ moves from the eytosol into the SR. 

■ Major pathvvays for forming ATP. The eells that rely mostly 
on the oxygen-using aerobie pathways for ATP generation 
are oxidative fibers. Those that rely more on anaerobie gly- 
eolysis are glyeolytie fibers. 

Using these two eriteria, we ean elassify skeletal muscle eells as: slow 
oxidative fibers, fast oxidative fibers, or fast glyeolytie fibers. 

Table 9.2 gives details about eaeh group, but a word to the 
wise: Do not approaeh this information by rote memorization— 
you 11 just get frustrated. Instead, start with what you know for 
any eategory and see how the eharaeteristies listed support that. 

For example, think about a slow oxidative fiber (Table 9.2, 
first eolrnnn, and i )ure 9.23, right side). We ean see that it 

■ Contracts slowly because its myosin ATPases are slow (a 
eriterion) 

■ Depends on oxygen delivery and aerobie pathways (its major 
pathvvays for forming ATP give it high oxidative eapaeity —a 
eriterion) 
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■ Resists fatigue and has high endurance (typieal of fibers that 
depend on aerobie metabolism) 

■ Is thin (a large amount of eytoplasm impedes diífusion of 0 2 
and nutrients from the blood) 

■ Has relatively little power (a thin eell ean eontain only a lim- 
ited number of myofibrils) 

■ Has many mitoehondria (actual sites of oxygen use) 

■ Has a rieh eapillary supply (the better to deliver bloodborne 0 2 ) 

■ Is red (its eolor stems from an abundant supply of myoglobin, 
muscles oxygen-binding pigment that stores 0 2 reserves in 
the eell and helps 0 2 diífuse through the eell) 

Add these features together and you have a muscle fiber best 

suited to endurance-type aetivities. 

Now think about a fast glyeolytie fiber (Table 9.2, third eol- 

umn, and Figure 9.23, left side). In eontrast, it 

■ Oontraets rapidly due to the aetivity of fast myosin ATPases 

■ Does not use oxygen 

■ Depends on plentifiil glyeogen reserves for fiiel rather than 
on blood-delivered nutrients 

■ Tires quickly because glyeogen reserves are short-lived and 
laetie aeid accumulates quickly, making it a fatigable fiber 

■ Has a large diameter, indieating the plentifiil myofilaments 
that allow it to eontraet powerfully before it “poops out” 



J\ 
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Predominanee 
of fast glyeolytie 
(fatigable) fibers 
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of slow oxidative 
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f Contractile 
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gure 9.23 Faetors influencing veloeity and duration of 
skeletal muscle eontraetion. 


■ Has few mitoehondria, little myoglobin and few eapillar- 
ies (making it white), and is a much thieker eell (because it 
doesn t depend on continuous oxygen and mitrient diffusion 
from the blood) 

For these reasons, a fast glyeolytie fiber is best suited for short- 
term, rapid, intense movements (moving furniture aeross the 
room, for example). 


Table 9.2 Structural and Functional Characteristics of the Three Types of Skeletal Muscle Fibers 


SLOW OXIDATIVE FIBERS 

FAST OXIDATIVE FIBERS 

FAST GLYCOLYTIC FIBERS 

Metabolie Characteristics 

Speed of eontraetion 

Slow 

Fast 

Fast 

Myosin ATPase aetivity 

Slow 

Fast 

Fast 

Primary pathway for ATP 
synthesis 

Aerobie 

Aerobie (some anaerobie 
glyeolysis) 

Anaerobie glyeolysis 

Myoglobin eontent 

High 

High 

Low 

Glyeogen stores 

Low 

Intermediate 

High 

Recruitment order 

First 

Seeond 

Third 

Rate of fatigue 

Slow (fatigue-resistant) 

Intermediate (moderately 
fatigue-resistant) 

Fast (fatigable) 

Aetivities Best Suited For 


Endurance-type aetivities—e.g., 
mnning a marathon; maintaining 
posture (antigravity muscles) 

Sprinting, walking 

Short-term intense or powerful 
movements, e.g., hitting a 
baseball 

Structural Characteristics 

Color 

Red 

Red to pink 

VVhite (pale) 

Fiber diameter 

Small 

Intermediate 

Large 

Mitoehondria 

Many 

Many 

Few 

eapillaries 

Many 

Many 

Few 
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(a)The greater the load, the less the muscle shortens 
and the shorter the duration of eontraetion 


(b)The greater the load, the 
slower the eontraetion 


Figure 9.24 lnfluence of load on duration and veloeity of musde eontraetion. 


Finally, eonsider the less eommon intermediate muscle fiber 
types, ealled fast oxidative fibers (Table 9.2, middle column). They 
have many eharaeteristies intermediate between the other two types 
(fiber diameter and power, for example). Like fast glyeolytie fibers, 
they eontraet quickly, but like slow oxidative fibers, they are oxygen 
dependent and have a rieh supply of myoglobin and eapillaries. 

Some muscles have a predominanee of one fiber type, but 
most eontain a mixture of fiber types, which gives them a range 
of eontraetile speeds and fatigue resistanee. For example, a ealf 
muscle ean propel us in a sprint (using its white fast glyeolytie 
fibers) or a long-distanee raee (making good use of its slow and 
fast oxidative fibers). But, as might be expected, all muscle fibers 
in a particular motor unit are of the same type. 

Although everyones muscles eontain mixtures of the three 
fiber types, some people have relatively more of one kind. These 
differenees are genetieally initiated, but ean be modified by ex- 
ereise and no doubt determine athletie eapabilities, such as en- 
durance versus strength, to a large extent. For example, muscles 
of marathon mnners have a high pereentage of slow oxidative 
fibers (about 80%), while those of sprinters eontain a higher 
pereentage (about 60%) of fast oxidative and glyeolytie fibers. 
intereonversion between the “fast” fiber types occurs as a result 
of speeifie exercise regimes, as well deseribe below. 

Load 

Because muscles are attaehed to bones, they are always pitted 
against some resistanee, or load, when they eontraet. As you might 
expect, they eontraet fastest when there is no added load on them. 
A greater load resiilts in a longer latent period, a slower eontrae- 
tion, and a shorter duration of eontraetion igure 9.24). If the 
load exceeds the muscles maximum tension, the speed of shorten- 
ing is zero and the eontraetion is isometrie (see Figure 9.18b). 

Recruitment 

In the same way that many hands on a projeet ean get a job 
done more quickly and also ean keep working longer, the more 
motor units that are eontraeting, the faster and more prolonged 
the eontraetion. 



Check Your Llnderstanding' 


14. List tvvo faetors that influence eontraetile foree and tvvo that 
influence veloeity of eontraetion. 

15. Jim ealled several friends to help him move. Would he 
prefer to have those vvith more slovv oxidative muscle 
fibers or those vvith more fast glyeolytie fibers as his 
helpers? Why? 

_ For ansvvers, see Appendix H. 


Adaptations to Exercise 

Compare and eontrast the effeets of aerobie and 
resistanee exercise on skeletal muscles and on other 
body systems. 

The amount of work a muscle does is refleeted in ehanges in 
the muscle itself. When used aetively or strenuously, muscles 
may beeome larger or stronger, or more effieient and fatigue 
resistant. inaetivity, on the other hand, always leads to muscle 
weakness and wasting. 

Aerobie (Endurance) Exercise 

Aerobie, or endurance, exercise such as swimming, jogging, 
fast walking, and biking results in several reeognizable ehanges 
in skeletal muscles: 

■ The mimber of eapillaries surrounding the muscle fibers 
inereases. 

■ The mimber of mitoehondria within the muscle fibers also 
inereases. 

■ The fibers synthesize more myoglobin. 

These ehanges occur in all fiber types, but are most dramatie 
in slow oxidative fibers, which depend primarily on aerobie 
pathways. The ehanges result in more effieient muscle metabo- 
lism and in greater endurance, strength, and resistanee to fa- 
tigue. Additionally, regular endurance exercise may eonvert fast 
glyeolytie fibers into fast oxidative fibers. 
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Resistanee Exercise 

The moderately weak but sustained muscle aetivity required for 
endurance exercise does not promote signifieant skeletal muscle 
hypertrophy, even though the exercise may go on for hours. Mus- 
ele hypertrophy—think of the bulging bieeps and ehest muscles 
of a professional weight lifter—results mainly from high-intensity 
resistanee exercise (typieally under anaerobie eonditions) such 
as weight lifting or isometrie exercise, which pits muscles against 
high-resistanee or immovable forees. Here strength, not stamina, is 
important, and a few minutes every other day is suíficient to allow 
a proverbial weakling to put on 50% more muscle within a year. 

The additional muscle bulk largely refleets the inereased size 
of individual muscle fibers (particularly the fast glyeolytie variety) 
rather than an inereased number of muscle fibers. [However, some 
of the bulk may result from longitudinal splitting of the fibers and 
subsequent growth of these “split” eells, or from the proliferation 
and fiasion of satellite eells (see p. 312). The eontroversy is still rag- 
ing.] Vigorously stressed muscle fibers also eontain more mitoehon- 
dria, form more myofilaments and myofibrils, store more glyeogen, 
and develop more eonneetive tissue between muscle eells. 

Collectively these ehanges promote signifieant inereases in 
muscle strength and size. Resistanee aetivities ean also eonvert 
fast oxidative fibers to fast glyeolytie fibers. However, if the spe- 
eifie exercise routine is discontinued, the eonverted fibers revert 
to their original metabolie properties. 

Resistanee training ean produce ineredibly bulging muscles, 
but if done unwisely, some muscles may develop more than 
others. Because muscles work in antagonistie pairs or groups, 
opposing muscles must be equally strong to work together 
smoothly. When muscle training is not balaneed, individuals 
ean beeome muscle-bound , which means they laek flexibility, 
have a generally awkward stanee, and are unable to make full 
use of their muscles. 


A Balaneed Exercise Program 

Whatever the aetivity, exercise gains adhere to the overload prin- 
eiple. Foreing a muscle to work hard inereases muscle strength 
and endurance. As muscles adapt to these greater demands, 
they must be overloaded even more to produce fiirther gains. 

However, always follow a heavy-workout day with a day of 
rest or an easy workout to let your muscles reeover and repair 
themselves. Doing too much too soon, or ignoring the warning 
signs of muscle or joint pain, inereases your risk of overuse in- 
juries that may lead to lifetime disability. 

Endurance and resistanee exercises produce different pat- 
terns of muscular response, so it is important to know what 
your exercise goals are. Lifting weights will not improve your 
endurance for a triathlon. By the same token, jogging will do lit- 
tle to improve your muscle definition or enhanee your strength 
for moving furniture. A program that alternates aerobie and 
anaerobie aetivities provides the best balanee for optimal health. 



Homeostatie imbalanee 9.3 


To remain healthy, muscles must be aetive. Immobilization due 
to enforeed bed rest or loss of neural stimulation results in disuse 
atrophy (degeneration and loss of mass), which begins almost as 


soon as the muscles are immobilized. Under such eonditions, 
muscle strength ean deeline at the rate of 5% per day! 

As noted earlier, even at rest, muscles reeeive weak in- 
termittent stimuli from the nervous system. When totally 
deprived of neural stimulation, a paralyzed muscle may at- 
rophy to one-quarter of its initial size. Fibrous eonneetive 
tissue replaees the lost muscle tissue, making muscle reha- 
bilitation impossible. + 



Check Your Understanding 


16. How do aerobie and resistanee exercise differ in their effeets 
on muscle size and function? 


For ansvvers, see Appendix H. 


Smooth Miisele 

Compare the gross and mieroseopie anatomy of smooth 
muscle eells to that of skeletal muscle eells. 

Compare and eontrast the eontraetile meehanisms and the 
means of aetivation of skeletal and smooth muscles. 

Distinguish between unitary and multì unit smooth muscle 
structurally and functionally. 


r 




L 


Except for the heart, which is made of eardiae muscle, the mus- 
ele in the walls of all the bodys hollow organs is almost en- 
tirely smooth muscle. The ehemieal and meehanieal events of 
eontraetion are essentially the same in all muscle tissues, but 
smooth muscle is distinetive in several ways, as summarized in 
Table 9.3 on p. 310. 


Mieroseopie Stmetiire of Smooth Muscle 
Fibers 

Smooth muscle fibers are spindle-shaped eells of variable size, 
eaeh with one eentrally loeated nucleus gure 9.25b). Typi- 
eally, they have a diameter of 5-10 pm and are 30-200 pm long. 
Skeletal muscle fibers are up to 10 times wider and thousands 
of times longer. 

Smooth muscle laeks the eoarse eonneetive tissue sheaths 
seen in skeletal muscle. However, a small amount of fine eon- 
neetive tissue (endomysium), seereted by the smooth muscles 
themselves and eontaining blood vessels and nerves, is found 
between smooth muscle fibers. 

Most smooth muscle is organized into sheets of elosely 
apposed fibers. These sheets occur in the walls of all but the 
smallest blood vessels and in the walls of hollow organs of 
the respiratory, digestive, urinary, and reproductive traets. In 
most eases, there are two sheets of smooth muscle with their 
fibers oriented at right angles to eaeh other, as in the intestine 
(Figure 9.25). 

■ In the longitudinal layer , the muscle fibers run parallel to 
the long axis of the organ. Consequently, when these fibers 
eontraet, the organ dilates and shortens. 
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Longitudinal layer of smooth 
muscle (shovvs smooth muscle fibers 
in eross seetion) 





(b) Cross seetion of the intestine shovving 
the smooth muscle layers (one circular 
and the other longitudinal) mnning at 
right angles to eaeh other. 


Circular layer of smooth muscle 

(shovvs longitudinal vievvs of smooth 
muscle fibers) 


p Figure 9.2! Arrangement of smooth muscle in the vvalls of hollovv organs. 


■ In the eireidar layer , the fibers mn around the circumference 
of the organ. Contraction of this layer eonstriets the lumen of 
the organ and elongates the organ. 

The alternating eontraetion and relaxation of these layers 
mixes substances in the lumen and squeezes them through the 
organs internal pathway. This propulsive aetion is ealled peri- 
stalsis (per'ì-stal'sis; “around eontraetion”). Contraction of 
smooth muscle in the rectum, urinary bladder, and uterus helps 
those organs to expel their eontents. Smooth muscle eontrae- 
tion also accounts for the eonstrieted breathing of asthma and 
for stomaeh eramps. 

Smooth muscle laeks the highly structured neuromuscu- 
lar junctions of skeletal muscle. Instead, the innervating nerve 
fibers, which are part of the autonomic (involuntary) nervous 
system, have numerous bulbous swellings, ealled varieosities 
(Figure 9.26 . The varieosities release neurotransmitter into 
a wide synaptie eleft in the general area of the smooth muscle 
eells. Such junctions are ealled diffuse junctions. Comparing 
the neural input to skeletal and smooth muscles, you could say 
that skeletal muscle gets priority mail while smooth muscle gets 
bulk mailings. 

The sareoplasmie reticulum of smooth muscle fibers is much 
less developed than that of skeletal muscle and laeks a spe- 
eifie pattern relative to the myofilaments. Some SR tubules of 
smooth muscle touch the sareolemma at several sites, forming 
what resembles half-triads that may couple the aetion potential 
to calcium release from the SR. 

T tubules are absent, but the sareolemma has multiple eaveo- 
lae, pouchlike infoldings that sequester bits of extracellular fluid 
eontaining a high eoneentration of Ca 2+ elose to the membrane 
gure 9.27a). Consequently, when calcium ehannels in the 



Autonomic 
nerve fibers 

innervate 
most smooth 
miisele fibers. 


Smooth 

muscle 

eell 



Synaptie Mitoehondrion Varieosities release 

vesieles their neurotransmitters 

into a wide synaptie 
eleft (a diffuse junction). 


Figure 9.26 Innervation of smooth musde. 


eaveolae open, Ca 2+ influx occurs rapidly. Although the SR does 
release some of the ealemm that triggers eontraetion, most Ca 2+ 
enters through calcium ehannels direetly from the extracellu- 
lar spaee. This situation is quite different from what we see in 
skeletal muscle, which does not depend on extracellular Ca 2+ 
for excitation-contraction coupling. Contraction ends when ey- 
toplasmie calcium is aetively transported into the SR and out of 
the eell. 
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There are no striations in smooth muscle, as its name indi- 
eates, and therefore no sareomeres. Smooth muscle fibers do 
eontain interdigitating thiek and thin filaments, but the myosin 
filaments are a lot shorter than the aetin filaments and the type 
of myosin eontained diífers from skeletal muscle. The propor- 
tion and organization of smooth muscle myofilaments differ 
from skeletal muscle in the following ways: 

■ Thiek filaments are fevver but have myosin heads along 
their entire length. The ratio of thiek to thin filaments is 
much lower in smooth muscle than in skeletal muscle (1:13 
eompared to 1:2). However, thiek filaments of smooth mus- 
ele eontain aetin-gripping myosin heads along their entire 
length , a feature that makes smooth muscle as powerful as a 
skeletal muscle of the same size. Also, in smooth muscle the 
myosin heads are oriented in one direetion on one side of the 
filament and in the opposite direetion on the other side. 

■ No troponin complex in thin filaments. As in skeletal mus- 
ele, tropomyosin meehanieally stabilizes the thin filaments, 
but smooth muscle has no calcium-binding troponin eom- 
plex. Instead, a protein ealled calmodulin aets as the calcium- 
binding site. 

■ Thiek and thin filaments arranged diagonally. Bundles of 
eontraetile proteins erisseross within the smooth muscle eell 
so they spiral down the long axis of the eell like the stripes 
on a barber pole. Because of this diagonal arrangement, the 
smooth muscle eells eontraet in a twisting way so that they 
look like tiny corkscrews (Figure 9.27b). 

■ Intermediate filament-dense body netvvork. Smooth mus- 
ele fibers eontain a lattiee-like arrangement of noneontrae- 
tile intermediate filaments that resist tension. They attaeh at 
regular intervals to eytoplasmie structures ealled dense bod- 
ies (Figure 9.27). The dense bodies, which are also tethered 
to the sareolemma, aet as anehoring points for thin filaments 
and therefore eorrespond to Z dises of skeletal muscle. 

The intermediate filament-dense body network forms a 
strong, eable-like intraeelhilar eytoskeleton that harnesses 
the pull generated by the sliding of the thiek and thin fila- 
ments. During eontraetion, areas of the sareolemma between 
the dense bodies bulge outward, making the eell look puffy 
(Figure 9.27b). Dense bodies at the sareolemma surface also 
bind the muscle eell to the eonneetive tissue fibers outside the 
eell (endomysium) and to adjaeent eells. This arrangement 
transmits the pulling foree to the surrounding eonneetive tis- 
sue and partly accounts for the synchronous eontraetions of 
most smooth muscle. 

Contraction of Smooth Muscle 

Meehanism of Contraction 

In most eases, adjaeent smooth muscle fibers exhibit slow, syn- 
ehronized eontraetions, the whole sheet responding to a stimu- 
lus in unison. This synehronization refleets eleetrieal coupling 
of smooth muscle eells by gap junctions , speeialized eell eon- 
neetions deseribed in Chapter 3. Skeletal muscle fibers are elee- 
trieally isolated from one another, eaeh stimulated to eontraet 
by its own neuromuscular junction. By eontrast, gap junctions 



(a) Relaxed smooth muscle fiber (note that gap junctions eonneet 
adjaeent fibers) 



Dense bodies 


(b) Contracted smooth muscle fiber 

Figure 9.2 Intermediate filaments and dense bodies of 
smooth muscle fibers harness the pull generated by myosin 
eross bridges. Intermediate filaments attaeh to dense bodies 
throughout the sareoplasm. 


allow smooth muscles to transmit aetion potentials from fiber 
to fiber. 

Some smooth muscle fibers in the stomaeh and small intes- 
tine are paeemaker eells : Onee excited, they aet as cc drummers” 
to set the paee of eontraetion for the entire muscle sheet. These 
paeemakers have fluctuating membrane potentials and are 
self-excitatory, that is, they depolarize spontaneously in the ab- 
senee of external stimuli. However, neural and ehemieal stimuli 
ean modify both the rate and the intensity of smooth muscle 
eontraetion. 

Contraction in smooth muscle is like eontraetion in skeletal 
muscle in the following ways: 

■ Aetin and myosin interaet by the sliding filament meehanism. 

■ The final trigger for eontraetion is a rise in the intraeelhilar 
calcium ion level. 

■ ATP energizes the sliding proeess. 


r 




L 


During excitation-contraction coupling, the tubules of the 
SR release Ca 2+ , but, as mentioned above, Ca 2+ also moves into 
the eell from the extracellular spaee via membrane ehannels. In 
all striated muscle types, calcium ions aetivate myosin by bind- 
ing to troponin. In smooth muscle, calcium aetivates myosin 
by interaeting with a regulatory molecule ealled calmodulin, 
a eytoplasmie calcium-binding protein. Calmodulin, in turn, 
interaets with a kinase enzyme ealled myosin kinase or myosin 
light ehain kinase which phosphorylates the myosin, aetivating 
it (Figure 9.28). 

As in skeletal muscle, smooth muscle relaxes when intraeel- 
lular Ca 2+ levels drop—but getting smooth muscle to stop eon- 
traeting is more complex. Events known to be involved include 
ealeimn detaehment from calmodulin, aetive transport of Ca 2+ 
into the SR and extracellular fluid, and dephosphorylation of 
myosin by a phosphorylase enzyme, which reduces the aetivity 
of the myosin ATPases. 
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(JlThe aetivated kinase enzymes 
eatalyze transfer of phosphate 
to myosin, aetivating the myosin 
ATPases. 
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myosin molecule 


Aetivated (phosphorylated) 
myosin molecule 


(s) Aetivated myosin forms eross 
bridges with aetin of the thin 
filaments. Shortening begins. 


Thin — 
filament 


Thiek 
filament 



gure 9.28 Sequence of events in excitation-contraction 
coupling of smooth muscle. 


Energy Effìeieney of Smooth Muscle Contraction 

Smooth muscle takes 30 times longer to eontraet and relax than 
does skeletal muscle, but it ean maintain the same eontraetile 
tension for prolonged periods at less than 1% of the energy eost. 
If skeletal muscle is like a speedy windup ear that quickly runs 
down, then smooth muscle is like a steady, heavy-duty engine 
that lmnbers along tirelessly. 

Part of the striking energy eeonomy of smooth muscle is the 
sluggishness of its ATPases eompared to those in skeletal mus- 
ele. Moreover, smooth muscle myofilaments may lateh together 
during prolonged eontraetions, saving energy in that way as 
well. Smooth muscle eells may maintain that lateh state even 
after myosin is dephosphorylated. 

The smooth muscle in small arterioles and other viseeral 
organs routinely maintains a moderate degree of eontraetion, 
ealled smooth muscle tone , day in and day out without fatiguing. 
Smooth muscle has low energy requirements, and as a rule, it 
makes enough ATP via aerobie pathways to keep up with the 
demand. 

Regulation of Contraction 

The eontraetion of smooth muscle ean be regulated by nerves, 
hormones, or loeal ehemieal ehanges. Lets briefly eonsider eaeh 
of these methods. 

Neural Regulation In some eases, the aetivation of smooth 
muscle by a neural stimulus is identieal to that in skeletal mus- 
ele: Neurotransmitter binding generates an aetion potential, 
which is coupled to a rise in calcium ions in the eytosol. How- 
ever, some types of smooth muscle respond to neural stimula- 
tion with graded potentials (loeal eleetrieal signals) only. 

Reeall that all somatie nerve endings, that is, nerve endings 
that excite skeletal muscle, release the neurotransmitter aee- 
tyleholine. However, different autonomic nerves serving the 
smooth muscle of viseeral organs release different neurotrans- 
mitters, eaeh of which may excite or inhibit a particular group 
of smooth muscle eells. 

The effeet of a speeifie neurotransmitter on a smooth muscle 
eell depends on the type of reeeptor molecules on the eells sar- 
eolemma. For example, when aeetyleholine binds to ACh reeep- 
tors on smooth muscle in the bronehioles (small air passageways 
of the lungs), the response is strong eontraetion that narrows 
the bronehioles. When norepinephrine, released by a different 
type of autonomic nerve fiber, binds to norepinephrine reeeptors 
on the same smooth muscle eells, the effeet is inhibitory—the 
muscle relaxes, which dilates the bronehioles. However, when 
norepinephrine binds to smooth muscle in the walls of most 
blood vessels, it stimulates the smooth muscle eells to eontraet 
and eonstriet the vessel. 

Hormones and Loeal ehemieal Faetors Some smooth mus- 
ele layers have no nerve supply at all. Instead, they depolarize 
spontaneously or in response to ehemieal stimuli that bind to 
G protein-linked reeeptors. Other smooth muscle eells respond 
to both neural and ehemieal stimuli. 

Several ehemieal faetors cause smooth muscle to eontraet 
or relax without an aetion potential by enhaneing or inhibiting 
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Ca 2+ entry into the sareoplasm. They include eertain hormones, 
histamine, excess earbon dioxide, low pH, and laek of oxygen. 
The direet response to these ehemieal stimuli alters smooth 
muscle aetivity aeeording to loeal tissue needs and probably is 
most responsible for smooth muscle tone. For example, the hor- 
mone gastrin stimulates stomaeh smooth muscle to eontraet so 
it ean churn foodstuffs more effieiently. We will eonsider aeti- 
vation of smooth muscle in speeifie organs as we discuss eaeh 
organ in subsequent ehapters. 

Speeial Featiires of Smooth Muscle Contraction 

Smooth muscle is intimately involved in the fimetioning of most 
hollow organs and has a number of unique eharaeteristies. We 
have already eonsidered some of these—smooth muscle tone, 
slow prolonged eontraetions, and low energy requirements. 
But smooth muscle also responds differently to streteh and ean 
lengthen and shorten more than other muscle types. Lets take 
a look. 

Response to Streteh Up to a point, when skeletal muscle is 
stretehed, it responds with more vigorous eontraetions. Streteh- 
ing of smooth muscle also provokes eontraetion, which auto- 
matieally moves substances along an internal traet. However, 
the inereased tension persists only briefly, and soon the muscle 
adapts to its new length and relaxes, while still retaining the 
ability to eontraet on demand. 

This stress-relaxation response allows a hollow organ to fill 
or expand slowly to aeeommodate a greater volume without 
causing strong eontraetions that would expel its eontents. This is 
an important attribute, because organs such as the stomaeh and 
intestines must store their eontents long enough to digest and 
absorb the mitrients. Likewise, your urinary bladder must be 
able to store the continuously made urine until it is eonvenient 
to empty your bladder, or you would spend all your time in the 
bathroom. 

Length and Tension ehanges Smooth muscle stretehes 
much more and generates more tension than skeletal muscles 
stretehed to a eomparable extent. As we saw in Figure 9.22, pre- 
eise, highly organized sareomeres limit how far a skeletal muscle 
ean streteh before it is unable to generate foree. 

In eontrast, the irregular, overlapping arrangement of 
smooth muscle filaments and the laek of sareomeres allow them 
to generate eonsiderable foree, even when they are substantially 
stretehed. The total length ehange that skeletal muscles ean 
undergo and still fimetion effieiently is about 60% (from 30% 
shorter to 30% longer than resting length), but smooth muscle 
ean eontraet when it is anywhere from half to twice its resting 
length—a total range of 150%. This eapability allows hollow or- 
gans to tolerate tremendous ehanges in volrnne without beeom- 
ing flabby when they empty. 

Hyperplasia All muscle eells ean hypertrophy (inerease in eell 
size), but eertain smooth muscle fibers ean also undergo hyper- 
plasia , that is, they divide to inerease their numbers. Consider 
the response of the uterus to the hormone estrogen. At puberty, 
girls blood estrogen levels rise. As estrogen binds to uterine 
smooth muscle reeeptors, it stimulates the synthesis of more 


uterine smooth muscle, causing the uterus to grow to adult size. 
During pregnaney, high blood levels of estrogen stimulate uter- 
ine hyperplasia to aeeommodate the growing fetus. 


Types of Smooth Muscle 

The smooth muscle in different body organs varies substantially 
in its (1) fiber arrangement and organization, (2) innervation, 
and (3) responsiveness to various stimuli. For simplieity, how- 
ever, smooth muscle is usually eategorized into two major types: 
unitary and multi unit. 


llnitary Smooth Muscle 

Unitary smooth muscle, eommonly ealled viseeral muscle be- 
cause it is in the walls of all hollow organs except the heart, is far 
more eommon. All the smooth muscle eharaeteristies deseribed 
so far pertain to unitary smooth muscle. 

For example, the eells of unitary smooth muscle 

■ Are arranged in opposing (longitudinal and circular) sheets 

■ Are innervated by varieosities of autonomic nerve fibers and 
often exhibit rhythmie spontaneous aetion potentials 

■ Are eleetrieally coupled by gap junctions and so eontraet as a 
unit (for this reason reemitment is not an option in unitary 
smooth muscle) 

■ Respond to various ehemieal stimuli 


r 
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Multi Unit Smooth Muscle 

The smooth muscles in the large airways to the lungs and in large 
arteries, the arreetor pili muscles attaehed to hair follieles, and the 
internal eye muscles that adjust pupil size and allow the eye to fo- 
cus visually are all examples of multi unit smooth muscle. 

In eontrast to unitary muscle, gap junctions and spontaneous 
depolarizations are rare. Like skeletal muscle, multi unit smooth 
muscle 

■ Consists of muscle fibers that are structurally independent of 
one another 

■ Is riehly supplied with nerve endings, eaeh of which forms a 
motor unit with a nrnnber of muscle fibers 

■ Responds to neural stimulation with graded eontraetions 
that involve reemitment 

However, skeletal muscle is served by the somatie (volun- 
tary) division of the nervous system. Multi unit smooth muscle, 
like unitary smooth muscle, is innervated by the autonomic (in- 
voluntary) division and also responds to hormones. 



Check Your Llnderstanding 


17. Compare the structures of skeletal and smooth muscle fibers. 

18. Calcium is the trigger for eontraetion of all muscle types. 

How does its binding site differ in skeletal and smooth 
muscle fibers? 

19. How does the stress-relaxation response suit the role of 
smooth muscle in hollow organs? 

_ For ansvvers, see Appendix Fi. 

(Text continues onp. 312.) 
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UNIT 2 Covering, Support, and Movement of the Body 


Table 9.3 Comparison of Skeletal, Cardiac, and Smooth Muscle 


CHARACTERISTIC SKELETAL CARDIAC SMOOTH 


Body loeation 


Attaehed to bones or (some faeial Walls of the heart 

miiseles) to skin 




Llnitary muscle in vvalls of hollovv 
viseeral organs (other than the heart); 
multi unit muscle in intrinsie eye 
muscles, airvvays, large arteries 



Cell shape and 
appearanee 


Single, very long, eylindrieal, 
multinucleate eells vvith obvious 
striations 



Branehing ehains of eells; 
uni- or binucleate; striations 



Single, fusiform, uninucleate; 
no striations 



Connective tissue 
eomponents 


Epimysium, perimysium, and 
endomysium 


Endomysium attaehed to fibrous 
skeleton of heart 


Epimysium -7« Perimysium 


Endomysium 



Cells 



Endomysium 


Endomysium 



Endomysium 


Presenee of Yes 

myofibrils eomposed 
of sareomeres 


Yes, but myofibrils are of irregular No, but aetin and myosin filaments 
thiekness are present throughout; dense bodies 

anehor aetin filaments 


Presenee of 
T tubules and site 
of invagination 


Yes; tvvo in eaeh sareomere at A-l 
junctions 


T tubule 


SR 



A band 


band 


Yes; one in eaeh sareomere at No; only eaveolae 

Z dise; larger diameter than those 
of skeletal muscle 



Z dise 


I band 












































ehapter 9 Muscles and Muscle Tissue 


311 


Table 9.3 

(continued) 



CHARACTERISTIC 

SKELETAL 

CARDIAC 

SMOOTH 

Elaborate 

sareoplasmie 

reticulum 

Yes 

Less than skeletal muscle (1-8% of 
eell volume); seant terminal eisterns 

Equivalent to eardiae muscle (1-8% 
of eell volume); some SR eontaets the 
sareolemma 

Presenee of gap 
junctions 

No 

Yes; at interealated dises 

Yes; in unitary muscle 


Cells exhibit 
individual 
neuromuscular 
junctions 





Not in unitary muscle; yes in multi 
unit muscle 



Regulation of 
eontraetion 


Voluntary via axon terminals of the 
somatie nervous system 


lnvoluntary; intrinsie system 
regulation; also autonomic nervous 
system eontrols; hormones; streteh 


lnvoluntary; autonomic nerves, 
hormones, loeal ehemieals; streteh 





Source of Ca 2+ for Sareoplasmie reticulum (SR) SR and from extracellular fluid SR and from extracellular fluid 

calcium pulse 


Site of calcium 
regulation 

Troponin on aetin-eontaining thin 
filaments 

Troponin on aetin-eontaining thin 
filaments 

Calmodulin in the eytosol 

Calmodulin-\ 

^y-Myosin 


AetÍn Troponin 

Aetin Troponin 


Presenee of 
paeemaker(s) 

No 

Yes 

Yes (in unitary muscle only) 

Effeet of nervous 
system stimulation 

Excitation 

Excitation or inhibition 

Excitation or inhibition 

Speed of eontraetion 

Slovv to fast 

Slovv 

Very slovv 





Rhythmie eontraetion 

No 

Yes 

Yes in unitary muscle 

Response to streteh 

Contractile strength inereases vvith 
degree of streteh (to a point) 

Contractile strength inereases vvith 
degree of streteh 

Stress-relaxation response 

Respiration 

Aerobie and anaerobie 

Aerobie 

Mainly aerobie 
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Embryonie 
mesoderm eells 


Myoblasts 




© Embryonie 
mesoderm eells ealled 
myoblasts undergo eell 
division (to inerease 
number) and enlarge. 



Myotube 
(immature 
multinucleate 
muscle fiber) 



©Several 
myoblasts fuse 
together to form 
a myotube. 



Satellite eell 


© Myotube 
matures into 
skeletal muscle 
fiber. 



Mature skeletal 
muscle fiber 


gure 9.29 Myoblasts fuse to form a multinucleate skeletal muscle fiber. 
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Developmental Aspeets 
of Muscles 

✓ Deseribe embryonie development of muscle tissues and the 
ehanges that occur in skeletal muscles vvith age. 

With rare exceptions, all three types of muscle tissue develop 
from embryonie mesoderm eells ealled myoblasts. In forming 
skeletal muscle tissue, several myoblasts fuse to form multinu- 
elear myotubes Figure 9.29). Integrins (eell adhesion proteins) 
in the myoblast membranes guide this proeess and soon func- 
tional sareomeres appear. Skeletal muscle fibers are eontraeting 
by week 7 when the embryo is only about 2.5 em (1 ineh) long. 

Initially, ACh reeeptors cc sprouf ’ over the entire surface of the de- 
veloping myoblasts. As spinal nerves invade the muscle masses, the 
nerve endings target individual myoblasts and release the growth 
faetor agrin. This ehemieal aetivates a muscle kinase (MuSK), 
which stimiilates clustering and maintenanee of ACh reeeptors at 
the newly forming neuromuscular junction in eaeh muscle fiber. 
Then, the nerve endings release a diíferent ehemieal that eliminates 
the reeeptor sites not innervated or stabilized by agrin. 

Eleetrieal aetivity in the neurons serving the muscle fi- 
bers also plays a eritieal role in muscle fiber maturation. As the 
somatie nervous system assumes eontrol of muscle fibers, the 
number of fast and slow eontraetile fiber types is determined. 

Myoblasts producing eardiae and smooth muscle eells do not 
fuse but develop gap junctions at a very early embryonie stage. 
Cardiac muscle is pumping blood just 3 weeks after fertilization. 
Speeialized skeletal and eardiae muscle eells stop dividing early 
on but retain the ability to lengthen and thieken in a growing 
ehild and to hypertrophy in adults. 

■ Satellite eells, myoblast-like eells assoeiated with skeletal mus- 
ele, help repair injured fibers and allow limited regeneration of 
dead skeletal muscle, a eapability that deelines with age. 

■ Cardiac muscle was thought to have no regenerative eapabil- 
ity whatsoever, but reeent studies suggest that eardiae eells do 
divide at a modest rate. Nonetheless, injured heart muscle is 
repaired mostly by sear tissue. 

■ Smooth muscles have a good regenerative eapaeity and smooth 
muscle eells of blood vessels divide regularly throughout life. 


At birth, a baby s movements are uncoordinated and largely re- 
flexive. Muscular development refleets the level of neuromuscular 
eoordination, which develops in a head-to-toe and proximal-to- 


distal direetion. In other words, a baby ean lift its head before it ean 
walk, and gross movements preeede fine ones. 

All through ehildhood, our eontrol of our skeletal muscles 
beeomes more and more sophistieated. By midadoleseenee, we 
reaeh the peak of our natural neural eontrol of muscles, but ean 
improve it by athletie or other types of training. 

A frequently asked question is whether the strength difierenee 
between women and men has a biologieal basis. It does. Individuals 
vary, but on average, womens skeletal muscles make up approxi- 
mately 36% of body mass, whereas mens account for about 42%. 
Mens greater muscular development is due primarily to the efieets 
of testosterone on skeletal muscle, not to the effeets of exercise. 
Body strength per unit muscle mass, however, is the same in both 
sexes. Strenuous muscle exercise causes more muscle enlargement 
in males than in females, again because of the influence of testoster- 
one. Some athletes take large doses of synthetie male sex hormones 
( cc steroids”) to inerease their muscle mass. A Closer Look discusses 
this illegal and physiologieally dangerous praetiee. 

Because of its rieh blood supply, skeletal muscle is amazingly 
resistant to infeetion. Given good nutrition and moderate exer- 
eise, relatively few problems affliet skeletal muscles. However, 
muscular dystrophy, the worlds most eommon genetie disorder, 
is a serious eondition that deserves more than a passing mention. 



Homeostatie imbalanee 9.4 


The term muscular dystrophy refers to a group of inherited mus- 
ele-destroying diseases that generally appear during ehildhood. 
The affeeted muscles initially enlarge due to deposits of fat and 
eonneetive tissue, but the muscle fibers atrophy and degenerate. 

The most eommon and serious form is Duchenne muscular 
dystrophy (DMD), which is inherited as a sex-linked reeessive dis- 
ease. It is expressed almost exclusively in males (one in every 3600 
male births). This tragie disease is usually diagnosed when the boy 
is between 2 and 7 years old. Aetive, normal-appearing ehildren be- 
eome elrnnsy and fall frequentìy as their skeletal muscles weaken. 
The disease progresses relentlessly from the extremities upward, fi- 
nally affeeting the head and ehest muscles and eardiae muscle. Vie- 
tims rarely live beyond their early 20s, dying of respiratory failure. 

DMD is caused by a defeetive gene for dystrophin , a eytoplas- 
mie protein that links the eytoskeleton to the extracellular matrix 
and, like a girder, helps stabilize the sareolemma. The fragile sar- 
eolemma of DMD patients tears during eontraetion, allowing en- 
try of excess Ca 2+ . The deranged calcium homeostasis damages 
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Athletes Looking Good and Doing Better 
with Anabolie Steroids? 


Soeiety loves a vvinner and top atSlletGS 
reap large soeial and monetary revvards. It is 
not siirprising that some vvill grasp at anything 
that might inerease their peií orrnanee — 

ineliiding "jniee," oranabolie Steroids. 

These drugs are variants of the male 
sex hormone testOSterone engineered 
by pharmaceutical eompanies. They vvere 
introduced in the 1950s to treat anemia 
and eertain muscle-wasting diseases and 
to prevent muscle atrophy in patients 
immobilized after surgery. Testosterone is 
responsible for the inerease in muscle and 
bone mass and other physieal ehanges 
that occur during puberty and eonverts 
boys into men. 

Convinced that megadoses of steroids 
could produce enhaneed masculinizing 
effeets in grown men, many athletes and 
bodybuilders were using them by the early 
1960s, a praetiee that is still going on. 
Investigations have stunned sports fans 
with revelations of steroid use by many elite 
athletes including Barry Bonds, formerly of 
the San Franeiseo Giants; Mark McGwire, 
formerly with the St. Louis Cardinals; and 
Marion Jones, one of the most eelebrated 
women athletes of all time. 

However, steroid use is not eonfined to 
professional athletes. It is estimated that 
nearly one in every 10 young men has 
tried them, and their use is also spreading 
among young women. 

It is diffioilt to determine the extent 
of anabolie steroid use because most 
international eompetitions ban the use of 
drugs. Llsers (and preseribing physieians 
or drug dealers) are naturally reluctant to 
talk about it, and users stop doping before 
the event, aware that evidenee of drug 
use is hard to find a week after they stop. 
Additionally, "underground" suppliers 
of performanee-enhaneing drugs keep 
producing new versions of designer steroids 
that evade standard antidoping tests. The 
Olympie Analytieal Laboratory in Los Angeles 


roeked the sports world when it revealed 
that a number of elite athletes tested positive 
for tetrahydrogestrinone (THG), a designer 
steroid not previously known or tested for. 

There is little question that many 
professional bodybuilders and athletes 
eompeting in events that require muscle 
strength (e.g., shot put, discus throwing, 
and weight lifting) are heavy users. 

Football players have also admitted using 
steroids as an adjunct to training, diet, and 
psyehologieal preparation for games. These 
athletes elaim that anabolie steroids enhanee 
muscle mass and strength, and raise oxygen- 
earrying eapability owing to greater volume 
of red blood eells. 

Typieally, bodybuilders who use steroids 
eombine high doses (up to 200 mg/day) 
via injeetion or transdermal skin patehes 
with heavy resistanee training. Intermittent 
use begins several months before an 
event, and eommonly entails taking many 
anabolie steroid supplements (a method 
ealled staeking). They inerease doses 
gradually as the eompetition nears. 

Do the drugs do all that is elaimed? 
Researeh studies report inereased isometrie 
strength and body weight in steroid 
users. While these are results weight 
lifters dream about, for runners and 
others requiring fine muscle eoordination 
and endurance these ehanges may not 
translate into better performanee. The 
"jury is still out" on this question. 

Do the alleged advantages of steroids 
outweigh their risks? Absolutely not. 

Anabolie steroids cause: bloated faees 
(Cushingoid sign of steroid excess), aene 
and hair loss, shriveled testes and infertility, 
liver damage that promotes liver eaneer, and 
ehanges in blood eholesterol levels that may 
predispose users to heart disease. 

In addition, females ean develop 
masculine eharaeteristies such as smaller 
breasts, enlarged elitoris, excess body hair, 
and thinning sealp hair. The psyehiatrie 



hazards of anabolie steroid use may 
be equally threatening: Reeent studies 
indieate that one-third of users suffer 
serious mental problems. Depression, 
delusions, and manie behavior—in which 
users undergo Jekyll-and-Hyde personality 
swings and beeome extremely violent 
(termed 'roid rage )—are all eommon. 

Another reeent arrival on the seene, 
sold over the counter as a "nutritional 
performanee-enhaneer," is androstenedione, 
which is eonverted to testosterone in the 
body. Though it is taken orally (and the liver 
destroys much of it soon after ingestion), 
the few milligrams that survive temporarily 
boost testosterone levels. Reports of athletie 
wannabes from the fifth grade up sweeping 
the supplement off the dmgstore shelves are 
troubling, particularly sinee it is not regulated 
by the U.S. Food and Drug Administration 
(FDA) and its long-term effeets are unknown. 

A study at Massachusetts General 
Hospital found that males who took 
androstenedione developed higher levels 
of the female hormone estrogen as 
well as testosterone, raising their risk of 
feminizing effeets such as enlarged breasts. 
Youths with elevated levels of estrogen 
or testosterone may enter puberty early, 
stunting bone growth and leading to 
shorter-than-normal adult height. 

Some people seem willing to try almost 
anything to win, short of killing themselves. 
Are they unwittingly doing this as well? 
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the eontraetile fìbers, and inflammatory eells (maerophages and 
lymphoeytes) accumulate in the surrounding eonneetive tissue. 
As the regenerative eapaeity of the muscle is lost, and damaged 
eells undergo apoptosis, muscle mass drops. 

There is still no cure for DMD. Current treatments are aimed 
at preventing or reducing spine and j oint deformities and helping 
those with DMD remain mobile as long as possible. Thus far the 
only medieation that has improved muscle strength and func- 


tion is the steroid prednisone, but other immunosuppressant 
dmgs may delay muscle deterioration. 

One initially promising technique, myoblast transfer therapy 
(injeeting healthy myoblast eells that fuse with diseased my- 
oblasts) has been disappointing. Newer experimental therapies 
have reversed disease symptoms in dystrophie animal models. 
One of these involves injeetion of adeno-assoeiated vimses ear- 
rying pared-down mierodystrophin genes. A different approaeh 
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SYSTEM 


CONNECTIONS 


Homeostatie Interrelationships Between the 
Muscular System and Other Body Systems 


'*TÌr 
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lntegumentary System Chapter 5 

■ Muscular exercise enhanees circulation to skin and improves 
skin health 

■ Skin proteets the muscles by external enclosure; helps dissipate 
heat generated by the muscles 

Skeletal System Chapters 6-8 

■ Skeletal muscle aetivity maintains bone health and strength 

■ Bones provide levers for muscle aetivity 

Nervous System Chapters 11-15 

■ Faeial muscle aetivity allovvs emotions to be expressed 

■ Nervous system stimulates and regulates muscle aetivity 

■ Nervous system aetivity maintains muscle mass 


Endoerine System Chapter 16 

■ Grovvth hormone and androgens influence skeletal muscle 
strength and mass; other hormones help regulate eardiae 
and smooth muscle aetivity 

Cardiovascular System Chapters 17-19 

Skeletal muscle aetivity inereases effieieney of cardiovascular 
functioning; helps prevent atheroselerosis and causes eardiae 
hypertrophy 

Cardiovascular system delivers needed oxygen and nutrients 
to muscles 

Lymphatie System/lmmunity Chapters 20-21 

Physieal exercise may enhanee or depress immunity depending 
on its intensity 

Lymphatie vessels drain leaked tissue fluids; immune system 
proteets muscles from disease 

Respiratory System Chapter 22 

Muscular exercise inereases respiratory eapaeity and effieieney 
of gas exchange 

Respiratory system provides oxygen and disposes of earbon 
dioxide 

Digestive System Chapter 23 

Physieal aetivity inereases gastrointestinal motility and 
elimination vvhen at rest 

Digestive system provides nutrients needed for muscle health; 
liver metabolizes laetie aeid 

Urinary System Chapters 25-26 

Physieal aetivity promotes normal voiding behavior; skeletal 
muscle forms the voluntary sphineter of the urethra 

Llrinary system disposes of nitrogenous vvastes 

Reproductive System Chapter27 

Skeletal muscle helps support pelvie organs (e.g., uterus); assists 
ereetion of penis and elitoris 

Testicular androgen promotes inereased skeletal muscle 
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being tested is coaxing dystrophie muscles to produce more 
utrophin , a similar protein present in low amounts in adults but 
at much higher levels in fetal muscles. In miee at least, utrophin 
ean eompensate for dystrophin defieieney. + 

As we age, the amount of eonneetive tissue in our skeletal 
muscles inereases, the nrnnber of muscle fibers deereases, and 
the muscles beeome stringier, or more sinewy. By age 30, even 
in healthy people, a gradual loss of muscle mass, ealled sareo- 
penia (sar-eo-pe'ne-ah), begins. Apparently the same regulatory 
molecules (transeription faetors, enzymes, hormones, and others) 
that promote muscle growth also oversee this type of muscle at- 
rophy. Because skeletal muscles form so much of the body mass, 
body weight and muscle strength deeline in tandem. By age 80, 
muscle strength usually deereases by about 50%. This “flesh wast- 
ing” eondition has serious health implieations for the elderly, par- 
ticularly because falling beeomes a eommon event. 

Muscles ean also suífer indireetly. Aging of the cardiovascu- 
lar system aífeets nearly every organ in the body, and imiseles 
are no exception. As atheroselerosis takes its toll and begins 
to bloek distal arteries, a circulatory eondition ealled intermit- 
tent claudication (klaw"dì-ka'shun; “limping”) occurs in some 
individuals. This eondition restriets blood delivery to the legs, 
leading to excruciating pains in the leg muscles during walking, 
which forees the person to stop and rest. 

But we dont have to slow up during old age. Regular ex- 
ereise helps reverse sareopenia, and frail elders who begin to 
“pump iron 5 (lift leg and hand weights) ean rebuild muscle mass 
and dramatieally inerease their strength. Performing those lift- 
ing exercises rapidly ean improve our ability to earry out the 


“explosive” movements needed to rise from a ehair. Even mod- 
erate aetivity, like taking a walk daily, improves neuromuscular 
fimetion and enhanees independent living. 

Smooth muscle is remarkably trouble free. Most problems that 
impair gastrointestinal fimetion, for instanee, stem from irritants 
such as excess aleohol, spiey foods, or baeterial infeetion. Under 
such eonditions, smooth muscle motility inereases in an attempt 
to rid the body of irritating agents, and diarrhea or vomiting occur. 



Check Your Understanding 


20. How is the multinucleate eondition aehieved during 
development of skeletal muscle fibers? 

21. What does it mean when we say "muscles get stringier 
with age"? 

22. How ean we defer (or reverse) some of the effeets of age on 
skeletal muscles? 

_ For ansvvers, see Appendix H. 


The eapaeity for movement is a property of all eells but, with 
the exception of muscle, these movements are largely restrieted 
to intraeelhilar events. Skeletal muscles, the major focus of this 
ehapter, permit us to interaet with our external environment in an 
amazing number of ways, and they also contribute to our internal 
homeostasis as summarized in System Connections. 

In this ehapter we have eovered muscle anatomy from gross 
to molecular levels and have eonsidered muscle physiology in 
some detail. Chapter 10 continues from this point to explain 
how skeletal muscles interaet with bones and with eaeh other, 
and then deseribes the individual skeletal muscles that make up 
the muscular system of the body. 



Chapter Summary 
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Overview of Muscle Tissues (pp. 276-278) 

Types of Miisele Tissue (p. 277) 

1. Skeletal muscle is attaehed to the skeleton, is striated, and ean be 
eontrolled voluntarily. 

2. Cardiac muscle forms the heart, is striated, and is eontrolled 
involuntarily. 

3. Smooth muscle, loeated ehiefly in the walls of hollow organs, is 
eontrolled involuntarily. Its fibers are not striated. 

Speeial Characteristics of Muscle Tissue (p. 277) 

4. Speeial fimetional eharaeteristies of muscle include excitability, 
eontraetility, extensibility, and elastieity. 


Muscle Functions (pp. 277-278) 

5. Muscles move internal and external body parts, maintain posture, 
stabilize joints, generate heat, and proteet some viseeral organs. 

Skeletal Muscle (pp. 278-305) 

Gross Anatomy of a Skeletal Muscle (pp. 278-279) 

1. Connective tissue eoverings proteet and strengthen skeletal 
muscle fibers (eells). Superficial to deep, these are epimysium, 
perimysimn, and endomysium. 

2. Skeletal muscle attaehments (origins/insertions) may be direet 
or indireet via tendons or aponeuroses. indireet attaehments 
withstand frietion better. 

Mieroseopie Anatomy of a Skeletal Muscle Fiber (pp. 279-285) 

3. Skeletal muscle fibers are long, striated, and multinucleate. 

4. Myofibrils are eontraetile elements that occupy most of the eell 
volume. Their banded appearanee resiilts from a regular alternation 
of dark (A) and light (I) bands. Myofibrils are ehains of sareomeres; 
eaeh sareomere eontains thiek (myosin) and thin (aetin) 
myofilaments arranged in a regular array. The heads of myosin 
molecules form eross bridges that interaet with the thin filaments. 

5. The sareoplasmie reticulum (SR) is a system of membranous 
tubules surrounding eaeh myofibril. Its fimetion is to release and 
then sequester calcium ions. 







316 


UNIT 2 Covering, Support, and Movement of the Body 


6. T tubules are invaginations of the sareolemma that run between 
the terminal eisterns of the SR. They allow an eleetrieal stimulus 
to be delivered quickly deep into the eell. 

Sliding Filament Model of Contraction (p. 285) 

7. Aeeording to the sliding fìlament model, eross bridge (myosin 
head) aetivity of the thiek fìlaments pulls the thin fìlaments 
toward the sareomere eenters. 

Physiology of Skeletal Muscle Fibers (pp. 285-293) 

8. Regulation of skeletal muscle eell eontraetion involves 

(a) generating and transmitting an aetion potential along the 
sareolemma and (b) excitation-contraction coupling. 

9. An end plate potential is set up when aeetyleholine released by a 
nerve ending binds to ACh reeeptors on the sareolemma, causing 
loeal ehanges in membrane permeability which allow ion flows 
that depolarize the membrane at that site. 

10. The flow of current from the loeally depolarized area spreads 
to the adjaeent area of the sareolemma, opening voltage-gated 
Na + ehannels, which allows Na + influx. These events generate 
the aetion potential. Onee initiated, the aetion potential is self- 
propagating and unstoppable. 

11. Then as the aetion potential travels away from a region, Na + 
ehannels elose and voltage-gated K + ehannels open, repolarizing 
the membrane. 

12. In excitation-contraction coupling the aetion potential is 
propagated down the T tubules, causing calcium to be released 
from the SR into the eytosol. 

13. Sliding of the filaments is triggered by a rise in intraeelhilar 
calcium ion levels. Troponin binding of calcium moves 
tropomyosin away from myosin-binding sites on aetin, allowing 
eross bridge binding. Myosin ATPases split ATP, which energizes 
the power strokes. ATP binding to the myosin head is neeessary 
for eross bridge detaehment. Cross bridge aetivity ends when 
calcium is pumped baek into the SR. 

ÌP Muscular System; Topie: Sliding Filament Theory, pp. 18-29. 

Contraction of a Skeletal Muscle (pp. 293-298) 

14. A motor unit is one motor neuron and all the muscle eells it 
innervates. The neurons axon has several branehes, eaeh of which 
forms a neuromuscular junction with one muscle eell. 

15. A motor units response to a single brief threshold stimulus is a twitch. 
A twitch has three phases: latent (preparatory events occurring), 
eontraetion (the muscle tenses and may shorten), and relaxation 
(muscle tension deelines and the muscle returns to its resting length). 

16. Graded responses of muscles to rapid stimuli are wave summation 
and unfused and fhsed tetanus. A graded response to inereasingly 
strong stimuli is miiltiple motor unit summation, or reeraitment. The 
type and order of motor unit reeraitment follows the size prineiple. 

17. isotonie eontraetions occur when the muscle shortens 
(eoneentrie eontraetion) or lengthens (eeeentrie eontraetion) as 
the load is moved. isometrie eontraetions occur when muscle 
tension produces neither shortening nor lengthening. 

iP Muscular System; Topie: Contraction of Motor Units f pp. 1-11. 

Muscle Metabolism (pp. 298-301) 

18. The energy source for muscle eontraetion is ATP, obtained from 
a coupled reaetion of ereatine phosphate with ADP and from 
aerobie and anaerobie metabolism of glucose. 

19. When ATP is produced by anaerobie pathways, laetie aeid 
accumulates and ionie imbalanees disturb the membrane potential. 
To return the muscles to their resting state, ATP must be produced 


aerobieally and used to regenerate ereatine phosphate, glyeogen 
reserves must be restored, and accumulated laetie aeid must be 
metabolized. Oxygen used to aeeomplish this repayment is ealled 
excess postexercise oxygen consumption (EPOC). 

20. Only about 40% of energy released during ATP hydrolysis powers 
eontraetile aetivity. The rest is liberated as heat. 

iP Muscular System; Topie: Muscle Metabolism, pp. 1-7. 

Foree of Muscle Contraction (pp. 301-302) 

21. The foree of muscle eontraetion is affeeted by the number and 
size of eontraeting muscle eells (the more and the larger the 
eells, the greater the foree), the frequency of stimulation, and the 
degree of muscle streteh. 

22. In twitch eontraetions, the external tension exerted on the load is 
always less than the internal tension. When a muscle is tetanized, 
the external tension equals the internal tension. 

23. When the thiek and thin filaments are optimally overlapping, the 
muscle ean generate maximum foree. With excessive inerease or 
deerease in muscle length, foree deelines. 

Veloeity and Duration of Contraction (pp. 302-304) 

24. Faetors determining the veloeity and duration of muscle 
eontraetion include the load (the greater the load, the slower the 
eontraetion) and muscle fiber types. 

25. The three types of muscle fibers are: (1) fast glyeolytie 
(fatigable) fibers, (2) slow oxidative (fatigue-resistant) fibers, 
and (3) fast oxidative (fatigue-resistant) fibers. Most imiseles 
eontain a mixture of fiber types. The fast muscle fiber types ean 
intereonvert with eertain exercise regimens. 

Adaptations to Exercise (pp. 304-305) 

26. Regular aerobie exercise gives skeletal muscles inereased 
effieieney, endurance, strength, and resistanee to fatigue. 

27. In skeletal muscle, resistanee exercises cause hypertrophy and 
large gains in strength. 

28. Immobilizing muscles leads to muscle weakness and severe atrophy. 

29. Improper training and excessive exercise result in overase 
injuries, which may be disabling. 

Smooth Muscle (pp. 305-311) 

Mieroseopie Structure of Smooth Muscle Fibers (pp. 305-307) 

1. A smooth muscle fiber is spindle shaped and uninucleate, and has 
no striations. 

2. Smooth muscle eells are most often arranged in sheets. They laek 
elaborate eonneetive tissue eoverings. 

3. The SR is poorly developed and T tubules are absent. Aetin 
and myosin filaments are present, but sareomeres are not. 
Intermediate filaments and dense bodies form an intracellular 
network that harnesses the pull generated during eross bridge 
aetivity and transfers it to the extracellular matrix. 

Contraction of Smooth Muscle (pp. 307-309) 

4. Smooth muscle fibers may be eleetrieally coupled by gap junctions. 

5. ATP energizes smooth muscle eontraetion, which is aetivated by a 
calcium pulse. However, calcium binds to calmodulin rather than 
to troponin (which is not present in smooth muscle fibers), and 
myosin must be phosphorylated to beeome aetive in eontraetion. 

6. Smooth muscle eontraets for extended periods at low energy eost 
and without fatigue. 

7. Neurotransmitters of the autonomic nervous system may inhibit or 
stimulate smooth muscle fibers. Smooth muscle eontraetion may also 
be initiated by paeemaker eells, hormones, or loeal ehemieal faetors 
that influence intracellular ealeiiim levels, and by meehanieal streteh. 
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8. Speeial featnres of smooth muscle eontraetion include the stress- 
relaxation response, the ability to generate large amounts of foree 
when extensively stretehed, and hyperplasia under eertain eonditions. 

Types of Smooth Muscle (p. 309) 

9. Unitary smooth muscle has eleetrieally coupled fibers that 
eontraet synchronously and often spontaneously. 

10. Multi unit smooth muscle has independent, well-innervated 
fibers that laek gap junctions and paeemaker eells. Stimulation 
occurs via autonomic nerves (or hormones). Multi unit muscle 
eontraetions are rarely synchronous. 

Developmental Aspeets of Muscles (pp. 312-313,315) 

1. Muscle tissue develops from embryonie mesoderm eells ealled 
myoblasts. Several myoblasts fuse to form a skeletal muscle fiber. 


Smooth and eardiae eells develop from single myoblasts and 
display gap junctions. 

2. For the most part, speeialized skeletal and eardiae muscle eells 
lose their ability to divide but retain the ability to hypertrophy. 
Smooth muscle regenerates well and undergoes hyperplasia. 

3. Skeletal muscle development refleets maturation of the nervous 
system and occurs in head-to-toe and proximal-to-distal 
direetions. Natural neuromuscular eontrol reaehes its peak in 
midadoleseenee. 

4. Womens muscles account for about 36% of their total body 
weight and mens for about 42%, a diíferenee due ehiefly to the 
effeets of male hormones on skeletal muscle growth. 

5. Skeletal muscle is riehly vascularized and quite resistant to infeetion, 
but in old age, skeletal muscles beeome fibrous, deeline in strength, 
and atrophy. Regular exercise ean oífset some of these ehanges. 


Revievv Questions 




Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. The eonneetive tissue eovering that eneloses the sareolemma 
of an individual muscle fiber is ealled the (a) epimysium, 

(b) perimysium, (e) endomysimn, (d) periosteum. 

2. A faseiele is a (a) muscle, (b) bundle of muscle fibers enelosed by 
a eonneetive tissue sheath, (e) bundle of myofibrils, (d) group of 
myofilaments. 

3. Thiek and thin myofilaments have different eompositions. For 
eaeh deseriptive phrase, indieate whether the filament is (a) thiek 
or (b) thin. 

_(1) eontains aetin 

_(2) eontains ATPases 

_(3) attaehes to the Z dise 

_(4) eontains myosin 

_(5) eontains troponin 

_(6) does not lie in the I band 

4. The fimetion of the T tubules in muscle eontraetion is to (a) make 
and store glyeogen, (b) release Ca 2+ into the eell interior and then 
piek it up again, (e) transmit the aetion potential deep into the 
muscle eells, (d) form proteins. 

5. The sites where the motor nerve impulse is transmitted from the 
nerve endings to the skeletal muscle eell membranes are the 

(a) neuromuscular junctions, (b) sareomeres, (e) myofilaments, 
(d) Z dises. 

6. Contraction elieited by a single brief stimulus is ealled (a) a 
twitch, (b) wave smnmation, (e) multiple motor unit smnmation, 

(d) fiised tetanus. 

7. A smooth, sustained eontraetion resulting from very rapid 
stimulation of the muscle, in which no evidenee of relaxation 
is seen, is ealled (a) a twitch, (b) wave summation, (e) multiple 
motor unit summation, (d) fiised tetanus. 

8. eharaeteristies of isometrie eontraetions include all but (a) shortening, 

(b) inereased muscle tension throughout the eontraetion phase, 

(e) absenee of shortening, (d) used in resistanee training. 

9. During muscle eontraetion, ATP is provided by (a) a coupled 
reaetion of ereatine phosphate with ADP, (b) aerobie respiration 
of glucose, and (e) anaerobie glyeolysis. 

_(1) Which provides ATP fastest? 

_(2) Which does (do) not require that oxygen be available? 



_(3) Which provides the highest yield of ATP per ghieose 

molecule? 

_(4) Which results in the formation of laetie aeid? 

_(5) Which has earbon dioxide and water products? 

_(6) Which is most important in endurance sports? 

10 . The neurotransmitter released by somatie motor neurons is 
(a) aeetyleholine, (b) aeetyleholinesterase, (e) norepinephrine. 

11. The ions that enter the skeletal muscle eell during the generation 
of an aetion potential are (a) ealeimn ions, (b) ehloride ions, 

(e) sodium ions, (d) potassimn ions. 

12. Myoglobin has a speeial fimetion in muscle tissue. It (a) breaks 
down glyeogen, (b) is a eontraetile protein, (e) holds a reserve 
supply of oxygen in the muscle. 

13. Aerobie exercise results in all of the following except (a) inereased 
cardiovascular system effieieney, (b) more mitoehondria in the 
muscle eells, (e) inereased size and strength of existing muscle 
eells, (d) inereased neuromuscular system eoordination. 

14. The smooth muscle type found in the walls of digestive and 
urinary system organs and that exhibits gap junctions and 
paeemaker eells is (a) multi unit, (b) unitary. 



Short Answer Essay Questions 

15. Name and deseribe the four speeial fimetional abilities of muscle 
that are the basis for muscle response. 

16. Distinguish between (a) direet and indireet muscle attaehments 
and (b) a tendon and an aponeurosis. 

17. (a) Deseribe the structure of a sareomere and indieate the 
relationship of the sareomere to myofilaments. (b) Explain the 
sliding filament model of eontraetion using appropriately labeled 
diagrams of a relaxed and a eontraeted sareomere. 

18. What is the importanee of aeetyleholinesterase in muscle eell 
eontraetion? 

19. Explain how a slight (but smooth) eontraetion differs from a 
vigorous eontraetion of the same muscle. Use the eoneepts of 
multiple motor unit smnmation. 

20. Explain what is meant by the term excitation-contraction coupling. 

21. Define and draw a motor unit. 

22. Deseribe the three distinet types of skeletal muscle fibers. 

23. True or false: Most muscles eontain a predominanee of one skeletal 
muscle fiber type. Explain the reasoning behind your ehoiee. 

24. Deseribe some cause(s) of muscle fatigue and define this term 
elearly. 



















318 


UNIT 2 Covering, Support, and Movement of the Body 


25. DefìneEPOe. 

26. Smooth muscle has some unique properties, such as low energy 
usage, and the ability to maintain eontraetion over long periods. Tie 
these properties to the fhnetion of smooth muscle in the body. 

Critical Thinking 
and Oinieal Applieation 
Questions 

1. Jim Fiteh deeided that his physique leff much to be desired, so he 
joined a loeal health club and began to “pump iron” three times 
weekly. Affer three months of training, during which he lifted 
inereasingly heavier weights, he notieed that his arm and ehest 
muscles were substantially larger. Explain the structural and 
functional basis of these ehanges. 


2. When a suicide vietim was found, the eoroner was unable to 
remove the drug vial clutched in his hand. Explain the reasons for 
this. If the vietim had been diseovered three days later, would the 
eoroner have had the same difhculty? Explain. 

3. Muscle-relaxing dmgs are administered to a patient during major 
surgery. Which of the two ehemieals deseribed next would be a 
good skeletal muscle relaxant and why? 

■ ehemieal A binds to and bloeks ACh reeeptors of muscle eells. 

■ Chemical B floods the muscle eells eytoplasm with Ca 2+ . 

4. Miehael is answering a series of questions dealing with skeletal 
muscle eell excitation and eontraetion. In response to “What 
protein ehanges shape when Ca 2+ binds to it?” he writes 
“tropomyosin.” What should he have responded and what is the 
result of that calcium ion binding? 



AT THE e L I N I e 
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Related eiinieal Terms 

Fibromyositis (fibro = fiber; itis = inflammation) Also known 
as fibromyalgia; a group of eonditions involving ehronie 
inflammation of a muscle, its eonneetive tissue eoverings and 
tendons, and capsules of nearby joints. Symptoms are nonspeeifìe 
and involve varying degrees of tenderness assoeiated with speeifie 
trigger points, as well as fatigue and frequent awakening from sleep. 

Hernia Protmsion of an organ through its body eavity wall. May 
be eongenital (owing to failure of muscle fusion during 
development), but most often is caused by heavy liffing or 
obesity and subsequent muscle weakening. 

Myalgia (mi-al'je-ah; algia = pain) Muscle pain resulting from any 
muscle disorder. 

Myofaseial pain syndrome Pain caused by a tightened band of 

muscle fibers, which twitch when the skin over them is touched. 
Mostly assoeiated with ovemsed or strained postural muscles. 

Myopathy (mi-op'ah-the;paí/í = disease, suffering) Any disease of 
muscle. 

Myotonie dystrophy A form of muscular dystrophy that is less 
eommon than DMD; in the U.S. it affeets about 14 of 100,000 
people. Symptoms include a gradual reduction in muscle mass 
and eontrol of the skeletal muscles, abnormal heart rhythm, 
and diabetes mellitus. May appear at any time; not sex-linked. 
Underlying genetie defeet is multiple repeats of a particular gene 


on ehromosome 19. Because the number of repeats tends to 
inerease from generation to generation, subsequent generations 
develop more severe symptoms. No effeetive treatment. 

RICE Aeronym for rest, iee, eompression, and elevation. The 

standard treatment for a pulled muscle, or excessively stretehed 
tendons or ligaments. 

Spasm A sudden, invohmtary twitch in smooth or skeletal muscle 
ranging from merely irritating to very painful; may be due to 
ehemieal imbalanees. In spasms of the eyelid or faeial muscles, 
ealled ties, psyehologieal faetors may be involved. Stretehing and 
massaging the affeeted area may help end the spasm. A eramp is 
a prolonged spasm; usually occurs at night or affer exercise. 

Strain Commonly ealled a “pulled muscle,” a strain is excessive 
stretehing and possible tearing of a muscle due to muscle 
ovemse or abuse. The injured muscle beeomes painfiilly 
inflamed (myositis), and adjaeent joints are usually immobilized. 

Tetanus ( 1 ) A state of sustained eontraetion of a muscle that 
is a normal aspeet of skeletal muscle fimetioning. (2) An 
acute infectious disease caused by the anaerobie bacterium 
Clostridium tetani and resulting in persistent painfiil spasms of 
some skeletal muscles. Progresses to fixed rigidity of the jaws 
(lockjaw) and spasms of tmnk and limb muscles. Usually fatal 
due to respiratory failure. 



Case Study 


Muscular System 


Let's continue our tale of Mrs. 
DeStephano's medieal problems, 
this time looking at the notes made 
detailing observations of her skeletal 
musculature. 


1. Deseribe the step-by-step proeess of wound healing that 
will occur in her fleshy (muscle) wounds, and note the 
consequences of the speeifie restorative proeess that occurs. 

2. What eomplieations in healing ean be antieipated owing to 
vascular (blood vessel) damage in the right leg? 


Severe laeerations of the muscles of the right leg and knee 
Damage to the blood vessels serving the right leg and knee 
Transeetion of the seiatie nerve (the large nerve serving most of 
the lower limb), just above the right knee 


3. What eomplieations in muscle structure and function result 
from transeetion of the seiatie nerve? Why are passive ROM 
and eleetrieal stimulation of her right leg muscles ordered? 


M . . . , ... , /nr .. ,\ 4. Explain the reasoning behind the dietary reeommendations. 

Her physieian orders daily passive range-of-motion (ROM) exercise 

and eleetrieal stimulation for her right leg and a diet high in (Ansvvers in Appendix H) 

protein, earbohydrates, and vitamin C. 














Aetions and Interaetions of Skeletal 
Muscles (pp. 319-320) 

Naming Skeletal Muscles (pp. 320-322) 

Musde Meehanies: Importanee of Faseide 
Arrangement and Leverage (pp. 322-324) 

Arrangement of Faseides (pp. 322-323) 

Lever Systems: Bone-Musde 
Relationships (pp. 323-324) 

Major Skeletal Muscles of the Body 

(pp. 324-382) 


T he human body enjoys an ineredibly wide range of movements. The 

gentle blinking of your eye, standing on tiptoe, and wielding a sledgehammer are 
just a sample of the aetions made possible by your muscular system. 

Muscle tissue inehides all eontraetile tissues (skeletal, eardiae, and smooth muscle), 
but when we study the muscular system, skeletal muscles take eenter stage. This ehap- 
ter focuses on these muscular “maehines” that enable us to perform so many different 
aetivities. However, before deseribing the individual muscles in detail, we will eonsider 

■ The manner in which muscles “play” with or against eaeh other to bring about 
movement 

■ The eriteria used for naming muscles 
■ The prineiples of leverage 


Aetions and interaetions of Skeletal Muscles 

s Deseribe the functions of prime movers # antagonists, synergists, and fixators. 
s Explain how a mysele's position relative to a joint affeets its aetion. 

The arrangement of body muscles permits them to work either together or in opposi- 
tion to produce a wide variety of movements. As you eat, for example, you alternately 
raise your fork to your lips and lower it to your plate, and both sets of aetions are ae- 
eomplished by your arm and hand muscles. But muscles ean only pull; they never push. 
Generally as a muscle shortens, its insertion (attaehment on the movable bone) moves 
toward its origin (its fixed or immovable point of attaehment). Whatever one muscle or 
muscle group ean do, another muscle or group of muscles ean cc undo.” 
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Muscles ean be elassified into four functional groups: prime 
movers, antagonists, synergists, and fixators. A muscle that has the 
major responsibility for producing a speeifie movement is a prime 
mover, or agonist (ag'o-nist; “leader”), of that movement. The 
peetoralis major muscle, which fleshes out the anterior ehest (and 
inserts on the humerus), is a prime mover of arm flexion. 

Muscles that oppose, or reverse, a particular movement are 
antagonists (an-tag'o-nists; “against the leaders”). When a prime 
mover is aetive, the antagonist muscles may streteh or remain 
relaxed. Usually, however, antagonists help to regulate the aetion 
of a prime mover by eontraeting slightly to provide some resis- 
tanee, thus helping to prevent overshooting the mark or to slow or 
stop the movement. As you might expect, a prime mover and its 
antagonist are loeated on opposite sides of the joint aeross which 
they aet, as shown in Focus on Muscle Aetion Figure 10.1) . 

Antagonists ean also be prime movers in their own right. 
For example, flexion of the arm by the peetoralis major muscle 
is antagonized by the latissimus dorsi, the prime mover for ex- 
tending the arm. 

In addition to agonists and antagonists, most movements in- 
volve the aetion of one or more synergists (sin'er-jists; syn — 
together, erg — work). Synergists help prime movers in one of 
these ways: 

■ Adding a little extra foree to the same movement 

■ Reducing undesirable or unnecessary movements that might 
occur as the prime mover eontraets 


Lets look at the seeond function more elosely. When a muscle 
erosses two or more joints, its eontraetion causes movement at 
all of the spanned joints unless other muscles aet as joint sta- 
bilizers. For example, the finger flexor muscles eross both the 
wrist and the interphalangeal joints, but you ean make a fist 
without bending your wrist because synergistie muscles stabi- 
lize the wrist. Additionally, as some flexors aet, they may cause 
several other (undesirable) movements at the same joint. Syner- 
gists ean prevent this, allowing all of the prime mover s foree to 
be exerted in the desired direetion. 

When synergists immobilize a bone, or a muscles origin so 
that the prime mover has a stable base on which to aet, they 
are ealled fixators (fik'sa-terz). Reeall from Chapter 7 that the 
scapula is held to the axial skeleton only by muscles and is quite 
freely movable. The fixator muscles that run from the axial skel- 
eton to the scapula ean immobilize the scapula so that only the 
desired movements occur at the mobile shoulder joint. Addi- 
tionally, muscles that help maintain upright posture are fixators. 

In summary, although prime movers seem to get all the 
eredit for causing eertain movements, antagonistie and syner- 
gistie muscles are also important in producing smooth, eoordi- 
nated, and preeise movements. Furthermore, a muscle may aet 
as a prime mover in one movement, an antagonist for another 
movement, a synergist for a third movement, and so on. 


Naming Skeletal Miiseles 

s List the eriteria used in naming muscles. Provide an example 
to illustrate the use of eaeh eriterion. 


Skeletal muscles are named aeeording to a number of eriteria. 
To simplify the task of learning muscle names and aetions, pay 
attention to the following cues. 

■ Muscle loeation. Some muscle names indieate the bone or 
body region with which the muscle is assoeiated. 

Examples: The temporalis (tem"por-á'lis) muscle overlies 
the temporal bone, and intereostal ( eostal = rib) muscles mn 
between the ribs. 

■ Muscle shape. Some muscles are named for their distinetive 
shapes. 

Examples: The deltoid (del'toid) muscle is roughly trian- 
gular ( deltoid — triangle), and together the right and left tra- 
pezius (trah-pe'ze-us) muscles form a trapezoid. 

■ Muscle size. Terms such as maximus (largest), minimus 
(smallest), longus (long), and brevis (short) are often used in 
muscle names. 

Examples: The gluteus maximus and gluteus minimus are 
the large and small gluteus muscles, respeetively. 

■ Direetion of musde fibers. The names of some muscles re- 
veal the direetion in which their fibers (and faseieles) mn in 
referenee to some imaginary line, usually the midline of the 
body or the longitudinal axis of a limb bone. In imiseles with 
the term rectus (straight) in their names, the fibers mn par- 
allel to that imaginary line (axis). Transversus indieates that 
the muscle fibers run at right angles to that line, and oblique 
indieates that the fibers mn obliquely to it. 

Examples: The rectus femoris (straight muscle of the thigh, 
or femur) and transversus abdominis (transverse muscle of 
the abdomen). 

■ Number of origins. When bieeps , trieeps , or quadriceps forms 
part of a imiseles name, you ean assume that the muscle has 
two, three, or four origins, respeetively. 

Example: The bieeps braehii (bra'ke-i) muscle of the arm 
has two origins, or heads. 

■ Loeation of the attaehments. Some muscles are named ae- 
eording to their points of origin and insertion. The origin is 
always named first. 

Example: The sternoeleidomastoid (ster"no-kli"do-mas' 
toid) muscle of the neek has a dual origin on the stermim 
(sterno) and elaviele ( eleido ), and it inserts on the mastoid 
proeess of the temporal bone. 

■ Musde aetion. When muscles are named for the movement 
they produce, aetion words such as flexor, extensor , or adduc- 
tor appear in the imiseles name. 

Example: The adductor longus, loeated on the medial 
thigh, brings about thigh adduction. (To review the termi- 
nology for various aetions, see Chapter 8, Figures 8.5, 8.6, 
pp. 256-259.) 

Often, several eriteria are eombined in naming a muscle. 
For instanee, the name extensor earpi radialis longns tells us the 
muscles aetion (extensor), what joint it aets on ( earpi = wrist), 
and that it lies elose to the radius of the forearm (radialis). It also 
hints at the size (longus) relative to other wrist extensor mus- 
eles. Unfortunately, not all muscle names are this deseriptive. 


FOCUS Muscle Aetion 


Figure 10.1 The aetion of a musde ean be inferred by the position 
of the muscle relative to the joint it erosses. (Examples given relate 

to the shoulder joint.) A&PFIix Available at www.masteringaandp.com 


(a) A muscle that erosses on the anterior side of a joint produces flexion* 



Example: 
Peetoralis major 
(anterior view) 




(b) A muscle that erosses on the posterior side of a joint produces extension* 



Example: Latissimiis 
dorsi (posterior view) 

The latissimus dorsi 
is the antagonist of 
the peetoralis major. 



(e) A muscle that erosses on the lateral side of a joint produces abduction 


Example: Deltoid 
middle fibers 
(anterolateral view). 





(d) A muscle that erosses on the medial side of a joint produces adduction 



Example: 

Teres major 
(posterolateral view) 

The teres major 
is the antagonist 
of the deltoid. 




*These generalities do not apply to the knee and ankle because the lower limb is rotated during development. The 
muscles that eross these joints posteriorly produce flexion, and those that eross anteriorly produce extension. 
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UNIT 2 Covering, Support, and Movement of the Body 



Check Your IJnderstanding 


1. The term "prime mover" is used in the business vvorld to 
indieate people that get things done—the movers and 
shakers. VVhat is its physiologieal meaning? 

2. VVhat eriteria are used in naming eaeh of the follovving 
muscles? Iliacus, adductor brevis, quadriceps femoris. 

_ For ansvvers, see Appendix H. 
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Muscle Meehanies: importanee 
of Faseiele Arrangement 
and Leverage 

Name the eommon patterns of miisele faseiele arrangement 
and relate them to povver generation. 

Define lever # and explain hovv a lever operating at a 
meehanieal advantage differs from one operating at a 
meehanieal disadvantage. 

s Name the three types of lever systems and indieate the 
arrangement of effort # fulcrum # and load in eaeh. Also note 
the advantages of eaeh type of lever system. 


We discussed most faetors contributing to muscle foree and 
speed (load, fiber type, ete.) in Chapter 9 with two important 
exceptions—faseiele arrangement and lever systems. We attend 
to these faetors next. 


Arrangement of Faseídes 

All skeletal muscles eonsist of faseieles (bundles of fibers), but 
faseiele arrangements vary, resulting in muscles with different 
shapes and fimetional eapabilities. The most eommon patterns 
of faseiele arrangement are circular, eonvergent, parallel, and 
pennate (Figure 10.2). 



(b) Convergent 

(peetoralis major) 


(a) Circular 

(orbicularis oris) 



(e) Fusiform 

(bieeps braehii) 







Circular 

The fascicular pattern is circular when the faseieles are ar- 
ranged in eoneentrie rings (Figure 10.2a). Muscles with this ar- 
rangement surround external body openings, which they elose 
by eontraeting. A general term for such muscles is sphineters 
( cc squeezers”). Examples are the orbicularis muscles surround- 
ing the eyes and the mouth. 

Convergent 

A eonvergent muscle has a broad origin, and its faseieles eon- 
verge toward a single tendon of insertion. Such a muscle is tri- 
angular or fan shaped like the peetoralis major muscle of the 
anterior thorax (Figure 10.2b). 

Parallel 

In a parallel arrangement, the length of the faseieles runs par- 
allel to the long axis of the muscle. Such muscles are either 
straplike like the sartorius muscle of the thigh (Figure 10.2d), 
or spindle shaped with an expanded belly (midseetion), like 


(e) Multipennate (f) Bipennate (g) Llnipennate 

(deltoid) (reetiis femoris) (extensor digitorum 

longus) 

gure 10.2 Patterns of faseide arrangement in muscles. 

the bieeps braehii muscle of the arm (Figure 10.2c). However, 
some authorities elassify spindle-shaped muscles into a sepa- 
rate elass as fusiform muscles. This is the approaeh we use 
here in Figure 10.2. 

Pennate 

In a pennate (pen'àt) pattern, the faseieles (and muscle fibers) 
are short and they attaeh obliquely (penna = feather) to a een- 
tral tendon that mns the length of the muscle. Pennate muscles 
eome in three forms: 

■ JJnipennate , in which the faseieles insert into only one side of 
the tendon, as in the extensor digitomm longus muscle of the 
leg (Figure 10.2g). 
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Effort x length of effort arm = load x length of load arm 

(foree x distanee) = (resistanee x distanee) 



-25 em 


10x25 = 1000x0.25 
250 = 250 


0.25 em 


5 


Fulcrum 





I Load 



Fulcrum 

L J 


(a) Meehanieal advantage with a power lever 


Figure 10.3 Lever systems operating 
at a meehanieal advantage and a 
meehanieal disadvantage. The equation 
at the top expresses the relationships 


among the forees and relative distanees in 
any lever system. (a) Meehanieal advantage 
vvith a povver lever. When using a jaek, 
the load lifted is greater than the applied 


muscular effort. Only 10 kg of foree 
(the effort) is needed to lift a 1000-kg ear 
(the load). 

(Figure continues on p. 324.) 


■ Bipennate , in which the faseieles insert into the tendon from 
opposite sides so the muscles “grain” resembles a feather 
(Figure 10.2f). The rectus femoris of the thigh is bipennate. 

■ Multipennate , which looks like many feathers side by side, 
with all their quills inserted into one large tendon. The del- 
toid muscle, which forms the roundness of the shoulder, is 
multipennate (Figure 10.2e). 

The arrangement of a muscles faseieles determines its range 
of motion (the amount of movement produced when a mus- 
ele shortens) and its power. Because skeletal muscle fibers may 
shorten to about 70% of their resting length when they eontraet, 
the longer and the more nearly parallel the muscle fibers are to 
a muscles long axis, the more the muscle ean shorten. Muscles 
with parallel faseiele arrangements shorten the most, but are not 
usually very powerful. Muscle power depends more on the total 
mimber of muscle fibers in the muscle: The greater the mimber 
of muscle fibers, the greater the power. The stoeky bipennate 
and multipennate muscles, which “paek in” the most fibers, 
shorten very little but are very powerful. 



Check Your Llnderstanding' 


3. Of the miiseles illustrated in Figure 10.2, vvhieh could shorten 
most? Which tvvo would likely be most powerful? Why? 

_ For ansvvers, see Appendix Fì. 


Lever Systems: Bone-Muscle Relationships 

The operation of most skeletal imiseles involves leverage—using 
a lever to move some objeet. A lever is a rigid bar that moves 
on a fixed point ealled the fulcrum, when a foree is applied to 
it. The applied foree, or eífort, is used to move a resistanee, or 
load. In your body, your joints are the fulcrums, and your bones 


aet as levers. Muscle eontraetion provides the effort that is ap- 
plied at the imiseles insertion point on a bone. The load is the 
bone itself, along with overlying tissues and anything else you 
are trying to move with that lever. 

Levers: Power Versus Speed 

A lever allows a given effort to move a heavier load, or to move a 
load farther or faster, than it otherwise could. If the load is elose to 
the fulcrum and the effort is applied far from the fulcrum, a small 
effort exerted over a relatively large distanee ean move a large load 
over a small distanee (FSgure 10.3a . Such lever is said to oper- 
ate at a meehanieal advantage and is eommonly ealled a power 
lever. For example, as shown to the right in Figure 10.3a, a person 
ean lift a ear with a power lever, in this ease, a jaek. The ear moves 
up only a small distanee with eaeh downward “push” of the jaek 
handle, but relatively little muscle effort is needed. 

If, on the other hand, the load is far from the fulcrum and 
the effort is applied near the fulcrum, the foree exerted by the 
muscle must be greater than the load to be moved or supported 
(Figure 10.3b on p. 324). This lever system is a speed lever and 
operates at a meehanieal disadvantage. Speed levers are use- 
ful because they allow a load to be moved rapidly over a large 
distanee with a wide range of motion. Wielding a shovel is an 
example. As you ean see, small differenees in the site of a mus- 
eles insertion (relative to the fulcrum or joint) ean translate into 
large differenees in the amount of foree a muscle must generate 
to move a given load or resistanee. 

Regardless of type, all levers follow the same basie prineiple: 

Effort farther than _ lever operates at a 
load from fulcrum meehanieal advantage 

Effort nearer than _ lever operates at a 
load to fiileram meehanieal disadvantage 


r 


10 


L 
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m —25 em 


Fulcrum 




Effort 

L_ À 



50 em 


100x25 = 50x50 
2500 = 2500 





(b) Meehanieal disadvantage with a speed lever 



Figure 10.3 (continued) Lever systems 
operating at a meehanieal advantage 
and a meehanieal disadvantage. 

(b) Meehanieal disadvantage vvith a speed 


lever. When using a shovel to lift dirt, the 
muscular foree is greater than the load 
lifted. A muscular foree (effort) of 100 kg 


is used to lift 50 kg of dirt (the load). Levers 
operating at a meehanieal disadvantage are 
eommon in the body. 


■ Classes of Levers 

I Depending on the relative position of the three elements— 
effort, fulcrum, and load—a lever belongs to one of three elasses. 

In a first-elass lever, the effort is applied at one end of the 
lever and the load is at the other, with the fulcrum somewhere 
between. Seesaws and seissors are first-elass levers. First-elass 
leverage also occurs when you lift your head offyour ehest : ig- 
ure 10.4a . Some first-elass levers in the body operate at a me- 
ehanieal advantage (for strength), but others, such as the aetion 
of the trieeps muscle in extending the forearm against resistanee, 
operate at a meehanieal disadvantage (for speed and distanee). 

In a seeond-elass lever, the effort is applied at one end of 
the lever and the fulcrum is loeated at the other, with the load 
between them. A wheelbarrow demonstrates this type of lever 
system. Seeond-elass levers are uncommon in the body, but the 
best example is the aet of standing on your toes (Figure 10.4b). 
All seeond-elass levers in the body work at a meehanieal advan- 
tage because the muscle insertion is always farther from the ful- 
crum than is the load. Seeond-elass levers are levers of strength, 
but speed and range of motion are saerifieed for that strength. 

In a third-elass lever, the effort is applied between the load 
and the fulcrum. These levers are speedy and always operate 
at a meehanieal disadvantage—think of tweezers and foreeps. 
Most skeletal muscles of the body aet in third-elass lever sys- 
tems. An example is the aetivity of the bieeps muscle of the 
arm, lifting the distal forearm and anything earried in the hand 
(Figure 10.4c). Third-elass lever systems permit a muscle to be 
inserted very elose to the joint aeross which movement occurs, 
which allows rapid, extensive movements (as in throwing) with 
relatively little shortening of the muscle. Muscles involved in 
third-elass levers tend to be thieker and more powerful. 

In eonehision, differenees in the positioning of the three ele- 
ments modify muscle aetivity with respeet to speed of eontraetion, 
range of movement, and the weight of the load that ean be lifted. 

In lever systems that operate at a meehanieal disadvantage 


(speed levers), foree is lost but speed and range of movement are 
gained. Systems that operate at a meehanieal advantage (power le- 
vers) are slower, more stable, and used where strength is a priority. 



Check Your Understanding 


4. Which of the three lever systems involved in muscle 
meehanies would be the fastest lever—first-, seeond-, or 
third-elass? 

5. What benefit is provided by a lever that operates at a 
meehanieal advantage? 

_ For ansvvers, see Appendix H. 


Major Skeletal Miiseles 
of the Body 

✓ Name and identify the miiseles deseribed in Tables 10.1 to 

10.17. State the origin, insertion, and aetion of eaeh. 

The grand plan of the muscular system is all the more impressive 
because of the sheer number of skeletal muscles in the body— 
more than 600 of them (many more than in ures 10.5 and 
10.6 eombined)! Remembering all the names, loeations, and 
aetions of these muscles is a momimental task. Take heart; here 
we eonsider only the prineipal muscles (approximately 125 pairs 
of them). Although this number is far fewer than 600, the job of 
learning about all these muscles will still require a eoneerted effort 
on your part. 

Memorization will be easier if you apply what you learn in 
a praetieal, or elinieal, way; that is, with a fimetional anatomy 
focus. Onee you are satisfied that you have learned the name of 
a muscle and ean identify it on a eadaver, model, or diagram, 
flesh out your learning by asking yourself, “What does it do?” [It 
might be a good idea to review body movements (pp. 256-259) 
before you get to this point.] 


(Text continues on p. 328.) 
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(a) First-elass lever 


Arrangement of the elements is 

load-fulcrum-effort 


Load 


Effort 





Fulcrum 



Example: seissors 



Load I Effort 




In the body: A first-elass lever system 
raises your head off your ehest. The 
posterior neek muscles provide the effort, 
the atlanto-oeeipital joint is the fulcrum, 
and the weight to be lifted is the faeial 
skeleton. 


(b) Seeond-elass lever 


Arrangement of the elements is 

fulcrum-load-effort 



Fulcrum 



Fulcrum 


Load 



i 


i 




Effort 


Example: wheelbarrow 



Fulcrum 


In the body: Seeond-elass leverage is 
exerted when you stand on tip-toe. The 
effort is exerted by the ealf muscles 
pulling upward on the heel; the joints of 
the ball of the foot are the fulcrum; and 
the weight of the body is the load. 


(e)Third-elass lever 


Arrangement of the elements is 

load-effort-fulcrum 



Effort 


Fulcrum 

L_ J 




Load 





Fulcrum 
Effort *. I ... 




Example: tweezers or foreeps 



Fulcrum 

L. ^ 


In the body: Flexing the forearm by the 
bieeps braehii muscle exemplifies 
third-elass leverage. The effort is exerted 
on the proximal radius of the forearm, the 
fulcrum is the elbow joint, and the load is 
the hand and distal end of the forearm. 


Figure 10.4 Lever systems. 
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Head 

Temporalis 


Faeial 


Epicranius, frontal belly 


Orbicularis oculi 


Masseter 


Shoiilder 

Trapezius 


Deltoid 


Arm 


Trieeps braehii 
Bieeps braehii 


Braehialis 


Forearm 

Pronator teres 
Braehioradialis 


Flexor earpi radialis 


Palmaris longus 


Pelvis/thigh 

lliopsoas 


Pectineus 


Thigh 

Rectus femoris 
Vastus lateralis 

Vastus medialis 



Fibularis longus 


Extensor digitorum longus 


Gastrocnemius 


Tibialis anterior 


Neek 


Platysma 

Sternohyoid 

Sternoeleidomastoid 


Thorax 


Peetoralis minor 


Peetoralis major 
Serratus anterior 


intereostals 


Abdomen 


Rectus abdominis 


External oblique 
Internal oblique 


Transversus abdominis 


Thigh 


Tensor faseiae 
latae 


Sartorius 


Adductor longus 


Graeilis 


gure 10.! Superficial muscles of 
the body: Anterior view. The abdominal 
surface has been partially disseeted on the 
right side to shovv somevvhat deeper muscles 
(For a related image, see A BriefAtlas ofthe 
Human Body, Figure 33.) 
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Neek 


Epicranius, oeeipital belly 


Sternoeleidomastoid 


Arm 


Trieeps braehii 


Braehialis 


Rhomboid major 


Forearm 

Braehioradialis 


Extensor earpi radialis 
longus 


Flexor earpi ulnaris 


Extensor earpi ulnaris 


Extensor digitomm 


Latissimus dorsi 


Leg 



Shoulder 


Deltoid 


lnfraspinatus 
Teres major 


Gluteus medius 


Gluteus maximus 


lliotibial traet 


Adductor magnus 
Hamstrings: 
Bieeps femoris 

Semitendinosus 


Semimembranosus 


Gastrocnemius 


Soleus 


Fibularis longus 


Calcaneal 
(Aehilles) tendon 


gure 10.6 Superficial musdes of 
the body: Posterior view. (For related 
images, see A BriefAtlas of the Human 
Body, Figures 32, 35, and 36.) 































328 


UNIT 2 Covering, Support, and Movement of the Body 


1 


10 


J 


The tables that follow group the muscles of the body by func- 
tion and by loeation, roughly from head to foot. Eaeh table is 
keyed to a particular figure or group of figures illustrating the 
muscles it deseribes. The legend at the beginning of eaeh table 
summarizes the types of movements produced by the muscles 
listed and gives pointers on the way those muscles interaet with 
one another. The table itself deseribes eaeh muscles shape, loea- 
tion relative to other muscles, origin and insertion, primary ae- 
tions, and innervation. (Some instmetors want students to defer 
learning the muscle innervations until they study the nervous 
system, so eheek on what is expected of you in this regard.) 

As you eonsider eaeh muscle, we reeommend the following 
plan of aetion: 

1. Be alert to the information provided by the imiseles name. 

2. Read its entire deseription and identify the muscle on the 
eorresponding figure. If it s a superficial muscle, also iden- 
tify it on Figure 10.5 or Figure 10.6. Doing so will help you 
to link the deseription in the table to a visual image of the 
imiseles loeation in the body. 

3. Relate the muscles attaehments and loeation to its aetions. 
This will focus your attention on fimetional details that 
often eseape student awareness. For example, both the el- 
bow and knee joints are hinge joints that allow flexion and 
extension. However, the knee flexes to the dorsum of the 
body (the ealf moves toward the posterior thigh), whereas 
elbow flexion earries the forearm toward the anterior as- 
peet of the arm. Therefore, leg flexors are loeated on the 
posterior thigh, while forearm flexors are found on the 
anterior aspeet of the humerus. A visual example of this 
relationship is shown in Figure lO.la and b with the aetion 
of the imiseles aeting at the shoulder. Because many mus- 
eles have several aetions, we indieate the primary aetion of 
eaeh muscle in blue type in the tables. 

4. Finally, keep in mind the best way to learn muscle aetions: 
Aet out their movements yourself while feeling for the 
muscles eontraeting (bulging) beneath your skin. 


Now you are ready to taekle these tables: 

■ Table 10.1 Muscles of the Head, Part I: Faeial Expression 
(Figure 10.7); pp. 329-331. 


Table 10.2 Muscles of the Head, Part II: Mastieation and 
Tongue Movement (Figure 10.8); pp. 332-333. 

Table 10.3 Muscles of the Anterior Neek and Throat: Swal- 
lowing (Figure 10.9); pp. 334-335. 

Table 10.4 Muscles of the Neek and Vertebral Column: Head 
Movements and Tmnk Extension (Figure 10.10); pp. 336-339. 

Table 10.5 Deep Muscles of the Thorax: Breathing (Fig- 
ure 10.11); pp. 340-341. 

Table 10.6 Muscles of the Abdominal Wall: Trunk Move- 
ments and Compression of Abdominal Viseera (Fig- 
ure 10.12); pp. 342-343. 

Table 10.7 Muscles of the Pelvie Floor and Perineum: Sup- 
port of Abdominopelvie Organs (Figure 10.13); pp. 344-345. 

Table 10.8 Superficial Muscles of the Anterior and Posterior 
Thorax: Movements of the Scapula and Arm (Figure 10.14); 
pp. 346-349. 

Table 10.9 Muscles Crossing the Shoulder Joint: Movements 
of the Arm (Humerus) (Figure 10.15); pp. 350-352. 

Table 10.10 Muscles Crossing the Elbow Joint: Flexion and 
Extension of the Forearm (Figure 10.15); p. 353. 

Table 10.11 Muscles of the Forearm: Movements of the Wrist, 
Hand, and Fingers (Figures 10.16 and 10.17); pp. 354-357. 

Table 10.12 Summary: Aetions of Muscles Aeting on the 
Arm, Forearm, and Hand (Figure 10.18); pp. 358-359. 

Table 10.13 intrinsie Muscles of the Hand: Fine Movements 
of the Fingers (Figure 10.19); pp. 360-362. 

Table 10.14 Muscles Crossing the Hip and Knee Joints: 
Movements of the Thigh and Feg (Figures 10.20 and 10.21); 
pp. 363-369. 

Table 10.15 Muscles of the Feg: Movements of the Ankle 
and Toes (Figures 10.22 to 10.24); pp. 370-375. 

Table 10.16 intrinsie Muscles of the Foot: Toe Movement 
and Areh Support (Figure 10.25); pp. 376-379. 

Table 10.17 Summary: Aetions of Muscles Aeting on the 
Thigh, Feg, and Foot (Figure 10.26); pp. 380-381. 


(Text eontitmes onp. 382.) 
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MUSCLE GALLERY 


Table 10.1 Muscles of the Head, Part I: Faeial Expression (Figure 10.7) 


The miiseles that promote faeial expression lie in the sealp and 
faee just deep to the skin. They are thin and variable in shape and 
strength, and adjaeent muscles tend to be fused. They are unusual 
muscles in that they insert into skin (or other muscles), not bones. 

In the sealp, the main muscle is the epicranius, vvhieh has 
distinet anterior and posterior parts. The lateral sealp muscles 
are vestigial in humans. Muscles elothing the faeial bones lift the 
eyebrovvs, flare the nostrils, open and elose the eyes and mouth, 
and provide one of the best tools for influencing others—the 


smile. The tremendous importanee of faeial muscles in nonverbal 
communication beeomes espeeially elear vvhen they are paralyzed, 
as in some stroke vietims and in the expressionless "mask" of 
patients vvith Parkinson's disease. 

Cranial nerve VII , the faeial nerve, innervates all muscles listed 
in this table (see Table 13.2). 

ehapter 15 deseribes the external muscles of the eyes, vvhieh 
direet the eyeballs, and the levator palpebrae superioris muscles 
that raise the eyelids. 


ORIGIN (O) AND NERVE 

MUSCLE DESCRIPTION INSERTION (I) ACTION SUPPLY 

MUSCLES OF THE SCALP 


Epicranius (oeeipitofrontalis) 

(ep"í-kra'ne-us; 

ok-sip"í-to-fron-ta'lis) 

(ep/ = over; eran = skull) 

■ Frontal belly 

(fron'tal) 

(front = forehead) 

■ Oeeipital belly 

(ok-sip"í-tal') 

(oeeipito = base of skull) 


Bipartite muscle eonsisting of the frontal and oeeipital bellies eonneeted by the epieranial aponeurosis. The 
alternate aetions of these tvvo muscles pull sealp forvvard and baekvvard. 


Covers forehead and 
dome of skull; no bony 
attaehments 

Overlies posterior occiput; 
by pulling on the epieranial 
aponeurosis, fixes origin of 
frontal belly 


O—epieranial aponeurosis 
I—skin of eyebrovvs and 
root of nose 

O—oeeipital and 
temporal bones 
I—epieranial aponeurosis 


With aponeurosis fixed, 

raises the eyebrovvs (as 

in surprise). Wrinkles 
forehead skin horizontally 

Fixes aponeurosis and 
pulls sealp posteriorly 


Faeial nerve (eranial VII) 


Faeial nerve 


MUSCLES OF THE FACE 


Corrugator supercilii 

(kor'ah-ga-ter soo"per-sí'le-i) 
(corrugo = vvrinkle; 
supercilium = eyebrovv) 


Small muscle; aetivity 
assoeiated vvith that of 
orbicularis oculi 


O—areh of frontal bone Dravvs eyebrovvs together Faeial nerve 

above nasal bone and inferiorly; vvrinkles 

I—skin of eyebrovv skin of forehead vertieally 

(as in frovvning) 


Frontal belly 
of epicranius 


Corrugator 

supercilli 


Platysma 



Epieranial 

aponeurosis 


Oeeipital belly 
of epicranius 


Sternoeleidomastoid 
(eovered by faseia) 


(a) 

Figure 10." Lateral view of musdes of the sealp, faee, and neek. (a) Photograph. 
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MUSCLE GALLERY 


Table 10.1 


Muscles of the Head, Part I: Fadal Expression 


(Figure 10.7) 


f continued) 


MUSCLE 

DESCRIPTION 

ORIGIN (0) AND 
INSERTION (1) 

ACTION 

NERVE 

SUPPLY 

Orbicularis oculi 

(or-bik'u-lar-is ok'u-li) 

(orb = circular; ocul = eye) 

Thin, flat sphineter muscle 
of eyelid; surrounds rim of 
the orbit 

O—frontal and maxillary 
bones and ligaments 
around orbit 

1—tissue of eyelid 

Closes eye; various 
parts ean be aetivated 
individually; produces 
blinking and squinting; 
dravvs eyebrovvs inferiorly 

Faeial nerve (eranial VII) 

Zygomaticus —major and 
minor (zi-go-mat'í-kus) 

(zygomatie = eheekbone) 

Muscle pair extending 
diagonally from eheekbone 
to eorner of mouth 

O—zygomatie bone 

1—skin and rrmsele at 
eorner of mouth 

Raises lateral eorners of 
mouth upward (smiling 
muscle) 

Faeial nerve 

Risorius (ri-zor'e-us) 

(risor = laughter) 

Slender muscle inferior and 
lateral to zygomaticus 

O—lateral faseia 
assoeiated vvith masseter 
muscle 

1—skin at angle of mouth 

Draws eorner of lip 

laterally; tenses lips; 
synergist of zygomaticus 

Faeial nerve 

Levator labii superioris 

(léva'tor la'be-i 
soo-per"e-or'is) 

(leva = raise; labi = lip; 
superior = above, over) 

Thin muscle betvveen 
orbicularis oris and inferior 
eye margin 

O—zygomatie bone and 
infraorbital margin of 
maxilla 

1—skin and rrmsele of 
upper lip 

Opens lips; raises and 
furrows upper lip 

Faeial nerve 

Depressor labii inferioris 

(de-pres'or la'be-i 
in-fer"e-or'is) 

(depressor = depresses; 
infer = belovv) 

Small muscle running from 
mandible to lovver lip 

O—body of mandible 
lateral to its midline 

1—skin and rrmsele of 
lovver lip 

Draws lower lip inferiorly 
(as in a pout) 

Faeial nerve 

Depressor anguli oris 

(ang'gu-li or-is) 

(angul = angle, eorner; 
or = mouth) 

Small muscle lateral to 
depressor labii inferioris 

O—body of mandible 
belovv ineisors 

1—skin and rrmsele at 
angle of mouth belovv 
insertion of zygomaticus 

Draws eorners of mouth 
down and laterally (a 

"tragedy mask" grimaee); 
zygomaticus antagonist 

Faeial nerve 

Orbicularis oris 

Complicated, rrmltilayered 
muscle of the lips vvith 
fibers that run in many 
different direetions; most 
run circularly 

O—arises indireetly from 
maxilla and mandible; 
fibers blend vvith fibers 
of other faeial muscles 
assoeiated vvith the lips 

1—eneireles mouth; 
inserts into muscle and 
skin at angles of mouth 

Closes lips; purses and 
protrudes lips; kissing and 
whistling muscle 

Faeial nerve 

Mentalis (men-ta'lis) 

(ment = ehin) 

One of the muscle pair 
forming a V-shaped muscle 
mass on ehin 

O—mandible belovv 
ineisors 

1—skin of ehin 

Wrinkles ehin; protmdes 
lower lip 

Faeial nerve 

Buccinator 

(bu'sí-na"ter) 

(bucc = eheek or 
"trumpeter") 

Thin, horizontal eheek 
muscle; prineipal muscle of 
eheek; deep to masseter 
(see also Figure 10.8) 

O—molar region of 
maxilla and mandible 

1—orbicularis oris 

Compresses eheek (as in 

whistling and sucking); 
trampoline-like aetion 
holds food between teeth 
during chewing; draws 
eorner of mouth laterally; 
well developed in nursing 
infants 

Faeial nerve 

Platysma (plah-tiz'mah) 
(platy = broad, flat) 

Unpaired, thin, sheetlike 
superficial neek muscle; 
not strietly a head muscle, 
but plays a role in faeial 
expression 

O—faseia of ehest (over 
peetoral muscles and 
deltoid) 

1—lovver margin of 
mandible, and skin and 
rrmsele at eorner of mouth 

Tenses skin of neek (as 

during shaving); helps 
depress mandible; pulls 
lower lip baek and down, 
producing downward sag 
of mouth 

Faeial nerve 
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(continued) 


Corrugator supercilii 


Orbicularis oculi 


Levator labii 
superioris 


Zygomaticus 
minor and major 


Buccinator 


Risorius 


Orbicularis oris 


Mentalis 

Depressor 
labii inferioris 

Depressor anguli oris 


Platysma 



Epieranial 

aponeurosis 


Frontal 

belly 


Oeeipital 

belly 


- Epieraniiis 


Temporalis 


Masseter 

Sternoeleidomastoid 

Trapezius 

Splenius 

eapitis 


(b) 

Figure 10.‘, (continued) Lateral view of rrmsdes of the sealp, faee, and neek. (b) Superficial muscles. 





























332 


UNIT 2 Covering, Support, and Movement of the Body 


MUSCLE GALLERY 


Table 10.2 Muscles of the Head, Part II: Mastieation and Tongue Movement (Figure 10.8) 


Four pairs of muscles are involved in mastieation (ehevving). All are 
innervated by the mandibular braneh of eranial nerve V. 

The prime movers of jaw closure (and biting) are the powerful 
masseter and temporalis muscles, which are easily palpated when 
the teeth are elenehed (Figure 10.8a). The pterygoid muscles 
produce side-to-side grinding (Figure 10.8b). The buccinator 
muscles (see Table 10.1) also play a role in chewing. Normally, 
gravity is sufficient to depress the mandible, but if there is 
resistanee to jaw opening, neek muscles such as the digastrie and 
mylohyoid muscles (see Table 10.3) are aetivated. 


The tongue is eomposed of muscle fibers that curl, squeeze, 
and fold the tongue during speaking and chewing. These intrinsie 
tongue muscles ehange the shape of the tongue and contribute to 
its exceptional nimbleness, but they do not really move the tongue. 
We discuss them in ehapter 23 with the digestive system. 

In this table, we eonsider only the extrinsic tongue muscles, 
which anehor and move the tongue (Figure 10.8c). Cranial nerve 
XII, the hypoglossal nerve, innervates all extrinsic tongue muscles 
(see Table 13.2). 


ORIGIN (O) AND NERVE 

MUSCLE DESCRIPTION INSERTION (I) ACTION SUPPLY 


MUSCLES OF MASTICATION 


Masseter (mah-se'ter) 

Powerful muscle that 

O—zygomatie areh and 

Prime mover of jaw 

Trigeminal nerve 

{maseter = chewer) 

eovers lateral aspeet of 
mandibular ramus 

zygomatie bone 

1—angle and ramus of 
mandible 

closure; elevates mandible 

(eranial V) 

Temporalis (tem"por-á'lis) 
{tempora = time; pertaining 
to the temporal bone) 

Fan-shaped muscle 
that eovers parts of the 
temporal, frontal, and 
parietal bones 

O—temporal fossa 

1—eoronoid proeess of 
mandible via a tendon 
that passes deep to 
zygomatie areh 

Closes jaw; elevates 
and retraets mandible; 
maintains position of the 
mandible at rest; deep 
anterior part may help 
protraet mandible 

Trigeminal nerve 

Medial pterygoid 

(me'de-ul ter'T-goid) 

{medial = toward median 
plane; pterygoid = winglike) 

Deep two-headed muscle 
that runs along internal 
surface of mandible and is 
largely eoneealed by that 
bone 

O—medial surface of 
lateral pterygoid plate of 
sphenoid bone, maxilla, 
and palatine bone 

1—medial surface of 
mandible near its angle 

Aets with the lateral 
pterygoid muscle to 
protrude (pull anteriorly) 
the mandible and 
promote side-to-side 
(grinding) movements; 
synergist of temporalis 
and masseter muscles in 
elevation of the mandible 

Trigeminal nerve 

Lateral pterygoid 

{lateral = away from 
median plane) 

Deep two-headed muscle; 
lies superior to medial 
pterygoid muscle 

O—greater wing and 
lateral pterygoid plate of 
sphenoid bone 

1—eondylar proeess of 
mandible and capsule 
of temporomandibular 
joint 

Provides forward sliding 
and side-to-side grinding 
movements of the 
lower teeth; protmdes 
mandible 

Trigeminal nerve 

Buccinator 

See Table 10.1 

See Table 10.1 

Compresses the eheek; 

keeps food between 
grinding surfaces of teeth 
during chewing 

Faeial nerve (eranial 

VII) 


MUSCLES PROMOTING TONGUE MOVEMENTS (EXTRINSIC TONGUE MUSCLES) 


Genioglossus 

(je"ne-o-glah'sus) 
{geni = ehin; 
glossus = tongue) 


Hyoglossus (hi'o-glos"us) 

0 hyo = pertaining to hyoid 
bone) 


Fan-shaped muscle; forms 
bulk of inferior part of 
tongue; its attaehment to 
mandible prevents tongue 
from falling backward and 
obstmeting breathing 

Flat, quadrilateral muscle 


O—internal surface of 
mandible near symphysis 
I—inferior aspeet of the 
tongue and body of 
hyoid bone 


Protraets tongue; ean Hypoglossal nerve 

depress or aet in eoneert (eranial XII) 
with other extrinsic 
muscles to retraet tongue 


O—body and greater Depresses tongue and Hypoglossal nerve 

horn of hyoid bone draws its sides inferiorly 

I—inferolateral tongue 


Styloglossus 

(sti-lo-glah'sus) 

{stylo = pertaining to styloid 
proeess) 


Slender muscle running 
superiorly to and at right 
angles to hyoglossus 


O—styloid proeess of 
temporal bone 
I—inferolateral tongue 


Retraets and elevates 
tongue 


Hypoglossal nerve 
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(continued) 


Orbicularis 

oris 


Buccinator 



Temporalis 


Masseter 



Lateral 

pterygoid 

Medial 

pterygoid 


Masseter 
pulled away 



Tongue 


Genioglossus 



Mandibular symphysis 


Geniohyoid 
Thyroid eartilage 


Styloid proeess 

Styloglossus 

Hyoglossus 

Stylohyoid 
Hyoid bone 

Thyrohyoid 



Figure 10.8 Muscles promoting mastieation and tongue movements. (a) Lateral 
view of siiperfieial muscles of mastieation (temporalis, masseter, and buccinator muscles). 
(b) Lateral view of the deep chewing muscles. (e) Extrinsic muscles of the tongue and 
assoeiated suprahyoid muscles of the throat. 
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Table 10.3 Muscles of the Anterior Neek and Throat: Swallowing (Figure 10.9) 


The sternoeleidomastoid muscle divides the neek into two triangles 
(anterior and posterior; Figure 10.9a). In this table, we eonsider the 
muscles of the anterior triangle, which are divided into suprahyoid 
and infrahyoid muscles (above and below the hyoid bone, 
respeetively). Most of these muscles partieipate in swallowing. 

Swallowing begins when the tongue and buccinator muscles of the 
eheeks squeeze the food baek along the roof of the mouth toward 
the pharynx. A rapid series of sequential muscular movements in the 
posterior mouth and pharynx eomplete the proeess: 

1. The suprahyoid muscles pull the hyoid bone superiorly and 
anteriorly toward the mandible, which widens the pharynx to 


reeeive the food (Figure 10.9c). The larynx is also pulled superiorly 
and anteriorly under the eover of the flaplike epiglottis, a maneuver 
that eloses off the respiratory passageway (larynx) so that food is not 
inhaled into the lungs. 

2. Small muscles that elevate the soft palate elose off the nasal 
passages to prevent food from entering the superior nasal eavity. 
(These muscles, the tensor and levator veli palatini, are not deseribed 
in the table but are illustrated in Figure 10.9c.) 

3. The pharyngeal eonstrietor muscles in the wall of the pharynx 
propel food inferiorly into the esophagus. 

4. The infrahyoid muscles pull the hyoid bone and larynx to their 
more inferior positions as swallowing ends. 


ORIGIN (O) AND NERVE 

MUSCLE DESCRIPTION INSERTION (I) ACTION SUPPLY 


SUPRAHYOID MUSCLES 

(soo"prah-hi'oid) 

Digastrie 

(di-gas'trik) 

(di = two; gaster = belly) 


Stylohyoid 

(sti"lo-hi'oid) 

(also see Figure 10.8) 

Mylohyoid 

(mi"lo-hi'oid) 

(myle = molar) 


Geniohyoid 

(je'ne-o-hi"oid) 

(also see Figure 10.8) 
(geni = ehin) 


INFRAHYOID MUSCLES 


Sternohyoid 

(ster"no-hi'oid) 
(sterno = sternum) 


Sternothyroid 

(ster'no-thi'roid) 

(thyro = thyroid eartilage) 

Omohyoid 

(o"mo-hi'oid) 

(omo = shoulder) 

Thyrohyoid 

(thi"ro-hi'oid) 

(also see Figure 10.8) 


Muscles that help form floor of oral eavity, anehor tongue, elevate hyoid, and move larynx superiorly during 
swallowing; lie superior to hyoid bone 


Consists of two bellies 
united by an intermediate 
tendon, forming a V shape 
under the ehin 


Slender muscle below angle 
of jaw; parallels posterior 
belly of digastrie muscle 

Flat, triangular muscle just 
deep to digastrie muscle; 
this muscle pair make a 
sling that forms the floor of 
the anterior mouth 


Narrow muscle in eontaet 
with its partner medially; 
runs from ehin to hyoid 
bone deep to mylohyoid 


O—lower margin of 
mandible (anterior belly) 
and mastoid proeess of 
temporal bone (posterior 
belly) 

I—by a eonneetive tissue 
loop to hyoid bone 

O—styloid proeess of 
temporal bone 
I—hyoid bone 

O—medial surface of 
mandible 
I—hyoid bone and 
median raphe (a median 
strip of eonneetive tissue 
between the mylohyoid 
muscles) 

O—inner surface of 
mandibular symphysis 
I—hyoid bone 


Open mouth and depress 

mandible; aeting in 
eoneert, the digastrie 
muscles elevate hyoid 
bone and steady it during 
swallowing and speeeh 

Elevates and retraets 

hyoid, thereby elongating 
floor of mouth during 
swallowing 

Elevates hyoid bone and 
floor of mouth, enabling 
tongue to exert backward 
and upward pressure that 
forees food into pharynx 


Pulls hyoid bone 
superiorly and anteriorly, 

shortening floor of 
mouth and widening 
pharynx to reeeive food 


Mandibular braneh 
of trigeminal nerve 
(eranial V) for anterior 
belly; faeial nerve 
(eranial VII) for 
posterior belly 

Faeial nerve 


Mandibular braneh of 
trigeminal nerve 


First eervieal spinal 
nerve via hypoglossal 
nerve (eranial XII) 


Straplike muscles that depress the hyoid bone and larynx during swallowing and speaking (see also 
Figure lO.IOe) 


Most medial muscle of 
the neek: thin; superficial 
except inferiorly, 
where eovered by 
sternoeleidomastoid 

Lateral and deep to 
sternohyoid 

Straplike muscle with 
two bellies united by an 
intermediate tendon; 
lateral to sternohyoid 

Appears as a superior 
continuation of 
sternothyroid muscle 


O—manubrium and 
medial end of elaviele 
I—lower margin of hyoid 
bone 

O—posterior surface of 
manubrium of sternum 
I—thyroid eartilage 

O—superior surface of 
scapula 

I—hyoid bone, lower 
border 

O—thyroid eartilage 
I—hyoid bone 


Depresses larynx and 
hyoid bone if mandible is 
fixed; may also flex skull 


Pulls larynx and hyoid 
bone inferiorly 

Depresses and retraets 
hyoid bone 


Depresses hyoid bone or 
elevates larynx if hyoid 
is f ixed 


Cervical spinal nerves 
1-3 (e^-e^) through 
ansa eerviealis (slender 
nerve root in eervieal 
plexus) 

As for sternohyoid 


As for sternohyoid 


First eervieal nerve via 
hypoglossal nerve 
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ORIGIN (O) AND NERVE 

MUSCLE DESCRIPTION INSERTION (I) ACTION SUPPLY 

PHARYNGEAL CONSTRICTOR MUSCLES (far rin je-al) 


(continued) 


Siiperior, middle, and 
inferior pharyngeal 
eonstrietor muscles 


Three paired muscles 
vvhose fibers run circularly 
in pharynx vvall; superior 
muscle is innermost and 
inferior one is outermost; 
substantial overlap 


O—attaehed anteriorly 
to mandible and 
medial pterygoid plate 
(superior), hyoid bone 
(middle), and laryngeal 
eartilages (inferior) 

I—posterior median 
raphe of pharynx 


Constrict pharynx 
during svvallovving, 

vvhieh propels food 
to esophagus (via a 
massagelike aetion ealled 
peristalsis) 


Pharyngeal plexus 
[branehes of vagus 
nerve (X)] 


Median raphe 


Digastrie 


Stylohyoid (cut) 


Thyrohyoid 


Thyroid eartilage 
of the larynx 


Thyroid gland 


Sternothyroid 



(a) 


gure 10.9 Muscles of the anterior neek and throat 
used in swallowing. (a) Anterior vievv of the suprahyoid 
and infrahyoid muscles. The sternoeleidomastoid muscle (not 
involved in svvallovving) is shovvn on the right side of the 
illustration to provide an anatomieal landmark. Deeper neek 
muscles are illustrated on the left side. Note that a raphe is 
a seam of fibrous tissue. (b) Cadaver photo of suprahyoid 
and infrahyoid muscles. (For related images, s eeA BriefAtlas 
ofthe Human Body, Figures 44 and 45.) (e) Lateral vievv of 
the eonstrietor muscles of the pharynx shovvn in their proper 
anatomieal relationship to the buccinator (a ehevving muscle) 
and the hyoglossus muscle (vvhieh moves the tongue). 


Platysma 

(cut) 


Mylohyoid 

Stylohyoid 

Hyoid bone 

Omohyoid 


(superior belly) 


Sternohyoid 


Sternoeleido- 

mastoid 


Omohyoid 

(inferior belly) 



(b) 


Tensor veli palatini 
Levator veli palatini 

Styloid proeess 


Superior pharyngeal 
eonstrietor 


Middle pharyngeal 
eonstrietor 


Hyoid bone 

Thyrohyoid 
membrane 

Inferior 
pharyngeal 
eonstrietor 

Esophagus 



Buccinator 


Mandible 


e 


Mylohyoid 

(cut) 

Geniohyoid 

Hyoglossus 

Thyroid 
eartilage 
of larynx 


Traehea 
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Table 10.4 Muscles of the Neek and Vertebral Column: 

Head Movements and Trunk Extension (Figure 10.10) 


Head movements 

Muscles originating from the axial skeleton move the head. The major 
head flexors are the sternoeleidomastoid muscles (Figure lO.IOa, e), 
vvith help from the suprahyoid and infrahyoid muscles deseribed in 
Table 10.3. Lateral head movements (rotating or tilting the head) 
result when the muscles on only one side of the neek eontraet. These 
aetions are produced by the sternoeleidomastoids and a number of 
deeper neek muscles, eonsidered in this table. Head extension is aided 
by the trapezius muscles of the baek, but the main extensors of the 
head are the splenius muscles deep to the trapezius muscles 
(Figure lO.IOb). 

Trunk extension 

Trunk extension is brought about by the e/eep or intrinsie baek 
muscles assoeiated vvith the bony vertebral column. These muscles 
also maintain the normal curvatures of the spine, aeting as postural 
muscles. As you eonsider these baek muscles, keep in mind that 
they are deep. The superfieial baek muscles that eover them are 
eoneerned primarily vvith moving the shoulder girdle and upper 
limbs (see Tables 10.8 and 10.9). 

The deep muscles of the baek form a broad, thiek column 
extending from the saemrn to the skull. Many muscles of varying 


length contribute to this mass. Think of eaeh muscle as a string 
that vvhen pulled causes one or several vertebrae to extend or to 
rotate on the vertebrae belovv. The largest deep baek muscle group 
is the ereetor spinae group (Figure lO.IOd). Because the origins 
and insertions of the different muscle groups overlap extensively, 
and many of these muscles are long, large regions of the vertebral 
column ean be moved simultaneously and smoothly. Aeting together, 
the deep baek muscles extend (or hyperextend) the spine, but muscle 
eontraetion on only one side causes the spine to bend laterally (flex). 
Lateral flexion is automatically aeeompanied by some degree of 
rotation of the vertebral column. During vertebral movements, the 
articular faeets of the vertebrae glide on eaeh other. 

In addition to the long baek muscles, there are a number of short 
rrmseles that extend from one vertebra to the next. These small 
muscles aet primarily as synergists in extending and rotating the 
spine and as spine stabilizers. They are not deseribed in the table 
but you ean deduce their aetions by examining their origins and 
insertions in Figure lO.IOe. 

The trunk muscles that vve eonsider in this table are extensors. The 
more superficial muscles, vvhieh have other functions, are eonsidered in 
subsequent tables. For example, the anterior muscles of the abdominal 
vvall that cause trunk flexion are deseribed in Table 10.6. 


ORIGIN (O) AND NERVE 

MUSCLE DESCRIPTION INSERTION (I) ACTION SUPPLY 

ANTEROLATERAL NECK MUSCLES (Figure lO.IOa and e) 


Sternoeleidomastoid 

(ster"no-kli"do-mas'toid) 
{sterno = breastbone; 
eleido = elaviele; mastoid = 
mastoid proeess) 


Sealenes (ska'lénz)— 
anterior, middle, and 
posterior 

{sealene = uneven) 


Two-headed muscle loeated 
deep to platysma on 
anterolateral surface of 
neek; fleshy parts on either 
side of neek delineate limits 
of anterior and posterior 
triangles; key muscular 
landmark in neek; spasms 
of one of these muscles 
may cause tortieollis 
(wryneck) 

Loeated more laterally 
than anteriorly on neek; 
deep to platysma and 
sternoeleidomastoid 


O—manubrium of 
sternum and medial 
portion of elaviele 
I—mastoid proeess of 
temporal bone and 
superior nuchal line of 
oeeipital bone 


O—transverse proeesses 
of eervieal vertebrae 
I—anterolaterally on first 
two ribs 


Flexes and laterally 
rotates the head; 

simultaneous eontraetion 
of both muscles flexes 
neek, generally against 
resistanee as when raising 
head when lying on baek; 
aeting alone, eaeh muscle 
rotates head toward 
shoulder on opposite side 
and tilts or laterally flexes 
head to its own side 

Elevate first two ribs (aid 
in inspiration); flex and 
rotate neek 


Aeeessory nerve 
(eranial nerve XI) and 
branehes of eervieal 
spinal nerves C 2 and C 3 
(ventral rami) 


Cervical spinal nerves 


INTRINSIC MUSCLES OF THE BACK (Figure lO.IOb, d r e) 


Splenius (sple'ne-us)— 
eapitis and eervieis portions 
(ká'pí-tis; ser-vis'us) 
{splenion = bandage; 
caput = head; eervi = neek) 
(Figures lO.IOb and 10.7) 


Broad bipartite superfieial 
muscle (eapitis and eervieis 
parts) extending from 
upper thoraeie vertebrae to 
skull; eapitis portion known 
as "bandage muscle" 
because it eovers and holds 
down deeper neek muscles 


O—ligamentum 
nuchae,* spinous 
proeesses of vertebrae 

c 7 -t 6 

I—mastoid proeess of 
temporal bone and 
oeeipital bone (eapitis); 
transverse proeesses of 
C 2 -C 4 vertebrae (eervieis) 


Extend or hyperextend 

head; when splenius 
muscles on one side are 
aetivated, head rotates 
and bends laterally 
toward same side 


Cervical spinal nerves 
(dorsal rami) 


*The ligamentum nuchae (lig"ah-men'tum noo'ke) is a strong, elastie ligament extending from the oeeipital bone of the skull along the tips of the spinous 
proeesses of the eervieal vertebrae. It binds the eervieal vertebrae together and inhibits excessive head and neek flexion, thus preventing damage to the 
spinal eord in the vertebral eanal. 
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(continued) 


Ist eervieal 
vertebra 


Sternoeleido- 

mastoid 



Base of 
oeeipital bone 

Mastoid 

proeess 

Middle 

sealene 

Anterior 

sealene 

Posterior 

sealene 


(a) Anterior 


Splenius — 
eapitis 

Spinous — 
proeesses 
of the 
vertebrae 

Splenius — 
eervieis 


Mastoid proeess 



(b) Posterior 



Platysma (cut) 


Sternoeleidomastoid 

(cut) 

Internal jugular vein 


Omohyoid 

Sternohyoid 

Sternothyroid 

Sternoeleidomastoid 


Peetoralis major 



gure 10.10 Muscles of the neek and vertebral column that move the head and 
trunk. (For a related image, see A BriefAtlas ofthe Human Body, Plate 44.) (a) Muscles of the 
anterolateral neek; superfieial platysma muscle and the deeper neek muscles removed. (b) Deep 
muscles of the posterior neek; superfieial muscles removed. (e) Photograph of the anterior and 
lateral regions of the neek. 
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Table 10.4 


Muscles of the Neek and Vertebral Column: 
Head Movements and Trunk Extension 


(Figure 10.10) 


continued) 




MUSCLE 


ORIGIN (O) AND 

DESCRIPTION INSERTION (I) ACTION 


NERVE 

SUPPLY 


Ereetor spinae 

(e-rek'tor spi'ne) 

Also ealled saerospinalis 
(Figure lO.IOd, leftside) 


■ llioeostalis (il "e-o-kos- 
tá'lis)—lumborum, 
thoraeis, and eervieis 
portions (lum'bor-um; 
tho-ra'sis) (/7/o = ilium; 
eost = rib; thorae = 
thorax) 


■ Longissinrms (lon-jis'í- 
mus)—thoraeis, eervieis, 
and eapitis parts 
(longissimus = longest) 


■ Spinalis (spi-ná'lis)— 
thoraeis and eervieis 
parts (sp/n = vertebral 
column, spine) 


Semispinalis 

(sem'e-spí-ná'lis)—thoraeis, 
eervieis, and eapitis regions 
(semi = half) 

(Figure lO.IOd, right side) 


Quadratus lumborum 

(kwod-ra'tus lum-bor'um) 
(quad = four-sided; lumb = 
lumbar region) 

(See also Figure 10.20a) 


Prime mover of baek extension. Eaeh side eonsists of three columns—the ilioeostalis, longissimus, and spinalis 
muscles—forming intermediate layer of intrinsie baek muscles. Ereetor spinae provide resistanee that helps 
eontrol aetion of bending forward at the waist and aet as powerful extensors to promote return to ereet 
position. During full flexion (i.e., when touching fingertips to floor), ereetor spinae are relaxed and strain 
is borne entirely by ligaments of baek. On reversing the movement, these muscles are initially inaetive, and 
extension is initiated by hamstring muscles of thighs and gluteus maximus muscles of buttocks. As a result of 
this peculiarity, lifting a load or moving suddenly from a bent-over position ean injure muscles and ligaments 
of baek and intervertebral dises. Ereetor spinae muscles readily go into painful spasms following injury to baek 


structures. 

Most lateral muscle group 
of ereetor spinae muscles; 
extend from pelvis to neek 


Intermediate tripartite 
muscle group of ereetor 
spinae; extend by many 
muscle slips from lumbar 
region to skull; mainly 
pass between transverse 
proeesses of vertebrae 


Most medial muscle column 
of ereetor spinae; eervieis 
usually rudimentary and 
poorly defined 


Composite muscle forming 
part of deep layer of 
intrinsie baek muscles; 
extends from thoraeie 
region to head 


Fleshy muscle forming part 
of posterior abdominal wall 


O—iliae erests 
(lumborum); inferior 6 
ribs (thoraeis); ribs 3 to 6 
(eervieis) 

I—angles of ribs 
(lumborum and thoraeis); 
transverse proeesses of 
eervieal vertebrae C 6 -C 4 
(eervieis) 

O—transverse proeesses 
of lumbar through 
eervieal vertebrae 
I—transverse proeesses 
of thoraeie or eervieal 
vertebrae and to ribs 
superior to origin as 
indieated by name; 
eapitis inserts into 
mastoid proeess of 
temporal bone 

O—spinous proeess of 
upper lumbar and lower 
thoraeie vertebrae 
I—spinous proeess of 
upper thoraeie and 
eervieal vertebrae 

O—transverse proeesses 
of C 7 -T \ 2 

I—oeeipital bone (eapitis) 
and spinous proeesses 
of eervieal (eervieis) and 
thoraeie vertebrae T-,-T 4 
(thoraeis) 

O—iliae erest and lumbar 
faseia 

I—transverse proeesses 
of lumbar vertebrae L,- 
L 4 and lower margin of 
12th rib 


Extend and laterally flex 
the vertebral column; 

maintain ereet posture; 
aeting on one side, bend 
vertebral column to same 
side 


Thoraeis and eervieis aet 
together to extend and 
laterally flex vertebral 
column; eapitis extends 
head and turns the faee 
toward same side 


Extends vertebral column 


Extends vertebral column 
and head and rotates 
them to opposite side; 

aets synergistieally with 
sternoeleidomastoid 
muscles of opposite side 

Flexes vertebral column 

laterally when aeting 
separately; when pair aets 
jointly, lumbarspine is 
extended and 12th rib is 
fixed; maintains upright 
posture; assists in foreed 
inspiration 


Spinal nerves (dorsal 
rami) 


Spinal nerves (dorsal 
rami) 


Spinal nerves (dorsal 
rami) 


Spinal nerves (dorsal 
rami) 


T 12 and upper lumbar 
spinal nerves (ventral 
rami) 
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Mastoid proeess 
of temporal bone 


Longissimiis eapitis 


llioeostalis eervieis 


Longissimiis eervieis 


llioeostalis thoraeis 


Longissimus 

thoraeis 


Spinalis thoraeis 


Ereetor- 
spinae 


llioeostalis 

lumborum 


External oblique 


(d) 



Ligamentmn 

nuchae 


Semispinalis 

eapitis 


Semispinalis 

eervieis 


Semispinalis 

thoraeis 


llioeostalis 


Longissimus 


Spinalis 


Multifidus 


Quadratus 

lumborum 


lntertransversarius 


O = origin 
I = insertion 


Rotatores 


Multifidus 


Figure 10.10 (continued) Musdes of the neek and vertebral 
column that move the head and trunk. (d) Deep muscles of the 
baek; superficial, intermediate, and splenius muscles removed. The 
ereetor spinae muscles are shovvn on the left; deeper semispinalis 
muscles are shovvn on the right. (e) The deepest muscles of the baek 
assoeiated vvith the vertebral column. 


Interspinales 


(e) 
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Table 10.5 Deep Muscles of the Thorax: Breathing (Figure 10.11) 


The deep muscles of the thorax promote movements neeessary for 
breathing. Breathing eonsists of two phases—inspiration (inhaling) 
and expiration (exhaling)—caused by eyelie ehanges in the volume of 
the thoraeie eavity. 

Two main layers of miiseles help form the anterolateral wall of 
the thorax.* The thoraeie muscles are very short, most extending 
only from one rib to the next. On eontraetion, they draw the 
somewhat flexible ribs eloser together. The external intereostal 
muscles, eonsidered inspiratory muscles, form the more superficial 
layer (Figure 10.11a). They lift the rib eage, which inereases the 
anterior to posterior and side-to-side dimensions of the thorax. 

The internal intereostal muscles form the deeper layer and may 
aid aetive (foreed) expiration by depressing the rib eage. (However, 
quiet expiration is largely passive, resulting from relaxation of the 
external intereostals and diaphragm and elastie reeoil of the lungs.) 

The diaphragm, the most important muscle of inspiration, forms 
a muscular partition between the thoraeie and abdominopelvie 
eavities (Figure 10.11b, e). In the relaxed state, the diaphragm is 
dome shaped. When it eontraets it moves inferiorly and flattens, 
inereasing the volume of the thoraeie eavity, which draws air into 
the respiratory passageways. The alternating rhythmie eontraetion 


and relaxation of the diaphragm also causes pressure ehanges in 
the abdominopelvie eavity below that faeilitate the return of blood 
to the heart. 

In addition you ean eontraet the diaphragm voluntarily to push 
down on the abdominal viseera and inerease the pressure in the 
abdominopelvie eavity to help evacuate pelvie organ eontents 
(urine, feees, or a baby) or lift weights. When you take a deep 
breath to fix the diaphragm, the abdomen beeomes a firm pillar 
that wi11 not buckle under the weight being lifted. Needless to say, 
it is important to have good eontrol of the urinary bladder and 
anal sphineters during such maneuvers. 

With the exception of the diaphragm, which is served by the 
phrenie nerves, the muscles listed in this table are served by the 
intereostal nerves, which run between the ribs. 

Foreed breathing (as during exercise) ealls into play a number 
of other muscles that insert into the ribs. For example, during 
foreed inspiration the sealene and sternoeleidomastoid muscles of 
the neek help lift the ribs. Foreed expiration is aided by muscles 
that pull the ribs inferiorly and those that push the diaphragm 
superiorly by eompressing the abdominal eontents (abdominal wall 
muscles). 


MUSCLE 

External intereostals 

(in"ter-kos'talz) 

(external = toward the 
outside; inter = between; 
eost = rib) 


Internal intereostals 

(internal = toward the 
inside, deep) 


Diaphragm 

(di'ah-fram) 

(dia = aeross; 
phragm = partition) 


DESCRIPTION 

11 pairs lie between ribs; 
fibers run obliquely (down 
and forward) from eaeh 
rib to rib below; in lower 
intereostal spaees, fibers are 
continuous with external 
oblique muscle, forming 
part of abdominal wall 

11 pairs lie between ribs; 
fibers run deep to and 
at right angles to those 
of external intereostals 
(i.e., run downward and 
posteriorly); lower internal 
intereostal muscles are 
continuous with fibers of 
internal oblique muscle of 
abdominal wall 


ORIGIN (O) AND 
INSERTION (I) 

O—inferior border of rib 
above 

I—superior border of rib 
below 


O—superior border of 
rib below 

I—inferior border (eostal 
groove) of rib above 


ACTION 

With first ribs fixed by 
sealene muscles, pull ribs 
toward one another to 
elevate rib eage; aid in 

inspiration; synergists of 
diaphragm 


With 12th ribs fixed by 
quadratus lumborum, 
muscles of posterior 
abdominal wall, and 
oblique muscles of the 
abdominal wall, they 
draw ribs together 
and depress rib eage; 
aid foreed expiration; 
antagonistie to external 
intereostals 


NERVE 

SUPPLY 

intereostal nerves 


intereostal nerves 


Broad muscle piereed by 
the aorta, inferior vena 
eava, and esophagus, forms 
floor of thoraeie eavity; 
dome shaped in relaxed 
state; fibers eonverge from 
margins of thoraeie eage 
toward a boomerang- 
shaped eentral tendon 


O—inferior, internal 
surface of rib eage and 
sternum, eostal eartilages 
of last six ribs and 
lumbar vertebrae 
I—eentral tendon 


Prime mover of 
inspiration; flattens on 

eontraetion, inereasing 
vertieal dimensions of 
thorax; when strongly 
eontraeted, dramatieally 
inereases intra-abdominal 
pressure 


Phrenie nerves 


*Although there is a third (deepest) muscle layer of the thoraeie wall, the muscles are small and discontinuous. Additionally, their function is unclear, so they 
are not included in this table. 
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(continued) 


gure 10.11 Muscles of respiration. (a) Deep muscles of the 
thorax. The external intereostals (inspiratory muscles) are shown 
on the left and the internal intereostals (expiratory muscles) are 
shown on the right. These two muscle layers run obliquely and 
at right angles to eaeh other. (b) Inferior view of the diaphragm, 
the prime mover of inspiration. Notiee that its muscle fibers 
eonverge toward a eentral tendon, an arrangement that causes 
the diaphragm to flatten and move inferiorly as it eontraets. 

(e) Photograph of the diaphragm, superior view. 



External 

intereostal 


Internal — 
intereostal 


Xiphoid proeess of sterniinn 


Foramen for inferior 
vena eava 


Oentral 
tendon of 
diaphragm 


Foramen 
for aorta 


12th rib 


(b) 



Foramen for 
esophagus 


Costal eartilage 


Diaphragm 


Lumbar 

vertebra 


Quadratus 

lumborum 


Psoas major 



Body of thoraeie vertebra — 
Aorta- 

Diaphragm (muscular part) 
Inferior vena eava- 

Esophagus- 

Perieardial sae- 

(e) 


Oentral tendon of diaphragm 



Pericardium (cut) 
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Table 10.6 Muscles of the Abdominal Wall: Trunk Movements and Compression 

of Abdominal Viseera (Figure 10.12) 


(Jnlike the thorax, the anterior and lateral abdominal wall has no 
bony reinforeements (ribs). Instead, it is a eomposite of four paired 
muscles, their investing faseiae, and aponeuroses. 

Three broad flat muscle pairs, layered one atop the next, 
form the lateral abdominal walls: The fibers of the external 
oblique muscle run inferomedially and at right angles to 
those of the internal oblique, which immediately underlies it 
(Figure 10.12a, b). The fibers of the deep transversus abdominis 
muscle run horizontally aeross the abdomen at an angle to both. 
This alternation of faseiele direetions is similar to the construction 
of plywood (which is made of sheets with different grains) and 
provides great strength. 

These three muscles blend into broad insertion aponeuroses 
anteriorly. The aponeuroses, in turn, enelose a fourth muscle pair 
medially, the straplike rectus abdominis muscles, and then fuse, 
forming the linea alba ("white line"), a tendinous raphe (seam) 
that runs from the sternum to the pubic symphysis (Figure 10.12a, 
e). The snug enclosure of the rectus abdominis rrmseles within 
the aponeuroses, the so-ealled rectus sheath, prevents them from 
"bowstringing" (protruding anteriorly) when they eontraet. Table 
10.4 deseribes the quadratus lumborum muscles of the posterior 
abdominal wall. 


The abdominal muscles proteet and support the viseera most 
effeetively when they are well toned. When weak or severely 
stretehed (as during pregnaney), they allow the abdomen to 
beeome pendulous (i.e., to form a potbelly). Additional functions 
include lateral flexion and rotation of the trunk and flexion of the 
trunk against resistanee (as in sit-ups). 

During inspiration, the abdominal muscles relax, allowing the 
deseending diaphragm to push the abdominal viseera inferiorly. 
When these abdominal muscles eontraet, several different aetivities 
may occur. For example, when they eontraet simultaneously, they 
pull the ribs inferiorly and eompress the abdominal eontents. 

This forees the viseeral organs upward on the diaphragm, aiding 
foreed expiration. When the abdominal musdes eontraet with 
the diaphragm and the glottis is elosed (the Valsalva maneuver), 
the inereased intra-abdominal pressure promotes urination, 
defeeation, ehildbirth, vomiting, coughing, sereaming, sneezing, 
burping, and nose blowing. (Next time you perform one of these 
aetivities, feel your abdominal rrmseles eontraet under your skin.) 

These muscles also eontraet during heavy lifting— sometimes so 
forcefully that hernias result. Contracting the abdominal muscles 
as the deep baek muscles eontraet helps prevent hyperextension of 
the spine and splints the entire body trunk. 


ORIGIN (O) AND NERVE 

MUSCLE DESCRIPTION INSERTION (I) ACTION SUPPLY 

MUSCLES OF THE Four paired flat muscles; important in supporting and proteeting abdominal viseera; promote lateral flexion and 

ANTERIOR AND LATERAL flexion of vertebral column 

ABDOMINAL WALL 


Rectus abdominis 

(rek'tus ab-dom'í-nis) 
(rectus = straight; 
abdom = abdomen) 


External oblique 

(o-blék') 

(external = toward outside; 
oblique = running at 
an angle) 


Internal oblique 

{internal = toward the 
inside; deep) 


Transversus abdominis 

(trans-ver'sus) 
{transverse = running 
straight aeross) 


Medial superficial muscle 
pair; extend from pubis 
to rib eage; ensheathed 
by aponeuroses of lateral 
muscles; segmented by 
three tendinous inter- 
seetions 

Largest and most superfieial 
of thethree lateral muscles; 
fibers run downward and 
medially (same direetion 
outstretched fingers take 
when hands are in pants 
poekets); aponeurosis turns 
under inferiorly, forming 
inguinal ligament 


Most fibers run upward 
and medially; however, the 
muscle fans so its inferior 
fibers run downward and 
medially 

Deepest (innermost) muscle 
of abdominal wall; fibers 
run horizontally 


O—pubic erest and 
symphysis 

I—xiphoid proeess and 
eostal eartilages of ribs 
5-7 


O—by fleshy strips from 
outer surfaces of lower 
eight ribs 

I—most fibers insert into 
linea alba via a broad 
aponeurosis; some insert 
into pubic erest and 
tubercle and iliae erest 


O—lumbar faseia, iliae 
erest, and inguinal 
ligament 

I—linea alba, pubic erest, 
last three or four ribs, 
and eostal margin 

O—inguinal ligament, 
lumbar faseia, eartilages 
of last six ribs; iliae erest 
I—linea alba, pubic erest 


Flex and rotate lumbar 
region of vertebral 

column; fix and depress 
ribs, stabilize pelvis 
during walking, inerease 
intra-abdominal pressure; 
used in sit-ups, curls 

When pair eontraet 
simultaneously, flex 
vertebral column and 
eompress abdominal 

wa: and inerease intra- 
abdominal pressure; 
aeting individually, 
aid muscles of baek in 

rotating trunk and flexing 
laterally; used in oblique 
curls 


intereostal nerves 
(T 6 or T 7 -T 12 ) 


intereostal nerves 
(T7-T12) 


As for external oblique intereostal nerves 

(T 7 -T 12 ) and 


Compresses abdominal intereostal nerves 

eontents (T 7 -T 12 ) and L-, 
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(continued) 


External - 
oblique 

lliae erest 




Serratus anterior 


Transversus abdominis 


Internal oblique 


External oblique 


Aponeurosis 
of the external 
oblique 


(a) 



Peetoralis major 


Linea alba 


Tendinous interseetion 


Rectus abdominis 


lnguinal ligament 
(formed by free inferior 
border of the external 
oblique aponeurosis) 



Rectus — 
abdominis 

Internal — 
oblique 


Pubic tubercle 




Lumbar 

faseia 


Transversus 

abdominis 

lnguinal- 

ligament 




Lumbar 

faseia 


Transversus abdominis 

External oblique- 

Aponeuroses- 


Peritoneum Linea 

alba 




Rectus abdominis 
Internal oblique 

Skin 


gure 10.12 Muscles of the abdomi- 
nal wall. (a) Anterior view of the miiseles 
forming the anterolateral abdominal wall; 
superficial muscles partially cut away to 
reveal the deeper muscles. (b) Lateral view 


of the trunk, illustrating the fiber direetion 
and attaehments of the abdominal muscles. 
Although shown in the same view, the rectus 
abdominis is deep to the faseia of the inter- 
nal oblique muscle. (e) Transverse seetion 


through the anterolateral abdominal wall 
(midregion), showing how the aponeuroses 
of the lateral abdominal muscles contribute 
to the rectus abdominis sheath. 
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Table 10.7 Muscles of the Pelvie Floor and Perineum: Support of Abdominopelvie Organs (Figure 10.13) 


Two paired muscles, the levator ani and coccygeus, form the triangular sheet of muscle eontains the external urethral sphineter, 

funnel-shaped pelvie floor, or pelvie diaphragm (Figure 10.13a). a sphineter muscle that surrounds the urethra and allows voluntary 

This diaphragm (1) seals the inferior opening of the bony pelvis, eontrol of urination. Superfieial to the urogenital diaphragm, 

(2) supports the pelvie organs, (3) lifts the pelvie floor superiorly and eovered by the skin of the perineum, is the superficial 

to release feees, and (4) resists inereased intra-abdominal pressure perineal spaee, which eontains muscles (ischiocavernosus and 

(which would expel eontents of the urinary bladder, rectum, and bulbospongiosus) that help maintain ereetion of the penis and 

uterus). The pelvie diaphragm is piereed by the rectum and urethra elitoris (Figure 10.1 3c). In the posterior half of the perineum 

(urinary tube), and by the vagina in females. eneireling the anus is the external anal sphineter, which allows 

The body region inferior to the pelvie diaphragm is the voluntary eontrol of defeeation. Just anterior to this sphineter is 

perineum. The urogenital diaphragm sits inferior to the muscles of the eentral tendon of the perineum, a strong tendon into which 

the pelvie floor, and stretehes between the two sides of the pubic many of the perineal muscles insert. 

areh in the anterior half of the perineum (Figure 10.13b). This thin 

MUSCLE 

DESCRIPTION 

ORIGIN (O) AND 
INSERTION (1) 

ACTION 

NERVE 

SUPPLY 

MUSCLES OF THE PELVIC DIAPHRAGM (Figure 10.13a) 

Levatorani 

(lé-va'tor a'ne) 

(levator = raises; 
ani = anus) 

Broad, thin, tripartite 
muscle (pubococcygeus, 
puborectalis, and 
iliococcygeus); its fibers 
extend inferomedially, 
forming a muscular "sling" 
around male prostate (or 
female vagina), urethra, 
and anoreetal junction 
before meeting in the 
median plane 

0—extensive linear 
origin inside pelvis from 
pubis to isehial spine 

1—inner surface of 
coccyx, levator ani of 
opposite side, and (in 
part) into the structures 
that penetrate it 

Supports and maintains 
position of pelvie viseera; 

resists downward thrusts 
that aeeompany rises 
in intrapelvie pressure 
during coughing, 
vomiting, and expulsive 
efforts of abdominal 
muscles; forms sphineters 
at anoreetal junction and 
vagina; lifts anal eanal 
during defeeation 

S 3 , S 4 , and inferior 
reetal nerve (braneh of 
pudendal nerve) 

Coccygeus 

(kok-sij'e-us) 

(eoeey = coccyx) 

Small triangular muscle 
lying posteriorto levator 
ani; forms posterior part of 
pelvie diaphragm 

0—spine of ischium 

1—sacrum and coccyx 

Supports pelvie viseera; 

supports coccyx and pulls 
it forward after it has been 
refleeted posteriorly by 
defeeation and ehildbirth 

S 4 and S 5 

MUSCLES OF THE UROGENITAL DIAPHRAGM (Figure 10.13b) 

Deep transverse perineal 
muscle (per"í-ne'al) 

(e/eep = far from surface; 
transverse = aeross; 
perine = near anus) 

Together the pair spans 
distanee between isehial 
rami; in females, lies 
posterior to vagina 

0—isehial rami 

1—midline eentral 
tendon of perineum; 
some fibers into vaginal 
wall in females 

Supports pelvie organs; 

steadies eentral tendon 

Pudendal nerve 

External urethral sphineter 

(sphin = squeeze) 

Muscle eneirding urethra 
and vagina (female) 

0—ischiopubic rami 

1—midline raphe 

Constricts urethra; allows 
voluntary inhibition of 
urination; helps support 
pelvie organs 

Pudendal nerve 

MUSCLES OF THE SUPERFICIAL PERINEAL SPACE (Figure 10.13c) 

lschiocavernosus 

(is"ke-o-kav"ern-o'sus) 

(isehi = hip; eaverna = 
hollow ehamber) 

Runs from pelvis to base of 
penis or elitoris 

0—isehial tuberosities 

1—crus of eorpora 
eavernosa of male penis 
or female elitoris 

Retards venous drainage 
and maintains ereetion of 
penis or elitoris 

Pudendal nerve 

Bulbospongiosus 

(bul"bo-spun"je-o'sus) 

(bulbon = bulb; 
spongio = sponge) 

Eneloses base of penis 
(bulb) in males and lies 
deep to labia in females 

0—eentral tendon of 
perineum and midline 
raphe of penis 

1—anteriorly into eorpora 
eavernosa of penis or 
elitoris 

Empties male urethra; 

assists in ereetion of penis 
and of elitoris 

Pudendal nerve 

Superficial transverse 
perineal muscles 

(superficial = eloser to 
surface) 

Paired muscle bands 
posterior to urethral 
(and in females, vaginal) 
opening; variable; 
sometimes absent 

0—isehial tuberosity 

1—eentral tendon of 
perineum 

Stabilizes and strengthens 
eentral tendon of 
perineum 

Pudendal nerve 
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Anterior 


Levator ani 


Obturator 

internus 


Coccyx 


Piriformis 


Pubococcygeus 


lliococcygeus 


Symphysis pubis 


Llrogenital diaphragm 


U reth ra 


Vagina 


eanal 



Figure 10.13 Muscies of the pelvie 
floor and perineum. (a) Superior view 
of muscles of the pelvie diaphragm 
(levator ani and coccygeus) in a female 
pelvis. (b) Inferior view of muscles of the 
urogenital diaphragm of the perineum 
(external urethral sphineter and deep 
transverse perineal muscles). (e) Muscles 
of the superficial spaee of the perineum 
(ischiocavernosus, bulbospongiosus, and 
superficial transverse perineal muscle), 
which lie just deep to the skin of the 
perineum. Note that a raphe is a seam of 
fibrous tissue. 


Levator ani 


Coccygeus 


Pelvie 

diaphragm 



Posterior 



Inferior pubic ramus 


External urethral 
sphineter 

Deep transverse 


sphineter 



perineal muscle 


Central tendon 


Anus 


External anal 


Urethral 

opening 

Vaginal 

opening 



Male 


Female 



Midline raphe 


lschiocavernosus 

Bulbospongiosus 

Superficial 
transverse 
perineal muscle 


Levator ani 


Gluteus maximus 



Anus 


eiitoris 

Urethral 

opening 

Vaginal 

opening 



Male 


Female 
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Table 10.8 Superficial Muscles of the Anterior and Posterior Thorax: 

Movements of the Scapula and Arm (Figure 10.14) 


Most superficial thorax muscles are extrinsic shoulder muscles, vvhieh 
run from the ribs and vertebral column to the shoulder girdle. They 
both fix the scapula in plaee and move it to inerease the range of 
arm movements. 

The anterior muscles of this group include the peetoralis major, 
peetoralis minor, serratus anterior, and subclavius (Figure 10.14a). 
Except for the peetoralis major, vvhieh inserts into the humerus, all 
muscles of the anterior group insert into the peetoral girdle. 

The posterior muscles include the latissimus dorsi and trapezius 
muscles superfieially and the underlying levator scapulae and 
rhomboids (Figure 10.14c). The latissimus dorsi, like the peetoralis 
major muscles anteriorly, insert into the humerus and are more 
eoneerned vvith moving the arm than the scapula, so vve defer their 
eonsideration to Table 10.9 (arm-moving muscles). 

The important movements of the peetoral girdle involve 
displaeing the scapula, i.e., its elevation and depression, rotation, 
lateral (forvvard) movements, and medial (baekvvard) movements. 
The elavieles rotate around their ovvn axes to provide stability and 
preeision to scapular movements. 

Except for the serratus anterior, the anterior muscles stabilize 
and depress the shoulder girdle. Thus, most scapular movements 


are promoted by the serratus anterior muscles anteriorly and by 
posterior thoraeie muscles. The arrangement of muscle attaehments 
to the scapula is such that one muscle eannot bring about a simple 
(linear) movement on its ovvn. To effeet scapular movements, 
several muscles must aet in eombination. 

The prime movers of shoulder (scapular) elevation are the 
superior trapezius fibers and the levator scapulae. When aeting 
together to shrug the shoulder, their opposite rotational effeets 
counterbalance eaeh other. The scapula is depressed largely by 
gravity (vveight of the arm), but vvhen it is depressed against 
resistanee, the inferior part of the trapezius, the peetoralis minor, 
and the serratus anterior (along vvith the latissimus dorsi, Table 
10.9) are aetive. Anterolateral movements (abduction) of the 
scapula on the thorax vvall, as in pushing or punching, mainly 
refleet serratus anterior aetivity. Posteromedial movement 
(adduction) of the scapula is effeeted mainly by the trapezius 
(midpart) and the rhomboids. Although the serratus anterior and 
trapezius muscles are antagonists in forvvard/baekvvard movements 
of the scapulae, they aet together to eoordinate rotational scapular 
movements. 


ORIGIN (O) AND NERVE 

MUSCLE DESCRIPTION INSERTION (I) ACTION SUPPLY 


MUSCLES OF THE ANTERIOR THORAX (Figure 10.14a) 


Peetoralis minor 

Flat, thin muscle direetly 

0—anterior surfaces of 

With ribs fixed, dravvs 

Medial and lateral 

(pek"to-ra'lis mi'nor) 

beneath and obscured by 

ribs 3-5 (or 2-4) 

scapula forvvard and 

peetoral nerves (C 6 -C 8 ) 

{pectus = ehest, breast; 
minor = lesser) 

peetoralis major 

1—eoraeoid proeess of 
scapula 

dovvnvvard; vvith scapula 
fixed, dravvs rib eage 
superiorly 


Serratus anterior 

Fan-shaped muscle; lies 

0—by a series of muscle 

Rotates scapula so its 

Long thoraeie nerve 

(ser-a'tus) 

deep to scapula, deep 

slips from ribs 1-8 (or 9) 

inferior angle moves 

(C 5 -C 7 ) 

(serratus = savv) 

and inferiorto peetoral 
muscles on lateral rib 
eage; forms medial vvall of 
axilla; origins have serrated 
(savvtooth) appearanee; 
paralysis results in 
"vvinging" of vertebral 
border of scapula avvay 
from ehest vvall, making 
arm elevation impossible 

1—entire anterior surface 
of vertebral border of 
scapula 

laterallyand upward; 

prime mover to protraet 
and hold scapula against 
ehest wall; raises point of 
shoulder; important role 
in abducting and raising 
arm and in horizontal 
arm movements (pushing, 
punching); ealled "boxer's 
muscle" 


Subclavius 

Small eylindrieal muscle 

0—eostal eartilage of 

Helps stabilize and 

Nerve to subclavius 

(sub-kla've-us) 

(sub = under, beneath; 
elav = daviele) 

extending from rib 1 to 
elaviele 

rib 1 

1—groove on inferior 
surface of elaviele 

depress peetoral girdle 

(C 5 and C 6 ) 
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Table 10.8 


(continued) 


Sternoeleidomastoid 


Deltoid 


Peetoralis major 
Sterniinn- 


Bieeps braehii 



Subclavius 

eiaviele 

Subscapularis 

Peetoralis minor 

Coracobrachialis 

Serratus anterior 

Humerus 



Sternoeleidomastoid 
Deltoid- 


Cephalic vein — 
Peetoralis major 


External oblique 



Subclavius 

Peetoralis minor 

Coracobrachialis 


Bieeps braehii 


Internal intereostals 
(seen through external 
intereostal membranes) 

Serratus anterior 


Rectus abdominis 


(b) 

gure 10.14 Superficial musdes of the thorax and shoulder aeting on the scapula 
and arm. (a) Anterior vievv. The superfieial muscles, vvhieh effeet arm movements, are shovvn 
on the left side of the illustration. These muscles are removed on the right to shovv the muscles 
that stabilize or move the peetoral girdle. (b) Cadaver disseetion, anterior vievv of superficial 
muscles of anterior thorax. 
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Table 10.8 Superficial Muscles of the Anterior and Posterior Thorax: 


Movements of the Scapula and Arm 


(Figure 10.14) 


continued) 


NERVE 
SIIPPLY 

MUSCLES OF THE POSTERIOR THORAX (Figure 10.14c-e) 


MUSCLE 


DESCRIPTION 


ORIGIN (O) AND 
INSERTION (I) 


ACTION 


Trapezius 

(trah-pe'ze-us) 
(trapezion = irregular 
four-sided figure) 


Levator scapulae 

(skap'u-le) 
(levator = raises) 


Rhomboids 

(rom'boidz)—major and 
minor 

(rhomboid = diamond 
shaped) 


Most superficial muscle 
of posterior thorax; flat 
and triangular in shape; 
upper fibers run inferiorly 
to scapula; middle fibers 
run horizontally to scapula; 
lower fibers run superiorly 
to scapula 


Loeated at baek and side 
of neek, deep to trapezius; 
thiek straplike muscle 


Two roughly diamond- 
shaped muscles lying deep 
to trapezius and inferior to 
levator scapulae; rhomboid 
minor is the more superior 
muscle 


O—oeeipital bone, 
ligamentum nuchae, 
and spinous proeesses 
of C 7 and all thoraeie 
vertebrae 

I—a continuous insertion 
along aeromion and 
spine of scapula and 
lateral third of elaviele 

O—transverse proeesses 
of C-,-C 4 

I—medial border of 
scapula, superior to spine 


O—spinous proeesses 
of C 7 and T^ (minor) 
and spinous proeesses 
of T 2 -T 5 (major) 

I—medial border of 
scapula 


Stabilizes, raises, retraets, 
and rotates scapula; mid- 
dle fibers retraet (adduct) 
scapula; superior fibers 
elevate scapula (as in 
shmgging the shoulders) 
or help extend head with 
scapula fixed; inferior 
fibers depress scapula 
(and shoulder) 

Elevates/adducts scapula 

in eoneert with superior 
fibers of trapezius; tilts 
glenoid eavity downward 
when scapula is fixed, 
flexes neek to same side 

Stabilize scapula; aet to- 

gether (and with middle 
trapezius fibers) to retraet 
(adduct) scapula, thus 
"squaring shoulders"; 
rotate scapula so that 
glenoid eavity is down- 
ward (as when lowering 
arm against resistanee; 
e.g., paddling a eanoe) 


Aeeessory nerve 
(eranial nerve XI); C 3 
and C 4 


Cervical spinal nerves 
and dorsal scapular 
nerve (C 3 -C 5 ) 


Dorsal scapular nerve 
(C 4 and C 5 ) 


Trapezius 


Deltoid 


Rhomboid 

minor 


Rhomboid 

major 


Latissimus 

dorsi 


(e) 



Levator 

scapulae 


Supraspinatus 


eiaviele 


Spine of 
scapula 

lnfraspinatus 
Teres minor 


Teres 

major 


Humerus 


Figure 10.14 (continued) Superficial 
rrmseles of the thorax and shoulder 
aeting on the scapula and arm. 

(e) Posterior view. The superfieial 
muscles are shown on the left side of 
the illustration. Superfieial muscles are 
removed on the right side to reveal the 
deeper muscles aeting on the scapula, 
and the rotator cuff muscles that help 
stabilize the shoulder joint. 
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Trapezius 


Deltoid 


Teres major 


Trieeps braehii 


Latissimus 

dorsi 



Figure 10.14 (continued) Superficial musdes of the thorax 
and shoulder aeting on the scapula and arm. (d) and 

(e) Cadaver disseetions shovving vievvs similar to (e). 



Levator scapulae 

Rhomboid- 

minor 


Rhomboid 

major 



Deltoid 


lnfraspinatus 
Teres minor 


Teres major 


Latissimus dorsi 


(e) 
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Table 10.9 Muscles Crossing the Shoulder Joint: Movements of the Arm (Humerus) (Figure 10.15) 


Reeall that the ball-and-soeket shoulder joint is the most flexible 
joint in the body, but pays the priee of instability. Several muscles 
eross eaeh shoulder joint to insert on the humerus. All muscles aeting 
on the humerus originate from the peetoral girdle. Hovvever, two of 
these—the latissimus dorsi and peetoralis major—primarily originate 
on the axial skeleton. 

Of the nine muscles eovered here, only the peetoralis major, 
latissiirms dorsi, and deltoid rrmseles are prime movers of arm 
movements (Figure 10.15a, b). The remaining six are synergists 
and fixators. Four of these, the supraspinatus, infraspinatus, 
teres minor, and subscapularis (marked with an asterisk* in 
Figure 10.15b, d), are rotator cuff muscles. They originate on 
the scapula, and their tendons blend with the fibrous capsule 
of the shoulder joint en route to the humerus. Although the 
rotator cuff muscles aet as synergists in angular and rotational 
movements of the arm, their main function is to reinforee the 
capsule of the shoulder joint to prevent disloeation of the 
humerus. The remaining two muscles, the small teres major and 
eoraeobraehialis, eross the shoulder joint but do not reinforee it. 


Generally speaking, rrmseles that originate anterior to the 
shoulder joint (peetoralis major, eoraeobraehialis, and anterior 
fibers of the deltoid) flex the arm, i.e., lift it anteriorly. The prime 
mover of arm flexion is the peetoralis major. The bieeps braehii of 
the arm assists in this aetion (Figure 10.15a, e; see Table 10.10). 

Muscles originating posterior to the shoulder joint extend the 
arm. These include the latissirrms dorsi and posterior fibers of the 
deltoid muscles (both prime movers of arm extension) and the 
teres major. Note that the peetoralis and latissimus dorsi rrmseles 
are antagonists of one another in flexing and extending the arm. 

The middle region of the fleshy deltoid rrmsele of the shoulder, 
which extends over the superolateral side of the humerus, is the 
prime mover of arm abduction. The main arm adductors are the 
peetoralis major anteriorly and latissirrms dorsi posteriorly. The 
small rrmseles aeting on the humerus promote lateral and medial 
rotation of the arm. The interaetions among these nine muscles are 
complex and eaeh contributes to several movements. Table 10.12 
(Part I) summarizes their aetions. 


MUSCLE 

Peetoralis major 

(pek"to-ra'lis ma'jer) 
{pectus = breast, ehest; 
major = larger) 


Deltoid (del'toid) 
(e/e/ta = triangular) 


ORIGIN (O) AND 

DESCRIPTION INSERTION (I) 


Large, fan-shaped muscle 
eovering superior portion 
of ehest; forms anterior 
axillary fold; divided into 
clavicular and sternal parts 


Thiek, multipennate muscle 
forming rounded shoulder 
muscle mass; a eommon site 
for intramuscular injeetion, 
particularly in males, where 
it tends to be quite fleshy 


O—sternal end of 
elaviele, sternum, 
eartilage of ribs 1-6 (or 
7), and aponeurosis of 
external oblique muscle 
I—fibers eonverge to 
insert by a short tendon 
into intertubercular 
sulcus and greater 
tubercle of humerus 

O—embraees insertion 
of the trapezius; 
lateral third of elaviele; 
aeromion and spine of 
scapula 

I—deltoid tuberosity of 
humerus 


ACTION 

Prime mover of arm 
flexion; rotates arm 
medially; adducts arm 

against resistanee; with 
scapula (and arm) fixed, 
pulls rib eage upward, 
thus ean help in elimbing, 
throwing, pushing, and 
foreed inspiration 

Prime mover of arm 

abduction when all 
its fibers eontraet 
simultaneously; 

antagonist of peetoralis 
major and latissimus 
dorsi, which adduct the 
arm; if only anterior 
fibers are aetive, ean aet 
powerfully in flexing 
and rotating humerus 
medially, therefore 
synergist of peetoralis 
major; if only posterior 
fibers are aetive, causes 
extension and lateral 
rotation of arm; aetive 
during rhythmie arm- 
swinging movements 
while walking 


NERVE 

SUPPLY 

Lateral and medial 
peetoral nerves (C 5 -C 8 
and T^) 


Axillary nerve 
(C 5 and C 6 ) 
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Table 10.9 


(continued) 


MUSCLE 

Latissimus dorsi 

(lah-tis'í-mus dor'si) 
(latissimus = widest; 
dorsi = baek) 


DESCRIPTION 

Broad, flat, triangular 
muscle of lower baek 
(lumbar region); extensive 
superficial origins; eovered 
by trapezius superiorly; 
contributes to the posterior 
wall of axilla 


ORIGIN (O) AND 
INSERTION (I) 

O—indireet attaehment 
via lumbodorsal faseia 
into spines of lower 
six thoraeie vertebrae, 
lumbar vertebrae, lower 
3 to 4 ribs, and iliae 
erest; also from scapula's 
inferior angle 
I—spirals around teres 
major to insert in floor 
of intertubercular sulcus 
of humerus 


NERVE 

ACTION SUPPLY 

Prime mover of arm Thoraeodorsal nerve 

extension; powerful (C 6 -C 8 ) 

arm adductor; medially 
rotates arm at shoulder; 

depresses scapula; 
plays important role in 
lowering arm in a power 
stroke, as in striking 
a blow, hammering, 
swimming, and rowing; 
with arms fixed overhead, 
it pulls the rest of the 
body upward and 
forward 


eiaviele 


Supraspinatus* 


Deltoid 


Sternum 


Peetoralis 
major 

Ooraeobraehialis 
Trieeps braehii: 


Lateral head 


Long head 


Medial head 


Bieeps braehii 


Braehialis 


Braehio- 

radialis 





Spine of scapula 
Deltoid (cut) 

Greater tubercle 
of humerus 

Infraspinatiis* 
Teres minor* 

Teres major 


Trieeps braehii: 

- Lateral head 

- Long head 


Latissinrms dorsi 


Humerus 

Oleeranon 
of ulna 


Anconeus 


(a) Anterior view 


(b) Posterior view 


Figure 10.1 Musdes erossing the shoulder and elbovv joints, causing movements 

of the arm and forearm, respeetively. (For related images, see A BriefAtlas ofthe Human 
Body, Figures 35 and 36.) (a) Superficial muscles of the anterior thorax, shoulder, and arm, 
anterior view. (b) Muscles of the posterior thorax and arm. The trieeps braehii muscle of the 
posterior arm is shown in relation to the deep scapular muscles. The deltoid muscle of the 
shoulder and the trapezius muscle have been removed. 


*Rotator cuff muscles 
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Table 10.9 Muscles Crossing the Shoulder Joint: Movements of the Arm (Humerus) 


(Figure 10.15) 


( 


continued) 


MUSCLE 


DESCRIPTION 


ORIGIN (O) AND 
INSERTION (I) 


ACTION 


NERVE 

SUPPLY 


Subscapularis 

(sub-scap"u-lar'is) 
{sub = under; 
scapular = scapula) 


Supraspinatus 

(soo"prah-spi-nah'tus) 
(supra = above, over; 
spin = spine) 


lnfraspinatus 

(in"frah-spi-nah'tus) 
(infra = belovv) 


Teres minor 

(te'réz) 

(teres = round; 
minor = lesser) 


Teres major 


Coracobrachialis 

(kor"ah-ko-bra"ke-al'is) 
(eoraeo = eoraeoid; 
braehi = arm) 


Forms part of posterior 
vvall of axilla; tendon of 
insertion passes in front of 
shoulder joint; a rotator 
cuff muscle 


O—subscapular fossa of 
scapula 

I—lesser tubercle of 
humerus 


Chief medial rotator of 

humerus; assisted by 
peetoralis major; helps 
hold head of humerus in 
glenoid eavity, stabilizing 
shoulder joint 


Subscapular nerves 
(C 5 -C 7 ) 


Named for its loeation on O—supraspinous fossa of Initiates abduction; 

posterior aspeet of scapula; scapula 


Suprascapular nerve 


deep to trapezius; a rotator 
cuff muscle 


I—superior part of 
greater tubercle of 
humerus 


Partially eovered by deltoid O—infraspinous fossa of 


and trapezius; named for 
its scapular loeation; a 
rotator cuff muscle 


scapula 


Small, elongated muscle; 


I—greater tubercle 
of humerus posterior 
to insertion of 
supraspinatus 

O—lateral border of 
lies inferior to infraspinatus dorsal scapular surface 
and may be inseparable 
from that muscle; a rotator 
cuff muscle 

Thiek, rounded muscle; 
loeated inferior to teres 
minor; helps form posterior 
vvall of axilla (along 
vvith latissimus dorsi and 
subscapularis) 


stabilizes shoulder joint; 
helps prevent dovvnvvard 
disloeation of humerus, 
as when earrying a heavy 
suitcase 

Rotates humerus laterally; Suprascapular nerve 

helps hold head of 

humerus in glenoid eavity, 

stabilizing the shoulder 

joint 


Same aetion(s) as 
infraspinatus muscle 


Axillary nerve 


I—greater tubercle of 
humerus inferior to 
infraspinatus insertion 

O—posterior surface of 
scapula at inferior angle 


Extends, medially rotates, 
and adducts humerus; 


Lovver subscapular 
nerve (C 6 and C 7 ) 


erest of lesser tubercle synergist of latissimus 


Small, eylindrieal muscle 


on anterior humerus; 
insertion tendon fused 
vvith that of latissimus 
dorsi 

O—eoraeoid proeess of 
scapula 

I — medial surface of 
humerus shaft 


dorsi 


Flexes and adducts 
humerus; synergist of 
peetoralis major 


Musculocutaneous 
nerve (C 5 -C 7 ) 


Bieeps 

braehii 


Long head 
Short head 


O = origin 
I = insertion 




Subscapularis 


Goraeobraehialis 


Braehialis 



(e) 


(d) 


Figure 10.1 (continued) Muscles erossing the shoulder and elbow joints, causing 
movements of the arm and forearm, respeetively. (e) The isolated bieeps braehii muscle of 
the anterior arm. (d) The braehialis muscle and the eoraeobraehialis and subscapularis muscles 
shovvn in isolation in the diagram on the left, and in a disseetion on the right. 


*Rotator cuff muscles 


























ehapter 10 The Muscular System 


353 


MUSCLE GALLERY 


Table 10.10 Muscles Crossing the Elbow Joint: Flexion and Extension of the Forearm (Figure 10.15) 


Muscles fleshing out the arm eross the elbovv joint to insert on 
the forearm bones. Sinee the elbovv is a hinge joint, movements 
promoted by these arm muscles are limited almost entirely to flexing 
and extending the forearm. Walls of faseia divide the arm into tvvo 
muscle eompartments—the posterior extensors and anterior flexors. 
The main forearm extensor is the bulky trieeps braehii muscle, vvhieh 
forms nearly the entire musculature of the posterior eompartment 
(Figure 10.15a, b). 

All anterior arm muscles flex the forearm (elbovv). In order of 
deereasing strength, these are the braehialis, bieeps braehii, and 
braehioradialis (Figure 10.15a, e, d). The braehialis and bieeps insert 
(respeetively) into the ulna and radius and eontraet simultaneously 
during flexion; they are the ehief forearm flexors. The bieeps 


braehii, a muscle that bulges vvhen the forearm is flexed, is familiar 
to almost everyone. The braehialis, vvhieh lies deep to the bieeps, is 
less knovvn but is equally important in flexing the elbovv. Because 
the braehioradialis arises from the distal humerus and inserts 
on the distal forearm, it resides mainly in the forearm. Its foree 
is exerted far from the fulcrum, so the braehioradialis is a vveak 
forearm flexor. The bieeps muscle also supinates the forearm and 
is ineffeetive in flexing the elbovv vvhen the forearm must stay 
pronated. (This is vvhy doing chin-ups vvith palms faeing anteriorly 
is harder than vvith palms faeing posteriorly.) 

Table 10.12 (Part II) summarizes the aetions of the muscles 
deseribed here. 


ORIGIN (O) AND NERVE 

MUSCLE DESCRIPTION INSERTION (I) ACTION SUPPLY 


POSTERIOR MUSCLES 


Trieeps braehii 

Large fleshy muscle; the 

O—long head: 

Powerful forearm 

Radial nerve (C 6 -C 8 ) 

(tri'seps bra'ke-i) 

only muscle of posterior 

infraglenoid tubercle 

extensor (prime mover. 


{trieeps = three heads; 

eompartment of arm; 

of scapula; lateral 

particularly medial head); 


braehi = arm) 

three-headed origin; 
long and lateral heads lie 
superficial to medial head 

head: posterior shaft of 
humerus; medial head: 
posterior humeral shaft 
distal to radial groove 

1—by eommon tendon 
into oleeranon of ulna 

antagonist of forearm 
flexors; long and lateral 
heads mainly aetive in 
extending the forearm 
against resistanee; 
long head tendon may 
help stabilize shoulder 
joint and assist in arm 
adduction 


Anconeus 

Short triangular muscle; 

O—lateral epieondyle of 

May eontrol ulnar 

Radial nerve 

(an-ko'ne-us) 

partially blended vvith 

humerus 

abduction during forearm 


{aneon = elbovv) 

distal end of trieeps on 

1—lateral aspeet of 

pronation; synergist of 


(see Figure 10.17) 

posterior humerus 

oleeranon of ulna 

trieeps braehii in elbow 
extension 



ANTERIOR MUSCLES 


Bieeps braehii 

(bi'seps) 

{bieeps = tvvo heads) 


Braehialis 

(bra'ke-al-is) 


Braehioradialis 

(bra"ke-o-ra"de-a I' is) 
{radi = radius, ray) 
(also see Figure 10.16) 


Tvvo-headed fusiform 
muscle; bellies unite 
as insertion point is 
approaehed; tendon of 
long head helps stabilize 
shoulder joint 


Strong muscle that is 
immediately deep to 
bieeps braehii on distal 
humerus 


Superficial muscle of 
lateral forearm; forms 
lateral boundary of 
cubital fossa; extends 
from distal humerus to 
distal forearm 


O—short head: eoraeoid 
proeess; long head: 
supraglenoid tubercle 
and lip of glenoid eavity; 
tendon of long head runs 
vvithin capsule and into 
intertubercular sulcus of 
humerus 

I—by eommon tendon 
into radial tuberosity 

O—front of distal 
humerus; embraees 
insertion of deltoid 
muscle 

I—eoronoid proeess 
of ulna and capsule of 
elbovv joint 

O—lateral supracondylar 
ridge at distal end of 
humerus 

I—base of radial styloid 
proeess 


Flexes elbovv joint and 
supinates forearm; these 
aetions usually occur at 
same time (e.g., vvhen you 
open a bottle of vvine, 
it turns the eorkserevv 
and pulls the eork); vveak 
flexor of arm at shoulder 


A major forearm flexor 

(lifts ulna as bieeps lifts 
the radius) 


Synergist in flexing 

forearm; aets to best 
advantage vvhen forearm 
is partially flexed and 
semipronated; stabilizes 
elbovv during rapid 
flexion and extension 


Musculocutaneous nerve 
(C 5 and C 6 ) 


Musculocutaneous nerve 


Radial nerve (an 
important exception: 
the radial nerve typieally 
serves extensor muscles) 
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Table 10.11 Muscles of the Forearm: Movements of the Wrist, Hand, and Fingers (Figures 10.16 and 10.17) 


The many muscles in the forearm perform several basie functions. 
Some cause vvrist movements, some move the fingers and thumb, 
and a few help pronate and supinate the forearms. In most eases, 
their fleshy portions contribute to the roundness of the proximal 
forearm and then they taper to long tendons distally to insert into 
the hand. 

At the wrist, these tendons are securely anehored by bandlike 
thiekenings of deep faseia ealled flexor and extensor retinacula 
("retainers") (Figure 10.16a). These "wrist bands" keep the tendons 
from jumping outward when tensed. Crowded together in the wrist 
and palm, the muscle tendons are surrounded by slippery tendon 
sheaths that minimize frietion as they slide against one another. 

Although many forearm muscles arise from the humerus 
(and thus eross both the elbow and wrist joints), their aetions on 
the elbow are slight. Flexion and extension are the movements 
typieally effeeted at both the wrist and finger joints. In addition, 
the forearm muscles ean abduct and adduct the wrist. 

Faseia subdivides the forearm muscles into two main 
eompartments: the anterior flexors and posterior extensors. Eaeh 
has superficial and deep muscle layers. Most flexors in the anterior 
eompartment arise from a eommon tendon on the humerus 


and are innervated largely by the median nerve. Two anterior 
eompartment rrmseles are not flexors but pronators, the pronator 
teres and pronator quadratus (Figure 10.16a-c). Pronation is one of 
the most important forearm movements. 

Muscles of the posterior eompartment extend the wrist and 
fingers. One exception is the supinator muscle, which assists the 
bieeps braehii muscle of the arm in supinating the forearm 
(Figures 10.16b, e and 10.17b). (Also residing in the posterior 
eompartment is the braehioradialis muscle, the weak elbow 
flexor eonsidered in Table 10.10.) Most muscles of the posterior 
eompartment arise from a eommon tendon on the humerus. The 
radial nerve supplies all posterior forearm muscles. 

As deseribed above, most rrmseles that move the hand are 
loeated in the forearm and "operate" the fingers via their long 
tendons, like operating a puppet by strings. This design makes the 
hand less bulky and enables it to perform finer movements. The 
hand movements promoted by the forearm muscles are assisted 
by the small intrinsie muscles of the hand, which eontrol the most 
delieate and preeise finger movements (see Table 10.13). Table 
10.12 (Parts II and III) summarizes the aetions of the forearm 
muscles. 


ORIGIN (O) AND NERVE 

MUSCLE DESCRIPTION INSERTION (I) ACTION SUPPLY 

PART I: ANTERIOR These eight muscles of the anterior faseial eompartment are listed from the lateral to the medial aspeet. Most 

MUSCLES (Figure 10.16) arise from a eommon flexor tendon attaehed to the medial epieondyle of the humerus and have additional 

origins as well. Most of their tendons of insertion are held in plaee at the wrist by a thiekening of deep faseia 
ealled the flexor retinaculum. 


Superficial Muscles 

Pronator teres 

(pro-na'tor te'réz) 

(pronation = turning palm 
posteriorly, or down; 
teres = round) 

Flexor earpi radialis 

(flek'sor kar'pe ra"de-al'is) 
(flex = deerease angle 
between two bones; 
earpi = wrist; 
radi = radius) 


Palmaris longus 

(pahl-ma'ris lon'gus) 
{palma = palm; 
longus = long) 


Flexor earpi ulnaris 

(ul-na'ris) 

{ulnar = ulna) 


Two-headed muscle; seen 
in superficial view between 
proximal margins of 
braehioradialis and flexor 
earpi radialis; forms medial 
boundary of cubital fossa 

Runs diagonally aeross 
forearm; midway, its fleshy 
belly is replaeed by a flat 
tendon that beeomes 
eordlike at wrist 


Small fleshy muscle with 
a long insertion tendon; 
often absent; may be used 
as guide to find median 
nerve that lies lateral to it 
at wrist 

Most medial muscle of this 
group; two-headed; ulnar 
nerve lies lateral to its 
tendon 


O—medial epieondyle 
of humerus; eoronoid 
proeess of ulna 
I—by eommon tendon 
into lateral radius, 
midshaft 

O—medial epieondyle of 
humerus 

I—base of seeond and 
third metaearpals; 
insertion tendon easily 
seen and provides guide 
to position of radial 
artery at wrist (used for 
taking pulse) 

O—medial epieondyle of 
humerus 

I—palmar aponeurosis; 
(faseia of palm) 


O—medial epieondyle of 
humerus; oleeranon and 
posterior surface of ulna 
I—pisiform and hamate 
bones and base of fifth 
metaearpal 


Pronates forearm; weak 
flexor of elbow 


Powerful flexor of wrist; 
abducts hand; weak 
synergist of elbow flexion 


Tenses skin and faseia 
of palm during hand 
movements; weak wrist 
flexor; weak synergist for 
elbow flexion 

Powerful flexor of wrist; 
also adducts hand in 

eoneert with extensor 
earpi ulnaris (posterior 
muscle); stabilizes wrist 
during finger extension 


Median nerve 


Median nerve 


Median nerve 


Ulnar nerve 
(C 7 and C 8 ) 
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(continued) 


MUSCLE 

Flexor digitomm 
superficialis (dí"jí-tor'um 
soo"per-fish"e-aris) 

{digit = finger, toe; 
siiperfieial = elose to 
surface) 


DESCRIPTION 

Two-headed muscle; 
more deeply plaeed 
(therefore, actually forms 
an intermediate layer); 
overlain by muscles above 
but visible at distal end of 
forearm 


Deep Musdes 


ORIGIN (O) AND 
INSERTION (I) 

O—medial epieondyle 
of humerus, eoronoid 
proeess of ulna; shaft of 
radius 

I—by four tendons into 
middle phalanges of 
fingers 2-5 


ACTION 

Flexes wrist and middle 
phalanges of fingers 2-5; 

the important finger 
flexor for speed and 
flexion against resistanee 


NERVE 

SUPPLY 

Median nerve (C 7 , C 8 , 
and T,) 


Flexor pollieis longus 

(pah'lí-kis) 

(po///x = thumb) 


Flexor digitomm profundus 

(pro-fun'dus) 

{profund = deep) 


Partly eovered by flexor 
digitorum superfieialis; 
parallels flexor digitorum 
profundus laterally 

Extensive origin; overlain 
entirely by flexor digitorum 
superf ieialis 


O—anterior surface of 
radius and interosseous 
membrane 
I—distal phalanx of 
thumb 

O—eoronoid proeess, 
anteromedial surface of 
ulna, and interosseous 
membrane 

I—by four tendons into 
distal phalanges of 
fingers 2-5 


Flexes distal phalanx of 
thumb 


Flexes distal 
interphalangeal joints; 

slow-acting flexor of any 
or all fingers; helps flex 
wrist 


Braneh of median 
nerve {C 8 ,TJ 


Medial half by ulnar 
nerve; lateral half by 
median nerve 




Superficial- 

transverse 
ligament of palm 


Palmar 
aponeurosis 


Flexor digitomm 
superficialis 


Flexor earpi 
iilnaris 


Palmaris longus 


Flexor earpi 
radialis 


Medial epieondyle 
of humerus 


Medial head of 
trieeps braehii 


Tendon of 

flexor 

digitorum 


superficialis 



/ 


Flexor 

retinaculum 

Pronator 
quadratus 


Flexor pollieis 
longus 


Extensor earpi 
radialis longus 

Braehio- 

radialis 

Pronator 

teres 

Tendon of 
bieeps braehii 


Bieeps braehii 



Tendon of 
flexor digitorum 
profundus 



Tendon of 
braehioradialis 
(cut) 

Tendon of flexor 
earpi ulnaris (cut) 


Tendon of flexor 
earpi radialis (cut) 


Flexor 

digitomm 

superficialis 

Extensor earpi 
radialis longus 


Supinator 


Tendon of bieeps 
braehii (cut) 



Tendon of flexor 
digitorum superficialis 


Lumbricals 


Tendon of flexor 
pollieis longus 


Thenar muscles 
of thumb 


Pronator quadratus 


Flexor pollieis 
longus 


Flexor digitomm 
profundus 


gure 10.16 Muscles of the anterior 
faseial eompartment of the forearm 
aeting on the right wrist and fingers. 

(a) Superficial view. (b) The braehioradialis, 


flexors earpi radialis and ulnaris, and palmaris 
longus muscles have been removed to reveal 
the flexor digitorum superfieialis. (e) Deep 
muscles of the anterior eompartment. The 


lumbricals and thenar muscles (intrinsie hand 
muscles) are also illustrated. (For a related 
image, seeA BriefAtlas ofthe Human Body, 
Figure 37.) 
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Table 10.11 Muscles of the Forearm: Movements of the Wrist, Hand, 

and Fingers (Figures 10.16 and 10.17) 

MUSCLE 

DESCRIPTION 

ORIGIN (O) AND 

INSERTION (1) 

ACTION 

NERVE 

SUPPLY 

Pronator quadratus 

(kwod-ra'tus) (quad = 
square, four-sided) 

Deepest muscle of distal 
forearm; passes downward 
and laterally; only muscle 
that arises solely from 
ulna and inserts solely into 
radius 

O—distal portion of 
anterior ulnar shaft 

1—distal surface of 
anterior radius 

Prime mover of forearm 

pronation; aets with 
pronator teres; also helps 
hold ulna and radius 
together 

Median nerve 
(C 8 and T^) 

PART II: POSTERIOR 
MUSCLES (Figure 10.17) 

These muscles of the posterior faseial eompartment are listed from the lateral to the medial aspeet. They are all 
innervated by the radial nerve or its branehes. More than half of the posterior eompartment muscles arise from 
a eommon extensor origin tendon attaehed to the posterior surface of the lateral epieondyle of the humerus 
and adjaeent faseia. The extensor tendons are held in plaee at the posterior aspeet of the wrist by the extensor 
retinaculum f which prevents "bowstringing" of these tendons when the wrist is hyperextended. The extensor 
muscles of the fingers end in a broad hood over the dorsal side of the digits, the extensor expansion. 

Superficial Muscles 

Braehioradialis 

(see Table 10.10) 

See Table 10.10 

See Table 10.10 

See Table 10.10 

See Table 10.10 

Extensor earpi radialis 
longus (ek-sten'sor) 

(extend = inerease angle 
between two bones) 

Parallels braehioradialis on 
lateral forearm, and may 
blend with it 

O—lateral supracondylar 
ridge of humerus 

1—base of seeond 
metaearpal 

Extends wrist in 

conjunction with extensor 
earpi ulnaris and abducts 
wrist in conjunction with 
flexor earpi radialis 

Radial nerve 
(C 6 and C 7 ) 

Extensor earpi radialis brevis 

(bré'vis) 

(brevis = short) 

Shorter than extensor earpi 
radialis longus and lies 
deep to it 

O—lateral epieondyle of 
humerus 

1—base of third 
metaearpal 

Extends and abducts 

wrist; aets synergistieally 
with extensor earpi 
radialis longus to steady 
wrist during finger 
flexion 

Deep braneh of radial 
nerve 

Extensor digitorum 

Lies medial to extensor 
earpi radialis brevis; a 
detaehed portion of this 
muscle, ealled extensor 
digiti minimi, extends little 
finger 

O—lateral epieondyle of 
humerus 

1—by four tendons into 
extensor expansions 
and distal phalanges of 
fingers 2-5 

Prime mover of finger 

extension; extends wrist; 
ean abduct (flare) fingers 

Posterior interosseous 
nerve, a braneh 
of radial nerve 
(C 5 and C 6 ) 

Extensor earpi ulnaris 

Most medial of superficial 
posterior muscles; long, 
slender muscle 

O—lateral epieondyle of 
humerus and posterior 
border of ulna 

1—base of fifth 
metaearpal 

Extends wrist in 

conjunction with extensor 
earpi radialis and adducts 
wrist in conjunction with 
flexor earpi ulnaris 

Posterior interosseous 

nerve 

Deep Muscles 

Supinator (soo"pí-na'tor) 
(supination = turning palm 
anteriorly or upward) 

Deep muscle at posterior 
aspeet of elbow; largely 
eoneealed by superfieial 
muscles 

O—lateral epieondyle of 
humerus; proximal ulna 

1—proximal end of radius 

Assists bieeps braehii to 
foreibly supinate forearm; 

works alone in slow 
supination; antagonist of 
pronator muscles 

Posterior interosseous 

nerve 

Abductor pollieis longus 

(ab-duk'tor) 

(abduct = movement away 
from median plane) 

Lateral and parallel to 
extensor pollieis longus; just 
distal to supinator 

O—posterior surface 
of radius and ulna; 
interosseous membrane 

1—base of first 
metaearpal and 
trapezium 

Abducts and extends 
thumb 

Posterior interosseous 

nerve 

Extensor pollieis brevis and 
longus 

Deep muscle pair with a 
eommon origin and aetion; 
overlain by extensor earpi 
ulnaris 

O—dorsal shaft of radius 
and ulna; interosseous 
membrane 

1—base of proximal 
(brevis) and distal 
(longus) phalanx of 
thumb 

Extends thumb 

Posterior interosseous 

nerve 
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ORIGIN (O) AND NERVE 

MUSCLE DESCRIPTION INSERTION (I) ACTION SUPPLY 


(continued) 


Extensor indieis (in'dí-kis) Tiny muscle arising elose O—posterior surface of Extends index finger and Posterior interosseous 

{indieis = index finger) to wrist distal ulna; interosseous assists in extending wrist nerve 

membrane 

I—extensor expansion 
of index finger; joins 
tendon of extensor 
digitorum 


Extensor expansion 


Tendons of 

extensor 

digitorum 


Extensor pollieis 
longus 

Extensor pollieis 
brevis 


Abductor 
pollieis longus 


Extensor digitomm 


Extensor earpi 
radialis brevis 


Extensor earpi 
radialis longus 



(a) 


Tendons of extensor 
earpi radialis brevis 
and longus 

Extensor indieis 

Extensor digiti minimi 


Extensor earpi 
ulnaris 


Flexor earpi ulnaris 


Anconeus 

Insertion of 
trieeps braehii 

Braehioradialis 


Extensor indieis 


Extensor pollieis 
brevis 


Supinator 


Anconeus 



Extensor pollieis 
longus 

Abductor pollieis 
longus 


Oleeranon of ulna 


Interossei 



Figure 10.1 Muscles of the posterior faseial eompartment of the right forearm 
aeting on the vvrist and fingers. (a) Superficial muscles, posterior view. (For a related image, 
see/\ BriefAtlas ofthe Human Body, Figure 37b.) (b) Deep posterior muscles, superficial 
muscles removed. The interossei, the deepest layer of intrinsie hand muscles 7 are also illustrated. 
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Table 10.12 Summary: Aetions of Muscles Aeting on the Arm, Forearm, and Hand (Figure 10.18) 


PART 1: 

Muscles Aeting on 
the Arm (Humerus) 

(PM = Prime Mover) 

Aetions at the Shoulder 

Flexion 

Extension 

Abduction 

Adduction 

Medial 

Rotation 

Lateral 

Rotation 

Peetoralis major 

Latissimus dorsi 

Teres major 

Deltoid 

Subscapularis 

Supraspinatus 

lnfraspinatus 

Teres minor 

Coracobrachialis 

Bieeps braehii 

Trieeps braehii 

x (PM) 



x (PM) 

X 



x (PM) 


x (PM) 

X 



X 


X 

X 


x (PM) 

(anterior fibers) 

x (PM) 

(posterior fibers) 

x (PM) 


X 

(anterior fibers) 

X 

(posterior fibers) 





x (PM) 




X 









x (PM) 




x (weak) 


x (PM) 

X 



X 



x (vveak) 









X 



PART II: 

Musdes Aeting 
on the Forearm 

Aetions on the Forearm 

Elbovv Flexion 

Elbow Extension 

Pronation 

Supination 

Bieeps braehii 

Braehialis 

Trieeps braehii 

Anconeus 

Pronator teres 

Pronator quadratus 

Supinator 

Braehioradialis 

x (PM) 



X 

x (PM) 





x (PM) 




X 



x (weak) 


X 




x (PM) 





X 

X 




PART III: 

Musdes Aeting on 
the Wrist and Fingers 

Aetions on the Wrist 

Aetions on the Fingers 

Flexion 

Extension 

Abduction 

Adduction 

Flexion 

Extension 

Anterior Compartment 

Flexor earpi radialis 

Palmaris longus 

Flexor earpi ulnaris 

Flexor digitomm 
superf ieialis 

Flexor pollieis longus 

Flexor digitorum 
profundus 

Posterior Compartment 

Extensor earpi radialis 
longus and brevis 

Extensor digitorum 

Extensor earpi ulnaris 

Abductor pollieis longus 

Extensor pollieis longus 
and brevis 

Extensor indieis 

x (PM) 


X 




x (weak) 






x (PM) 



X 



x (PM) 




X 






x (thumb) 


X 




X 



X 

X 





x (PM) 




x (and abducts) 


X 


X 





X 


(abducts thumb) 






x (thumb) 


x (weak) 




x (index finger) 
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Key: 



Extensors 

Flexors 


Others 



(a) 



(b) 


Trieeps 

braehii 


Lateral 

head 


Long 

head 


Medial 

head 






Posterior eompartment of arm 

(extends elbow); innervated by 
radial nerve 


Humerus 


Braehialis 


Short head 
Long head 


Bieeps braehii 


\ 


(a) Muscles of the arm 







V. 




/ 




Posterior eompartment of forearm 

(extends wrist and fingers); 
innervated by radial nerve 


Extensors 



Others 


Radius 


Abductor 

pollieis 

longus 


Pronator teres 


Anterior eompartment of arm 

(flexes elbow); innervated by 
musculocutaneous nerve 


Braehioradialis 


(elbow flexor) 



(b) Muscles of the forearm 


gure 10.18 Summary: Aetions of musdes of the arm and 
forearm. 


Anterior eompartment of forearm 

(flexes wrist and fingers); 
innervated by median or ulnar nerve 
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ln this table we eonsider the small muscles that lie entirely in the 
hand. All are in the palm, none on the hand's dorsal side. All move 
the metaearpals and fingers. Small, weak muscles, they mostly eontrol 
preeise movements (such as threading a needle), leaving the powerful 
movements of the fingers ("power grip") to the forearm muscles. 

The intrinsie muscles include the main abductors and adductors 
of the fingers, as well as muscles that produce the movement of 
opposition—moving the thumb toward the little finger—that 
enables you to grip objeets. Many palm muscles are speeialized to 
move the thumb, and surprisingly many move the little finger. 

Thumb movements are defined differently from movements of 
other fingers because the thumb lies at a right angle to the rest of 
the hand. The thumb flexes by bending medially along the palm, 
not by bending anteriorly, as do the other fingers. (To demonstrate 
this differenee, start with your hand in the anatomieal position or 


(Figure 10.19) 


this will not be elear!) The thumb extends by pointing laterally (as in 
hitehhiking), not posteriorly, as do the other fingers. To abduct the 
fingers is to splay them laterally, but to abduct the thumb is to point 
it anteriorly. Adduction of the thumb brings it baek posteriorly. 

The intrinsie muscles of the palm are divided into three groups, 
those in 

1. The thenar eminenee (ball of the thumb) 

2. The hypothenar eminenee (ball of the little finger) 

3. The midpalm 

Thenar and hypothenar muscles are almost mirror images of eaeh 
other, eaeh eontaining a small flexor, an abductor, and an opponens 
muscle. The midpalmar muscles, ealled lumbricals and interossei, 
extend our fingers at the interphalangeal joints. The interossei are 
also the main finger abductors and adductors. 


Table 10.13 intrinsie Miiseles of the Hand: Fine Movements of the Fingers 


ORIGIN (O) AND 


NERVE 


MUSCLE 

DESCRIPTION 

INSERTION (1) 

ACTION 

SUPPLY 

THENAR MUSCLES IN BALL OF THUMB (the'nar) (thenar = 

: palm) 



Abductor pollieis brevis 

(po//ex = thumb) 

Lateral muscle of thenar 
group; superficial 

0—flexor retinaculum 
and nearby earpals 

1—lateral base of 
thumb's proximal 
phalanx 

Abducts thumb (at 

earpometaearpal joint) 

Median nerve (C 8 , T^) 

Flexor pollieis brevis 

Medial and deep muscle of 
thenar group 

0—flexor retinaculum 
and nearby earpals 

1—lateral side of base 
of proximal phalanx of 
thumb 

Flexes thumb (at 

earpometaearpal and 

metaearpophalangeal 

joints) 

Median (or 
oeeasionally ulnar) 
nerve (C 8 , T^) 

Opponens pollieis 

(o-pón'enz) ( opponens = 
opposition) 

Deep to abductor pollieis 
brevis, on metaearpal 1 

0—flexor retinaculum 
and trapezium 

1—whole anterior side of 
metaearpal 1 

Opposition: moves thumb 
to touch tip of little 
finger 

Median (or 
oeeasionally ulnar) 
nerve 

Adductor pollieis 

Fan-shaped with horizontal 
fibers; distal to other 
thenar rrmseles; oblique 
and transverse heads 

0—eapitate bone and 
bases of metaearpals II- 
IV; front of metaearpal III 

1—medial side of base 
of proximal phalanx of 
thumb 

Adducts and helps to 
oppose thumb 

Ulnar nerve (C 8 , T^) 

HYPOTHENAR MUSCLES IN BALL OF LITTLE FINGER 

Abductor digiti minimi 

(drjt-ti min'T-mi) 

(digiti minimi = little finger) 

Medial muscle of 
hypothenar group; 
superficial 

0—pisiform bone 

1—medial side of 
proximal phalanx of little 
finger 

Abducts little finger at 

metaearpophalangeal 

joint 

Ulnar nerve 

Flexor digiti minimi brevis 

Lateral deep muscle of 
hypothenar group 

0—hamate bone and 
flexor retinaculum 

1—same as abductor 
digiti minimi 

Flexes little finger at 

metaearpophalangeal 

joint 

Ulnar nerve 

Opponens digiti minimi 

Deep to abductor digiti 
minimi 

0—same as flexor digiti 
minimi brevis 

1—most of length 
of medial side of 

Helps in opposition: 

brings metaearpal V 
toward thumb to cup the 
hand 

Ulnar nerve 


metaearpal V 
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Tendons of: 

Flexor digitomm 
profundus 

Flexor digitomm 
superficialis 


Third- 

lumbrical 


Fourth 
lumbrical 


Opponens 
digiti minimi 


Flexor digiti 
minimi brevis 


Abductor 
digiti minimi 


Pisiform bone 


Flexor earpi 
ulnaris tendon 


Flexor digitomm 

superficialis 

tendons 



Flexor digitomm 
profundus tendon 


Fibrous sheath 


Seeond lumbrical 


Dorsal interossei 
First lumbrical 


Adductor pollieis 

Flexor pollieis 
brevis 


Abductor 

pollieis 

brevis 

Opponens 

pollieis 

Flexor 

retinaculum 

Abductor 

pollieis 

longus 


Tendons of: 


Palmaris longus 
Flexor earpi radialis 
Flexor pollieis longus 


(a) First superficial layer 


Palmar 

interossei 



Palmar 


interossei 


Opponens 
digiti minimi 

Flexor digiti 
minimi brevis 
(cut) 

Abductor 
digiti minimi 
(cut) 



Flexor 

digitomm 

superficialis 

tendon 


Dorsal 

interossei 

Adductor 

pollieis 

Flexor 

pollieis 

brevis 


Abductor 

pollieis 

brevis 


Opponens 

pollieis 

Flexor pollieis 
longus tendon 


(b) Seeond layer 



Dorsal 

interossei 


(e) Palmar interossei (isolated) 
gure 10.19 Hand musdes, ventral vievvs of right hand. 


(d) Dorsal interossei (isolated) 
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intrinsie Musdes of the Hand: Fine Movements of the Fingers 


(Figure 10.19) 


continued) 


MUSCLE 


ORIGIN (O) AND 

DESCRIPTION INSERTION (I) ACTION 


NERVE 

SUPPLY 


MIDPALMAR MUSCLES 


Lumbricals (lum'brí-klz) 
{lumbric = earthvvorm) 


Palmar interossei 

(in"ter-os'e-i) 
{interossei = 
betvveen bones) 


Dorsal interossei 


Four vvorm-shaped muscles 
in palm, one to eaeh finger 
(except thumb); unusual 
because they originate 
from the tendons of 
another muscle 


Four long, eone-shaped 
muscles in the spaees 
betvveen the metaearpals; 
lie ventral to the dorsal 
interossei 


Four bipennate muscles 
filling spaees betvveen the 
metaearpals; deepest palm 
muscles, also visible on 
dorsal side of hand 
(Figure 10.17b) 


O—lateral side of 
eaeh tendon of flexor 
digitorum profundus in 
palm 

I—lateral edge of 
extensor expansion on 
proximal phalanx of 
fingers 2-5 

O—the side of eaeh 
metaearpal that faees 
the midaxis of the hand 
(metaearpal III) but ab- 
sent from metaearpal III 
I—extensor expansion 
on first phalanx of eaeh 
finger (except finger 3), 
on side faeing midaxis 
of hand 

O—sides of metaearpals 
I—extensor expansion 
over proximal phalanx 
of fingers 2-4 on side 
opposite midaxis of hand 
(finger 3), but on both 
sides of finger 3 


Flex fingers at 
metaearpophalangeal 
joints but extend fingers 
at interphalangeal joints 


Adduct fingers: pull 
fingers in tovvard third 
digit; aet vvith lumbricals 
to extend fingers at 
interphalangeal joints 
and flex them at 
metaearpophalangeal 
joints 


Abduct (diverge) 

fingers; extend fingers 
at interphalangeal 
joints and flex them at 
metaearpophalangeal 
joints 


Median nerve (lateral 
tvvo) and ulnar nerve 
(medial tvvo) 


Ulnar nerve 


Ulnar nerve 
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Table 10.14 Muscles Crossing the Hip and Knee Joints: Movements of the Thigh and Leg 

(Figures 10.20 and 10.21) 


The muscles fleshing out the thigh are difficult to segregate into 
groups on the basis of aetion. Some thigh muscles aet only at the 
hip joint, others only at the knee, while still others aet at both 
joints. However, most anterior muscles of the hip and thigh flex 
the femur at the hip and extend the leg at the knee, producing the 
foreswing phase of walking. The posterior muscles of the hip and 
thigh, by eontrast, mostly extend the thigh and flex the leg—the 
backswing phase of walking. A third group of muscles in this region, 
the medial, or adductor, muscles, all adduct the thigh; they have no 
effeet on the leg. 

In the thigh, the anterior, posterior, and adductor muscles are 
separated by walls of faseia into anterior, posterior, and medial 
eompartments (see Figure 10.26a). The deep faseia of the thigh, the 
faseia lata, surrounds and eneloses all three groups of rrmseles like 
a support stoeking. 

Movements of the thigh (occurring at the hip joint) are 
aeeomplished largely by muscles anehored to the pelvie girdle. Like 
the shoulder joint, the hip joint is a ball-and-soeket joint permitting 
flexion, extension, abduction, adduction, circumduction, and 
rotation. Muscles effeeting these movements are among the most 
powerful muscles of the body. 


For the most part, the thigh flexors pass in front of the hip 
joint. The most important thigh flexors are the iliopsoas (the prime 
mover), tensor faseiae latae, and rectus femoris (Figure 10.20a). 
They are assisted in this aetion by the adductor muscles of the 
medial thigh and the straplike sartorius. 

Thigh extension is effeeted primarily by the massive hamstring 
muscles of the posterior thigh (Figure 10.21a). During forceful 
extension, the gluteus maximus of the buttocks is ealled into play. 
Buttock muscles that lie lateral to the hip joint (gluteus medius and 
minimus) abduct the thigh (Figure 10.21c). 

Thigh adduction is the role of the adductor muscles of the medial 
thigh. Abduction and adduction of the thighs are extremely important 
during walking to shift the trunk from side to side and balanee the 
body's weight over the limb that is on the ground. Many different 
muscles bring about medial and lateral rotation of the thigh. 

At the knee joint, flexion and extension are the main movements. 
The sole knee extensor is the quadriceps femoris muscle of the 
anterior thigh, the most powerful muscle in the body (Figure 10.20a). 
The quadriceps is antagonized by the hamstrings of the posterior 
eompartment, which are the prime movers of knee flexion. 

Table 10.17 (Part I) summarizes the aetions of these rrmseles. 


ORIGIN (O) AND NERVE 

MUSCLE DESCRIPTION INSERTION (I) ACTION SUPPLY 

PART I: ANTERIOR AND MEDIAL MUSCLES (Figure 10.20) 


Origin on the Pelvis or Spine 


lliopsoas (il"e-o-so'us) 

■ lliacus (il-e-ak'us) 
(/7/ae = ilium) 


■ Psoas major (so'us) 
{psoa = loin muscle; 
major = larger) 


Sartorius (sar-tor'e-us) 
(sartor = tailor) 


lliopsoas is a eomposite of two elosely related muscles (iliacus and psoas major) whose fibers pass under the 
inguinal ligament (see Figure 10.12) to insert via a eommon tendon on the femur. 


Large, fan-shaped, more 
lateral muscle 


Longer, thieker, more 
medial muscle of the pair 
(butchers refer to this 
muscle as the tenderloin) 


Straplike superfieial muscle 
running obliquely aeross 
anterior surface of thigh 
to knee; longest muscle in 
body; erosses both hip and 
knee joints 


O—iliae fossa and erest, 
ala of sacrum 
I—lesser troehanter 
of femur via iliopsoas 
tendon 

O—by fleshy slips from 
transverse proeesses, 
bodies, and dises of 
lumbar vertebrae and T 12 
I—lesser troehanter 
of femur via iliopsoas 
tendon 

O—anterior superior iliae 
spine 

I—winds around medial 
aspeet of knee and 
inserts into medial aspeet 
of proximal tibia 


lliopsoas is the prime Femoral nerve 

mover for flexing thigh, (L 2 and L 3 ) 
or for flexing trunk on 
thigh as during a bow 

As above; also flexes Ventral rami (L n —L 3 ) 

vertebral column laterally; 

important postural 
muscle 


Flexes, abducts, and Femoral nerve 

laterally rotates thigh; 

flexes knee (weak) as in a 
soeeer kiek; helps produce 
the eross-legged position 














MUSCLE GALLERY 


Table 10.14 Muscles Crossing the Hip and Knee Joints: Movements of the Thigh and Leg 


(Figures 10.20 and 10.21) 


r J 


continued 




10 


j 


12th rib 


Quadratus lumborum 


Psoas minor 


lliae erest 


lliopsoas 


Psoas major 


lliacus 


Anterior superior iliae spine 


Tensor faseiae latae 


Pectineus 


Sartoriiis 


Quadriceps femoris 
• Rectus femoris 


Vastus lateralis 


Vastus medialis 





(a) 



12th thoraeie 
vertebra 


5th lumbar 
vertebra 


Adductor longus 


Graeilis 


Adductor magnus 


Tendon of 

quadriceps 

femoris 

Patella 


Patellar 

ligament 


Pectineus 

(cut) 


Adductor 

brevis 

Adductor 

longus 


Femur 




Adductor 

magniis 


O = origin 
I = insertion 


Vastus - 
lateralis 


Vastus- 

intermediiis 


Vastus - 
medialis 




Rectus femoris 
tendon (cut) 

Patella 


Patellar 

ligament 


gure 10.20 Anterior and medial muscles promoting movements of the thigh and leg. 

(For a related image, see A BriefAtlas ofthe Human Body, Figure 40.) (a) Anterior vievv of the deep 
muscles of the pelvis and superficial muscles of the right thigh. (b) Adductor muscles of the medial 
eompartment of the thigh, isolated. (e) Vastus muscles of the quadriceps group, isolated. 













































ehapter 10 The Muscular System 


365 


MUSCLE GALLERY 


Table 10.14 



Muscles of the Medial Compartment of the Thigh 


Adductors (ah-duk'torz) 


Large muscle mass eonsisting of three muscles (magnus, longus, and brevis) forming medial aspeet of thigh; arise 
from inferior part of pelvis and insert at various levels on femur. All are used in movements that press thighs 
together, as vvhen astride a horse; important in pelvie tilting movements that occur during vvalking and in fixing 
the hip vvhen the knee is flexed and the foot is off the ground. Obturator nerve innervates entire group. Strain 
or stretehing of this muscle group is ealled a "pulled groin." 


Adductor magnus 

(mag'nus) ( adduct = 
move tovvard midline; 
magnus = large) 


Triangular muscle vvith 
a broad insertion; a 
eomposite muscle that is 
part adductor and part 
hamstring in aetion 


O—isehial and pubic rami Anterior part adducts 


and isehial tuberosity 
I—linea aspera and 
adductor tubercle of 
femur 


Adductor longus 

(longus = long) 


Adductor brevis 

C brevis = short) 


Pectineus (pek-tin'e-us) 
(peeten = eomb) 


Overlies middle aspeet of 
adductor magnus; most 
anterior of adductor 
muscles 

In eontaet vvith obturator 
externus muscle; largely 
eoneealed by adductor 
longus and pectineus 

Short, flat muscle; 
overlies adductor brevis 
on proximal thigh; abuts 
adductor longus medially 


O—pubis near pubic 
symphysis 


and medially rotates and 
flexes thigh; posterior 
part is a synergist of 
hamstrings to extend 

thigh 

Adducts, flexes, and 
medially rotates thigh 


Obturator nerve and 
seiatie nerve (L 2 -L 4 ) 


Obturator nerve 
(L? - L 4 ) 


inea aspera 


Graeilis (grah-sí'lis) 
{graeilis = slender) 


Long, thin, superficial 
muscle of medial thigh 


O—body and inferior 
pubic ramus 
I—linea aspera above 
adductor longus 

O—pubis (and superior 
ramus) 

I—from lesser troehanter 
inferior to the linea 
aspera on posterior 
aspeet of femur 

O—inferior ramus and 
body of pubis and 
adjaeent isehial ramus 
I—medial surface of tibia 
just inferior to its medial 
eondyle 


Adducts, flexes, and 
medially rotates thigh 


Obturator nerve 


Adducts, flexes, and 
medially rotates thigh 


Femoral and 
sometimes obturator 
nerve 


Adducts thigh, flexes 
and medially rotates leg, 
espeeially during vvalking 


Obturator nerve 


Muscles of the Anterior Compartment of the Thigh 


Quadriceps femoris 

(kvvod'rí-seps fem'o-ris) 


Arises from four separate heads {quadriceps = four heads) that form the flesh of front and sides of thigh. These 
heads (rectus femoris, and lateral, medial, and intermediate vasti muscles) have a eommon insertion tendon, the 
quadriceps tendon, vvhieh inserts into the patella and then via the patellar ligament into tibial tuberosity. The 
quadriceps is a powerful knee extensor used in elimbing, jumping, running, and rising from seated position. The 
tone of quadriceps plays important role in strengthening the knee joint. Femoral nerve innervates the group. 


Rectus femoris (rek'tus) Superficial muscle of 


O—anterior inferior 


{rectus = straight; 
femoris = femur) 


anterior thigh; runs straight iliae spine and superior 


Extends knee and flexes 
thigh at hip 


Femoral nerve (L 2 -L 4 ) 


down thigh; longest head 
and only muscle of group 
to eross hip joint 


Vastus lateralis 

(vas'tus lat"er-a'lis) 
{vastus = large; 
lateralis = lateral) 


Vastus medialis 

(me"de-a'lis) 
{medialis = medial) 


Largest head of the 
group, forms lateral 
aspeet of thigh; a eommon 
intramuscular injeetion site, 
particularly in infants (who 
have poorly developed 
buttock and arm muscles) 

Forms inferomedial aspeet 
of thigh 


margin of acetabulum 
I—patella and tibial 
tuberosity via patellar 
ligament 

O—greater troehanter, 
intertroehanterie line, 
linea aspera 
I—as for rectus femoris 


Extends and stabilizes 
knee 


Femoral nerve 


O—linea aspera, 
intertroehanterie and 
medial supracondylar 
lines 

I—as for rectus femoris 


Extends knee 


Femoral nerve 
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Table 10.14 Muscles Crossing the Hip and Knee Joints: Movements of the Thigh and Leg 


(Figures 10.20 and 10.21) 


// 


continued) 


MUSCLE 

■ Vastus intermedius 

(in"ter-me'de-us) 
{intermedius = inter- 
mediate) 

Tensor faseiae latae 

(ten'sor fá'she-e la'te) 
(tensor = to make tense; 
faseia = band; lata = vvide) 


DESCRIPTION 

Obscured by rectus femoris; 
lies betvveen vastus lateralis 
and vastus medialis on 
anterior thigh 

Enelosed betvveen faseia 
layers of anterolateral 
aspeet of thigh; 
functionally assoeiated vvith 
medial rotators and flexors 
of thigh 


ORIGIN (O) AND 
INSERTION (I) 

O—anterior and lateral 
surfaces of proximal 
femur shaft 
I—as for rectus femoris 

O—anterior aspeet of 
iliae erest and anterior 
superior iliae spine 
I—iliotibial traet* 


NERVE 

ACTION SUPPLY 

Extends knee Femoral nerve 


Steadies the knee and Superior gluteal nerve 

trunk on thigh by making (L 4 andL 5 ) 
iliotibial traet taut; flexes 
and abducts thigh; rotates 
thigh medially 


PART II: POSTERIOR MUSCLES (Figure 10.21) 
Gluteal Muscles—Origin on Pelvis 


Gluteus maximus 

(gloo'te-us mak'sí-mus) 
(glutos = buttock; 
maximus = largest) 


Gluteus medius (me'de-us) 
(medius = middle) 


Largest and most 
superficial gluteus muscle; 
forms bulk of buttock 
mass; fibers are thiek and 
eoarse; important site of 
intramuscular injeetion 
(dorsal gluteal site); overlies 
large seiatie nerve; eovers 
isehial tuberosity only vvhen 
standing; vvhen sitting, 
moves superiorly, leaving 
isehial tuberosity exposed 
in the subcutaneous 
position 

Thiek muscle largely 
eovered by gluteus 
maximus; important site 
for intramuscular injeetions 
(ventral gluteal site); 
eonsidered safer than 
dorsal gluteal site because 
less ehanee of injuring 
seiatie nerve 


O—dorsal ilium, saemrn, 
and coccyx 

I—gluteal tuberosity of 
femur; iliotibial traet 


O—betvveen anterior 
and posterior gluteal 
lines on lateral surface 
of ilium 

I—by short tendon into 
lateral aspeet of greater 
troehanter of femur 


Gluteus minimus 

(mí'ní-mus) 

(minimus = smallest) 

mum 

I—anterior border of 
greater troehanter of 
femur 


Smallest and deepest O—betvveen anterior 

gluteal muscle and inferior gluteal lines 

on external surface of 


Major extensor of thigh; 

complex, powerful, and 
most effeetive when 
thigh is flexed and foree 
is neeessary, as in rising 
from a forward flexed 
position and in thmsting 
the thigh posteriorly 
in elimbing stairs and 
mnning; generally 
inaetive during standing 
and walking; laterally 
rotates and abducts thigh 

Abducts and medially 

rotates thigh; steadies 
pelvis; its aetion is 
extremely important in 
walking; e.g., muscle of 
limb planted on ground 
tilts or holds pelvis in 
abduction so that pelvis 
on side of swinging limb 
does not sag and foot of 
swinging limb ean elear 
the ground 

As for gluteus medius 


Inferior gluteal nerve 
(L 5 , S 1f and S 2 ) 


Superior gluteal nerve 

(L 5 , S,) 


Superior gluteal nerve 

(L 5 , S,) 


Lateral Rotators 

Piriformis (pir'í-form-is) Pyramidal muscle loeated 

(piri = pear; forma = shape) on posterior aspeet of hip 

joint; inferior to gluteus 
minimus; issues from pelvis 
via greater seiatie noteh 


O—anterolateral surface 
of sacrum (opposite 
greater seiatie noteh) 

I—superior border of 
greater troehanter of 
femur 


Rotates extended thigh S^ and S 2 , L 5 

laterally; because inserted 
above head of femur, 
ean also help abduct 
thigh when hip is flexed; 
stabilizes hip joint 


*The iliotibial traet is a thiekened lateral portion of the faseia lata (the faseia that ensheathes all the muscles of the thigh). It extends as a tendinous band 
from the iliae erest to the knee (see Figure 10.21 a). 
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r 




■ 


Gluteus medius 



Gluteus 

maximus 


Adductor 

magnus 


Graeilis 


lliotibial 

traet 


Long head 


Short head 


Bieeps 

femoris 


Semitendinosus 


Semimembranosus 


External 

oblique 

lliae 
erest 


Gluteus 

medius 


Median 

saeral 

erest 


(of sacrum) 


Gluteus 


maximus 


lliotibial 

traet 



Lumbar 

faseia 


Adductor 

magnus 


Graeilis 


Bieeps 

femoris 


Semitendinosus 


Semimembranosus 


(b) 


gure 10.21 Posterior musdes of the right hip and thigh. 

(a) Superficial vievv shovving the gluteus muscles of the buttock 
and hamstring muscles of the thigh. (b) Cadaver disseetion of vievv 
similar to (a). (For a related image, see A BriefAtlas ofthe Human 
Body, Figure 41.) 


Hamstrings 
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Table 10.14 Muscles Crossing the Hip and Knee Joints: Movements of the Thigh and Leg 


(Figures 10.20 and 10.21) 


// 


continued) 


ORIGIN (O) AND 

MUSCLE DESCRIPTION INSERTION (I) ACTION 


Obturator externus 

(ob"tu-ra'tor ek-ster'nus) 
{obtLirator = obturator 
foramen; 

externus = outside) 


Obturator internus 

(in-ter'nus) 

(internus = inside) 


Gemellus (jé-mé'lis)— 
superior and inferior 
{gemin = tvvin, double; 
superior = above; 
inferior = belovv) 

Quadratus femoris 

{quad = four-sided square) 


Flat, triangular muscle deep 
in superomedial aspeet of 
thigh 


Surrounds obturator 
foramen vvithin pelvis; 
leaves pelvis via lesser 
seiatie noteh and turns 
acutely forvvard to insert 
on femur 

Tvvo small muscles vvith 
eommon insertions and 
aetions; eonsidered 
extrapelvic portions of 
obturator internus 

Short, thiek muscle; most 
inferior lateral rotator 
muscle; extends laterally 
from pelvis 


O—outer surfaces of 
obturator membrane, 
pubis, and ischium, 
margins of obturator 
foramen 

I—by a tendon into 
troehanterie fossa of 
posterior femur 

O—inner surface of 
obturator membrane, 
greater seiatie noteh, and 
margins of obturator 
foramen 

I—greater troehanter in 
front of piriformis 

O—isehial spine 
(superior); isehial 
tuberosity (inferior) 

I—greater troehanter of 
femur 

O—isehial tuberosity 
I—intertroehanterie erest 
of femur 


As for piriformis 


As for piriformis 


As for piriformis 


Rotates thigh laterally 
and stabilizes hip joint 


NERVE 

SUPPLY 

Obturator nerve 


L 5 and Sì 


L 5 and S-i 


L 5 and S-i 


Siiperior 

gemellus 


Obturator 

internus 

Inferior 
gemellus 




W A1 

i 

iJ 


i 



Gluteus medius 

(cut) 

Gluteus minimus 


Piriformis 

Obturator 

externus 

Quadratus 

femoris 


Gluteus maximus 

(cut) 



Obturator 

externus 




gure 10.21 (continued) Posterior muscles of the right hip and thigh. (e) Deep muscles 
of the gluteal region, vvhieh aet primarily to rotate the thigh laterally. The superfieial gluteus 
maximus and medius have been removed. (d) Anterior vievv of the isolated obturator externus 
muscle. 
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ORIGIN (O) AND NERVE 

MUSCLE DESCRIPTION INSERTION (I) ACTION SUPPLY 


(continued) 


Muscles of the Posterior Compartment of the Thigh 

The hamstrings are fleshy muscles of the posterior thigh (bieeps femoris, semitendinosus, and 
semimembranosus). They eross both the hip and knee joints and are prime movers of thigh extension and knee 
flexion. The group has a eommon origin site and is innervated by seiatie nerve (actually tvvo nerves, the tibial 
and eommon fibular nerves vvrapped in a eommon sheath). Ability of hamstrings to aet on one of the two joints 
spanned depends on which joint is fixed—if knee is fixed (extended), they extend hip; if hip is extended, they 
flex knee. However, when hamstrings are stretehed, they tend to restriet full aeeomplishment of antagonistie 
movement; e.g., if knees are fully extended, it is difficult to flex the hip fully (and touch your toes), and when 
the thigh is fully flexed as in kieking a football, it is almost impossible to extend the knee fully at the same time 
(without eonsiderable praetiee). Name of this muscle group eomes from old butchers' praetiee of using their 
tendons to hang hams for smoking. "Pulled hamstrings" are eommon sports injuries in those who run very hard, 
e.g., football halfbaeks. 


Hamstrings 


■ Bieeps femoris 

(bieeps = two heads) 


■ Semitendinosus 

(sem"e-ten"dí-no'sus) 
(semi = half; 
tendiriosus = tendon) 


■ Semimembranosus 

(sem"e-mem"-brah- 
no'sus) (membranosiis = 
membrane) 


Most lateral muscle of the 
group; arises from two 
heads 


Lies medial to bieeps 
femoris; although its name 
suggests that this muscle is 
largely tendinous, it is quite 
fleshy; its long slender 
tendon begins about two- 
thirds of the way down 
thigh 

Deep to semitendinosus 


O—isehial tuberosity 
(long head); linea aspera, 
lateral supracondylar 
line, and distal femur 
(short head) 

I—eommon tendon 
passes downward and 
laterally (forming lateral 
border of popliteal 
fossa) to insert into head 
of fibula and lateral 
eondyle of tibia 

O—isehial tuberosity in 
eommon with long head 
of bieeps femoris 
I—medial aspeet of 
upper tibial shaft 


O—isehial tuberosity 
I—medial eondyle 
of tibia; via oblique 
popliteal ligament to 
lateral eondyle of femur 


Extends thigh and flexes 

knee; laterally rotates leg, 
espeeially when knee is 
flexed 


Extends thigh and 
flexes knee; with 
semimembranosus, 
medially rotates leg 


Extends thigh and flexes 
knee; medially rotates leg 


Seiatie nerve—tibial 
nerve to long head, 
eommon fibular nerve 
to short head (L 5 -S 2 ) 


Seiatie nerve—tibial 
nerve portion (L 5 -S 2 ) 


Seiatie nerve—tibial 
nerve portion (L 5 -S 2 ) 
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Table 10.15 Muscles of the Leg: Movements of the Ankle and Toes (Figures 10.22 to 10.24) 


The deep faseia of the leg is continuous with the faseia lata that 
ensheathes the thigh. Like a snug "knee soek" beneath the skin, 
the leg faseia binds the leg muscles tightly, preventing excessive 
muscle swelling during exercise and aiding venous return. Its 
inward extensions segregate the leg muscles into anterior, lateral, 
and posterior eompartments (see Figure 10.26b), eaeh with its own 
nerve and blood supply. Distally the leg faseia thiekens to form 
the flexor, extensor, and fibular (or peroneal) retinacula, "ankle 
braekets" that hold the tendons in plaee where they run to the 
foot (Figures 10.22a, 10.23a). 

The various muscles of the leg promote movements at the ankle 
joint (dorsiflex and plantar flex), at the intertarsal joints (invert 
and evert the foot), and/or at the toes (flex and extend). Muscles 
in the anterior extensor eompartment ofthe leg are primarily 
toe extensors and ankle dorsiflexors. Although dorsiflexion is 


not a powerful movement, it is important in preventing the toes 
from dragging during walking. Lateral eompartment muscles 
are the fibular, formerly peroneal {peron = fibula), muscles that 
plantar flex and evert the foot. Muscles of the posterior flexor 
eompartment primarily plantar flex the foot and flex the toes 
(Figure 10.24b-d). Plantar flexion is the most powerful movement 
of the ankle (and foot) because it lifts the entire weight of our 
body. It is essential for standing on tiptoe and provides the forward 
thrust when walking and running. The popliteus muscle, which 
erosses the knee, has a unique function. It "unlocks" the extended 
knee in preparation for flexion (Figure 10.24b, f). 

We eonsider the tiny intrinsie muscles of the sole of the foot 
(lumbricals, interossei, and others) in Table 10.16. 

Table 10.17 (Part II) summarizes the aetions of the muscles in 
this table. 


ORIGIN (O) AND NERVE 

MUSCLE DESCRIPTION INSERTION (I) ACTION SUPPLY 


PART I: MUSCLES All muscles of the anterior eompartment dorsiflex the ankle and have a eommon innervation, the deep fibular 

OF THE ANTERIOR nerve. Paralysis of the anterior muscle group causes foot drop, which requires that the leg be lifted unusually 

COMPARTMENT high during walking to prevent tripping over one's toes. One cause of "shin splints," also ealled anterior 

(Figures 10.22 and 10.23) eompartment syndrome, is painful inflammation of the anterior eompartment muscles. 


Tibialis anterior (tib'e-a'lis) 
(tibial = tibia; anterior = 
toward the front) 


Extensor digitorum longus 

(extensor = inereases angle 
at a joint; digit = finger or 
toe; longus = long) 


Fibularis (peroneus) tertius 

(fib-u-lar'ris ter'shus) 
(fibular = fibula; tertius = 
third) 


Extensor hallucis longus 

(hal'yu-kis) 

(hallux = great toe) 


Superfieial muscle of 
anterior leg; laterally 
parallels sharp anterior 
margin of tibia 


Unipennate muscle on 
anterolateral surface of leg; 
lateral to tibialis anterior 
muscle 


Small muscle; usually 
continuous and fused with 
distal part of extensor 
digitomm longus; not 
always present 

Deep to extensor digitorum 
longus and tibialis anterior; 
narrow origin 


O—lateral eondyle and 
upper 2/3 of tibial shaft; 
interosseous membrane 
I—by tendon into 
inferior surface of medial 
cuneiform and first 
metatarsal bone 

O—lateral eondyle of 
tibia; proximal 3/4 of 
fibula; interosseous 
membrane 
I—middle and distal 
phalanges of toes 2-5 via 
extensor expansion 

O—distal anterior 
surface of fibula and 
interosseous membrane 
I—tendon inserts 
on dorsum of fifth 
metatarsal 

O—anteromedial fibula 
shaft and interosseous 
membrane 
I—tendon inserts on 
distal phalanx of great 
toe 


Prime mover of 

dorsiflexion; inverts foot; 
helps support medial 
longitudinal areh of foot 


Prime mover of toe 

extension (aets mainly 
at metatarsophalangeal 
joints); dorsiflexes foot 


Dorsiflexes and everts 
foot 


Extends great toe; 

dorsiflexes foot 


Deep fibular nerve 
(L 4 and L 5 ) 


Deep fibular nerve 
(L 5 and S^) 


Deep fibular nerve 
(L 5 and S^) 


Deep fibular nerve 
(L 5 and S^) 
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Fibularis longus 


Gastrocnemius 


Tibia 


Tibialis anterior 


Extensor digitomm 
longus 


Soleus 


Extensor hallucis 
longus 

Fibularis tertius 


Superior and inferior 
extensor retinacula 



Extensor hallucis 
brevis 


Extensor digitorum 
brevis 


( -3 


Fibularis 

tertiiis 



Tibialis 

anterior 



Figure 10.22 Musdesofthe 
anterior eompartment of the 
right leg. (a) Superficial vievv of 
anterior leg muscles. (For a related 
image, see A BriefAtlas ofthe 
Human Body, Figure 40.) (b-d) 
Some of the same muscles shovvn 
in isolation to visualize their origins 
and insertions. 


Extensor 

hallucis 

longus 


(e) 




Extensor 

digitomm 

longus 




O = origin 
I = insertion 
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continued) 




10 




Fibiilaris 

brevis 


Flexor 
hallucis 
longus 

Fibular 
retinaculum 


Patella 


Soleus 


Fibularis 

longus 


Extensor 


Lateral 
malleolus 



O = origin 
I = insertion 


Head of fibula 


Gastrocnemius 




Fibularis 

brevis 


digitomm 

longus 


(e) 


Tibialis 

anterior 


Fibularis 

longus 


Extensor hallucis 
longus 

Fibiilaris tertiiis 


Superior and inferior 
extensor retinacula 



(b) 


Tendon of 
fibularis longus 


Extensor hallucis 
brevis 


Extensor digitorum 
brevis 


Metatarsal V 


(a) 


gure 10.23 Muscles of the lateral 
eompartment of the right leg. 

(a) Superficial vievv of lateral aspeet of 
the leg, illustrating positions of lateral 


eompartment muscles (fibularis longus and 
brevis) relative to anterior and posterior leg 
muscles. (b) Isolated vievv of fibularis longus; 
inset illustrates the insertion of the fibularis 


longus on the plantar surface of the foot 
(e) Isolated vievv of fibularis brevis. (For a 
related image, s eeA BriefAtlas ofthe 
Human Body, Figure 42.) 
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MUSCLE GALLERY 



Table 10.15 


(continued) 



MUSCLE 


ORIGIN (O) AND 

DESCRIPTION INSERTION (I) ACTION 


NERVE 

SUPPLY 


PART II: MUSCLES OF THE LATERAL COMPARTMENT (Figures 10.23 and 10.24) These miiseles have a eommon innervation, the superfieial 
fibiilar nerve. Besides plantar flexion and foot eversion, these muscles stabilize the lateral ankle and lateral longitudinal areh of the foot. 


Fibularis (peroneus) longus 

Superfieial lateral muscle; 

O—head and upper 

Plantar flexes and everts 

Superficial fibular 

(See also Figure 10.22) 

overlies fibula 

portion of lateral fibula 

1—by long tendon that 
curves under foot to f irst 
metatarsal and medial 
cuneiform 

foot; may help keep foot 
flat on ground 

nerve (L 5 -S 2 ) 

Fibularis (peroneus) brevis 

Smaller muscle; deep to 

O—distal fibula shaft 

Plantar flexes and everts 

Superfieial fibular 

{brevis = short) 

fibularis longus; enelosed in 
a eommon sheath 

1—by tendon running 
behind lateral malleolus 
to insert on proximal end 
of fifth metatarsal 

foot 

nerve 


PART III: MUSCLES OF THE POSTERIOR COMPARTMENT (Figure 10.24) The rrmseles of the posterior eompartment have a eommon 
innervation, the tibial nerve. They aet in eoneert to plantar flex the ankle. 


Superficial Muscles 

Trieeps surae 

(tri"seps sur'e) 

(See also Figure 10.23) 

■ Gastrocnemius 

(gas"truk-ne'me-us) 
{gaster = belly; 
kneme = leg) 

■ Soleus (so'le-us) 
(so/et/s = fish) 


Plantaris 

(plan-tar'is) 

(planta = sole of foot) 


Refers to musde pair (gastrocnemius and soleus) that shapes the posterior ealf and inserts via a eommon tendon 
into the calcaneus of the heel; this ealeaneal or Aehilles tendon is the largest tendon in the body. Prime movers 
of ankle plantar flexion. 

Superfieial muscle of pair; 
tvvo prominent bellies that 


O—by tvvo heads from 
medial and lateral 


form proximal curve of ealf eondyles of femur 


Plantar flexes foot when 
knee is extended; because 
it also erosses knee joint. 


Tibial nerve (S 1f S 2 ) 


posterior calcaneus via it ean flex knee when 


ealeaneal tendon 


foot is dorsiflexed 


Broad, flat muscle, deep to 


O—extensive origin from Plantar flexes foot; impor- Tibial nerve 


gastrocnemius on posterior superior tibia, fibula, and tant loeomotor and pos- 


surface of ealf 


Generally a small, feeble 
muscle, but varies in size 
and extent; may be absent 


interosseous membrane 
I—as for gastrocnemius 

O—posterior femur 
above lateral eondyle 
I—via a long, thin tendon 
into calcaneus or its tendon 


tural muscle during walk- 
ing, mnning, and daneing 

Helps to flex knee and 
plantar flex foot 


Tibial nerve 


Deep Muscles (Figure 10.24c-f) 


Popliteus (pop-lit'e-us) 
(poplit = baek of knee) 


Flexor digitomm longus 

(flexor = deereases angle at 
a joint) 


Flexor hallucis longus 

(See also Figure 10.23) 


Tibialis posterior 

{posterior = toward the 
baek) 


Thin, triangular muscle 
at posterior knee; passes 
inferomedially to tibial 
surface 


Long, narrow muscle; runs 
medial to and partially 
overlies tibialis posterior 


Bipennate muscle; lies 
lateral to inferior aspeet of 
tibialis posterior 


Thiek, flat muscle deep to 
soleus; plaeed between 
posterior flexors 


O—lateral eondyle 
of femur and lateral 
meniscus of knee 
I—proximal tibia 


O—extensive origin on 
the posterior tibia 
I—tendon runs behind 
medial malleolus and 
inserts into distal 
phalanges of toes 2-5 

O—midshaft of fibula; 
interosseous membrane 
I—tendon runs under 
foot to distal phalanx of 
great toe 

O—superior tibia and 
fibula and interosseous 
membrane 

I—tendon passes behind 
medial malleolusand 
under areh of foot; inserts 
into several tarsals and 
metatarsals II—IV 


Flexes and rotates leg 
medially to unlock 
extended knee when 
flexion begins; with 
tibia fixed, rotates thigh 
laterally 

Plantar flexes and inverts 
foot; flexes toes; helps 
foot "grip" ground 


Plantar flexes and inverts 
foot; flexes great toe 
at all joints; "push off" 
muscle during walking 

Prime mover of foot 

inversion; plantar flexes 
foot; stabilizes medial 
longitudinal areh of foot 
(as during iee skating) 


Tibial nerve (L 4 —S^) 


Tibial nerve (L 5 -S 2 ) 


Tibial nerve (L 5 -S 2 ) 


Tibial nerve (L 4 and L 5 ) 
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UNIT 2 Covering, Support, and Movement of the Body 


MUSCLE GALLERY 


Muscles of the Leg: Movements of the Ankle and Toes 


(Figures 10.22 to 10.24) 


continued) 


Gastroe- 

nemiiis 


Plantaris 


Medial 

head 

Lateral 

head 


Tendon of 
gastroenemiiis 


Calcaneal 

tendon 


Medial 
malleoliis 



Lateral 

malleolus 


Calcaneus 


Gastroe- 

nemiiis 


Lateral 

head 

(cut) 


Medial 

head 

(cut) 


Soleus 


Tendon of 
plantaris 


Tendon of 

tibialis 

posterior 






r 


r 


Plantaris 


Popliteus 

Head of 
fibula 


Fibularis 

longus 


Fibularis 

brevis 


(a) Siiperfieial view of the posterior leg. 


(b)The gastroenemiiis has been removed to show the soleus 
immediately deep to it. 


gure 10.24 Muscles of the posterior eompartment of the right leg. 
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MUSCLE GALLERY 


Table 10.15 


(continued) 


Gastroe- 
nemius 

medial head 
(cut) 


Flexor 


digitomm 

longus 



Tendon of 
tibialis posterior 

Medial- 

malleoliis 


Plantaris (cut) 


Gastrocnemius 

lateral head (cut) 


Popliteus 


Soleus (cut) 


Tibialis posterior 


Fibula 


Fibularis 

longus 


Flexor hallucis 
longus 


Fibularis brevis 



O = origin 
I = insertion 


Tibialis 

posterior 


i 




(d) Isolated tibialis 
posterior. 




i 










Popliteus 


Flexor - 
hallucis 
longus 



(f) Isolated 
popliteiis and 
flexor hallucis 
longus. 


Flexor 

digitomm 

longus 


(c)The trieeps surae has been removed to show the 
deep nrmseles of the posterior eompartment. 


(e) Isolated flexor 
digitomm longus. 


Figure 10.24 (continued) 
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UNIT 2 Covering, Support, and Movement of the Body 


MUSCLE GALLERY 


Table 10.16 intrinsie Muscles of the Foot: Toe Movement and Areh Support (Figure 10.25) 

The intrinsie muscles of the foot help to flex, extend, abduct, and aspeet), and several muscles on the plantar aspeet (the sole). The 

adduct the toes. Collectively, along vvith the tendons of some leg plantar muscles occur in four layers, from superficial to deep. 

muscles that enter the sole, the foot muscles help support the arehes Overall, the foot muscles are remarkably similar to those in the palm 

of the foot. There is a single muscle on the foot's dorsum (superior of the hand. 

MUSCLE 

DESCRIPTION 

ORIGIN (0) AND 
INSERTION (1) 

ACTION 

NERVE 

SUPPLY 

MUSCLES ON DORSUM OF FOOT 

Extensor digitorum brevis 

(Figures 10.22a and 10.23a) 

Small, four-part muscle 
on dorsum of foot; 
deep to the tendons of 
extensor digitomm longus; 
eorresponds to the extensor 
indieis and extensor pollieis 
rrmseles of forearm 

0—anterior part of 
calcaneus bone; extensor 
retinaculum 

1—base of proximal 
phalanx of great toe; 
extensor expansions on 
toes 2 to 4 or 5 

Helps extend toes at 

metatarsophalangeal 

joints 

Deep fibular nerve (L 5 
and S-\) 

MUSCLES ON SOLE OF FOOT- 

—FIRST LAYER (MOST SUPERFICIAL) (Figure 10.25) 



Flexor digitomm brevis 

Bandlike muscle in middle 
of sole; eorresponds 
to flexor digitorum 
superfieialis of forearm and 
inserts into digits in the 
same vvay 

0—ealeaneal tuberosity 

1—middle phalanx of 
toes 2-4 

Helps flex toes 

Medial plantar nerve 
(a braneh of tibial 
nerve, S-, and S 2 ) 

Abductor hallucis 

(hal'yu-kis) 

(hallux = great toe) 

Lies medial to flexor 
digitorum brevis (reeall 
the similar thumb muscle, 
abductor pollieis brevis) 

0—ealeaneal tuberosity 
and flexor retinaculum 

1—proximal phalanx of 
great toe, medial side, 
in the tendon of flexor 
hallucis brevis) 

Abducts great toe 

Medial plantar nerve 

Abductor digiti minimi 

Most lateral of the three 
superficial sole muscles 
(reeall similar abductor 
muscle in palm) 

0—ealeaneal tuberosity 

1 —lateral side of base 
of little toe's proximal 
phalanx 

Abducts and flexes little 
toe 

Lateral plantar nerve 
(a braneh of tibial 
nerve, S v S 2 , and S 3 ) 

MUSCLES ON SOLE OF FOOT- 

—SECOND LAYER 




Flexor accessorius 
(quadratus plantae) 

Rectangular muscle just 
deep to flexor digitorum 
brevis in posterior half of 
sole; two heads (see also 
Figure 10.25c) 

0—medial and lateral 
sides of calcaneus 

1—tendon of flexor 
digitorum longus in 
midsole 

Straightens out the 
oblique pull of flexor 
digitomm longus 

Lateral plantar nerve 

Lumbricals 

Four little "worms" (like 
lumbricals in hand) 

0—from eaeh tendon of 
flexor digitorum longus 

1— extensor expansion on 
proximal phalanx oftoes 

2- 5, medial side 

By pulling on extensor 
expansion, lex toes at 
metatarsophalangeal 
joints and extend toes at 
interphalangeal joints 

Medial plantar nerve 
(first lumbrical) and 
lateral plantar nerve 
(seeond to fourth 
lumbrical) 
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MUSCLE GALLERY 


Table 10.16 


(continued) 



(a) First layer (plantar aspeet) 


Tendon of 

flexor hallucis longus 
Lumbricals 

Flexor hallucis 
brevis 

Flexor digiti 
minimi brevis 

Abductor hallucis 

Flexor digitomm 
brevis 

Flexor accessorius 

Abductor digiti 
minimi 


Calcaneal 

tuberosity 



Lumbricals 

Flexor hallucis 
brevis 

Flexor hallucis 
longus tendon 

Flexor digitomm 
longus (tendon) 

Flexor digiti 
minimi brevis 

Abductor digiti 
minimi 

Flexor accessorius 

Fibularis longus (tendon) 

Flexor digitomm 
longus (tendon) 

Flexor hallucis 
longus (tendon) 


(b) Seeond layer (plantar aspeet) 


gure 10.25 Musdes of the right foot, plantar aspeet. (For a related image, see A Brief 
Atlas ofthe Human Body, Figiire 43.) 
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UNIT 2 Covering, Support, and Movement of the Body 


MUSCLE GALLERY 


Table 10.16 intrinsie Muscles of the Foot: Toe Movement and Areh Support (Figure 10.25) 

(continued) 

MUSCLE 

DESCRIPTION 

ORIGIN (O) AND 
INSERTION (1) 

ACTION 

NERVE 

SUPPLY 

MUSCLES ON SOLE OF FOOT- 

—THIRD LAYER 




Flexor ha!lucis brevis 

Covers metatarsal 1; splits 
into tvvo bellies—reeall 
flexor pollieis brevis of 
thumb 

0—lateral cuneiform 
and cuboid bones 

1—via two tendons onto 
base of the proximal 
phalanx of great toe; 
eaeh insertion tendon 
eontains a sesamoid 
bone 

Flexes great toe's 

metatarsophalangeal 

joint 

Medial plantar nerve 

Adductor hallucis 

Oblique and transverse 
heads; deep to lumbricals 
(reeall adductor pollieis in 
thumb) 

0—from bases of 
metatarsals II— IV 
and from fibularis 
longus tendon sheath 
(oblique head); from 
a ligament aeross 
metatarsophalangeal 
joints (transverse head) 

1—base of proximal 
phalanx of great toe, 
lateral side 

Helps maintain the 
transverse areh of foot; 
weak adductor of great 
toe 

Lateral plantar nerve 
(S 2 and S 3 ) 

Flexor digiti minimi brevis 

Covers metatarsal V (reeall 
same muscle in hand) 

0—base of metatarsal 

V and tendon sheath of 
fibularis longus 

Flexes little toe at 

metatarsophalangeal 

joint 

Lateral plantar nerve 



1—base of proximal 
phalanx of toe 5 



MUSCLES ON SOLE OF FOOT- 

—FOIIRTH LAYER (DEEPEST) 




Plantar (3) and dorsal 
interossei (4) 

Similar to palmar and 
dorsal interossei of hand 
in loeations, attaehments, 
and aetions; hovvever, these 
muscles orient around the 
seeond digit, not the third 

See palmar and dorsal 
interossei (Table 10.13) 

See palmar and dorsal 
interossei (Table 10.13) 

Lateral plantar nerve 
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MUSCLE GALLERY 


Table 10.16 


(continued) 



Adductor hallucis 

(transverse head) 

Adductor hallucis 

(oblique head) 

lnterosseous 

muscles 

Flexor hallucis 
brevis 

Flexor digiti 
minimi brevis 

Fibularis longus (tendon) 
Flexor accessorius 

Flexor digitomm 
longus (tendon) 

Flexor hallucis 
longus (tendon) 



Plantar 

interossei 


(d) Fourth layer (plantar aspeet): 
plantar interossei 


Dorsal 
interossei 



(e) Third layer (plantar aspeet) 


(e) Fourth layer (dorsal aspeet): 
dorsal interossei 


Figure 10.2 (continued) Musdes of the right foot, plantar aspeet. 
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UNIT 2 Covering, Support, and Movement of the Body 


MUSCLE GALLERY 


Table 10.17 Summary: Aetions of Muscles Aeting on the Thigh, Leg, and Foot (Figure 10.26) 


PART 1: Muscles Aeting 
on the Thigh and Leg 
(PM = Prime Mover) 

Aetions at the Hip Joint 

Aetions at the Knee 

Flexion 

Extension 

Abduction 

Adduction 

Medial 

Rotation 

Lateral 

Rotation 

Flexion 

Extension 

Anterior and Medial Muscles 

lliopsoas 

Sartorius 

Tensor faseiae latae 

Rectus femoris 

Vastus muscles 

Adductor magnus 

Adductor longus 

Adductor brevis 

Pectineus 

Graeilis 

Posterior Muscles 

Gluteus maximus 

Gluteus medius 

Gluteus minimus 

Piriformis 

Obturator internus 

Obturator externus 

Gemelli 

Quadratus femoris 

Bieeps femoris 

Semitendinosus 

Semimembranosus 

Gastrocnemius 

Plantaris 

Popliteus 

PART II: Miisdes Aeting 
on the Ankle and Toes 

x (PM) 








X 


X 



X 

X 


X 


X 


X 




X 







x (PM) 








x (PM) 

X 

X 


X 

X 




X 



X 

X 




X 



X 

X 




X 



X 

X 







X 

X 


X 



x (PM) 

X 



X 





x (PM) 


X 






X 


X 






X 



X 





x (flexed) 
x (thigh) 



X 








X 








X 








X 




x (PM) 





x (PM) 



X 





x (PM) 



X 





x (PM) 








X 








X 








x (and rotates 
leg medially) 


Aetions at the Ankle Joint 

Aetions at the Toes 

Plantar Flexion 

Dorsiflexion 

Inversion 

Eversion 

Flexion 

Extension 

Anterior Compartment 

Tibialis anterior 

Extensor digitorum longus 

Fibularis tertius 

Extensor hallucis longus 

Lateral Compartment 

Fibularis longus and brevis 

Posterior Compartment 

Gastrocnemius 

Soleus 

Plantaris 

Flexor digitorum longus 

Flexor hallucis longus 

Tibialis posterior 


x (PM) 

X 





X 




x (PM) 


X 


X 




X 

x (weak) 



x (great toe) 

X 



X 



x (PM) 






x (PM) 






X 






X 


X 


x (PM) 


X 


X 


x (great toe) 


X 


x (PM) 
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MUSCLE GALLERY 


Table 10.17 




(continued) 


Adductors Hamstrings 



Vastus 
lateralis 


Femur 


Key: 



Posterior 

eompartment 

muscles 



Anterior 

eompartment 

muscles 


Medial 

eompartment 
muscles of thigh 
and lateral 
eompartment 
muscles of leg 


Vastus 
intermedius 




Posterior eompartment of thigh 

(flexes leg and extends thigh); 
innervated by tibial nerve (portion 
of seiatie nerve) 


Rectus femoris 


Medial eompartment of thigh 

(adducts thigh); innervated by obturator nerve 


Anterior eompartment of thigh 

(extends leg); innervated by femoral nerve 


(a) Miiseles of the thigh 


Trieeps surae 


Fibula 




Posterior eompartment of leg 

(plantar flexes foot, flexes toes); 
innervated by tibial nerve 


Lateral eompartment of leg 

(plantar flexes and everts foot); 
innervated by superficial 
fibular nerve 

(b) Miiseles of the leg 



gure 10.26 Summary: Aetions of musdes of the thigh 
and leg. 


Anterior eompartment of leg 

(dorsiflexes foot, extends toes); 
innervated by deep fibular nerve 
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UNIT 2 Covering, Support, and Movement of the Body 



Check Your LPnderstanding 


6. As John listened to Roger's account of hovv he flirted vvith his 
neighbor, he raised his eyebrovvs and then vvinked at Sarah. 
What faeial muscles vvas he using? 

7. What muscles would you eontraet to make a "sad clown's faee"? 


8. How ean the deltoid muscles both extend and flex the arm? 
Aren't these antagonistie movements? 

9. Which of the thenar muscles does not have an insertion on 
bones of the thumb? 

_ For ansvvers, see Appendix H. 


Chapter Summary 


@ M For more ehapter study tools, go to the Study Area of 

MasteringA&P at www.masteringaandp.com. 

There you will find: 2. 

■ interaetive Physiology ÌP 
■ A&PFIix A&PFiix 


■ Praetiee Anatomy Lab PÀL 


■ PhysioEx 


PEx 


■ Videos, Praetiee Quizzes and Tests, MP3 Tutor Sessions, Case 
Studies, and much more! 




Aetions and interaetions of Skeletal Muscles (pp. 319-320) 

1. Skeletal muscles are arranged in opposing groups aeross body joints 
so that one group ean reverse or modify the aetion of the other. 

2. Muscles are elassified as prime movers (agonists), antagonists, 
synergists, and fixators. 


Naming Skeletal Muscles (pp. 320-322) 

1. Criteria used to name muscles include a muscles loeation, 
shape, relative size, fiber (faseiele) direetion, number of origins, 
attaehment sites (origin/insertion), and aetion. Several eriteria are 
eombined to name some muscles. 


Muscle Meehanies: importanee of Faseiele Arrangement 
and Leverage (pp. 322-324) 

1. Common patterns of faseiele arrangement are circular, eonvergent, 
parallel, fiisiform, and pennate. Muscles with fibers that run parallel 
to the long axis of the muscle shorten most; stoeky pennate muscles 
shorten little but are the most powerful muscles. 

2. A lever is a bar that moves on a fulcrum. When an effort is 
applied to the lever, a load is moved. In the body, bones are the 
levers, joints are the fulcrums, and skeletal muscles exert the 
effort at their insertions. 

3. When the effort is farther from the fulcrum than is the load, the 
lever operates at a meehanieal advantage (its slow and strong). 
When the effort is exerted eloser to the fiilemm than is the load, 
the lever operates at a meehanieal disadvantage (its fast and 
promotes a large degree of movement). 

4. First-elass levers (effort-fiilemm-load) may operate at a 
meehanieal advantage or disadvantage. Seeond-elass levers 
(fiilemm-load-effort) all operate at a meehanieal advantage. 
Third-elass levers (fulcrum-effort-load) always operate at a 
meehanieal disadvantage. Most skeletal muscles of the body aet in 
third-elass lever systems. 

Major Skeletal Muscles of the Body (pp. 324-382) 

1. Muscles of the head that produce faeial expression tend to be 
small and to insert into soff tissue (skin and other muscles) 
rather than into bone. These imiseles open and elose the eyes and 


7. 

8 . 



10 . 

11 . 



mouth, eompress the eheeks, allow smiling and other types of 
faeial language (see Table 10.1*). 

Muscles of the head involved in mastieation include the masseter 
and temporalis that elevate the mandible and two deep muscle 
pairs that promote grinding and sliding jaw movements (see 
Table 10.2*). Extrinsic muscles of the tongue anehor the tongue 
and eontrol its movements. 

Deep muscles of the anterior neek promote swallowing 
movements, including elevation/depression of the hyoid bone, 
elosing off the respiratory passages, and peristalsis of the pharynx 
(see Table 10.3*). 

Neek muscles and deep muscles of the vertebral column promote 
head and tmnk movements (see Table 10.4*). The deep muscles 
of the posterior trunk ean extend large regions of the vertebral 
column (and head) simultaneously. The anteriorly loeated 
sternoeleidomastoid and sealene muscles effeet head flexion and 
rotation. 

The diaphragm and external intereostal muscles of the thorax 
promote movements of quiet breathing (see Table 10.5*). 
Downward movement of the diaphragm inereases intra- 
abdominal pressure. 

The four muscle pairs forming the abdominal wall are layered 
like plywood to form a natural muscular girdle that proteets, 
supports, and eompresses abdominal eontents. These muscles 
also flex and laterally rotate the tmnk (see Table 10.6*). 

Muscles of the pelvie floor and perineum (see Table 10.7*) 
support the pelvie viseera, resist inereases in intra-abdominal 
pressure, inhibit urination and defeeation, and aid ereetion. 
Except for the peetoralis major and the latissiimis dorsi, the 
superficial muscles of the thorax fix or promote movements of 
the scapula (see Table 10.8*). Scapular movements are effeeted 
primarily by posterior thoraeie muscles. 

Nine muscles eross the shoulder joint to move the humerus (see 
Table 10.9*). Of these, seven originate on the scapula and two 
arise from the axial skeleton. Four muscles contribute to the 
“rotator cuff” helping to stabilize the multiaxial shoulder joint. 
Generally speaking, muscles loeated anteriorly flex, rotate, and 
adduct the arm. Those loeated posteriorly extend, rotate, and 
adduct the arm. The deltoid muscle of the shoulder is the prime 
mover of shoulder abduction. 

Muscles that move the forearm form the flesh of the arm (see 
Table 10.10*). Anterior arm muscles are forearm flexors; posterior 
muscles are forearm extensors. 

Muscles originating on the forearm mainly move the wrist, hand, 
and fingers (see Table 10.11*). Except for the two pronator muscles, 
the anterior forearm muscles are wrist and/ or finger flexors; those of 
the posterior eompartment are wrist and finger extensors. 

The intrinsie imiseles of the hand aid in preeise movements of 
the fingers (Table 10.13*) and in opposition, which helps us grip 
things. These small muscles are divided into thenar, hypothenar, 
and midpalmar groups. 
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13. Muscles erossing the hip and knee joints move the thigh and leg 
(see Table 10.14*). Anteromedial muscles flex and/or adduct the 
thigh and flex the knee. Muscles of the posterior gluteal region 
extend and rotate the thigh. Posterior thigh muscles extend the 
hip and flex the knee. 

14. Muscles in the leg aet on the ankle and toes (see Table 10.15*). 
Anterior eompartment muscles are largely ankle dorsiflexors. 


Lateral eompartment muscles are plantar flexors and foot 
everters. Those of the posterior leg are plantar flexors. 

15. The intrinsie muscles of the foot (Table 10.16*) support the foot 
arehes and help move the toes. Most occur in the sole, arranged in 
four layers. They resemble the small muscles in the palm of the hand. 

*See speeifie table eited for detailed deseription of eaeh muscle in the 
group. 


Review Questions 


Miiltiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 


1 . 

2 . 

3. 


4. 

5. 

6 . 

7. 

8 . 

9. 


10 . 

11 . 

12 . 


A muscle that assists an agonist by causing a like movement 
or by stabilizing a joint over which an agonist aets is a(n) 

(a) antagonist, (b) prime mover, (e) synergist, (d) agonist. 

The arrangement of muscle fibers in which the fibers are arranged 
at an angle to a eentral longitudinal tendon is (a) circular, 

(b) longitudinal, (e) pennate, (d) parallel. 

Mateh the muscle names in column B to the faeial muscles 
deseribed in eolrnnn A. 


Column A 


Column B 


(1) squints the eyes 

(2) raises the eyebrows 

(3) smiling muscle 

(4) puckers the lips 

(5) pulls the sealp posteriorly 


(a) eormgator supercilii 

(b) depressor anguli oris 
(e) frontal belly of 

epicranius 

(d) oeeipital belly of 
epieranms 

(e) orbicularis oculi 

(f) orbicularis oris 

(g) zygomaticus 


The prime mover of inspiration is the (a) diaphragm, (b) internal 
intereostals, (e) external intereostals, (d) abdominal wall muscles. 
The arm nrnsele that both flexes the elbow and supinates the 
forearm is the (a) braehialis, (b) braehioradialis, (e) bieeps 
braehii, (d) trieeps braehii. 

The chewing muscles that protmde the mandible and produce 
side-to-side grinding movements are the (a) buccinators, 

(b) masseters, (e) temporalis, (d) pterygoids. 

Muscles that depress the hyoid bone and larynx include all 
but the (a) sternohyoid, (b) omohyoid, (e) geniohyoid, 

(d) sternothyroid. 

intrinsie nmseles of the baek that promote extension of the spine 
(or head) include all but (a) splenius muscles, (b) semispinalis 
nmseles, (e) sealene muscles, (d) ereetor spinae. 

Several muscles aet to move and/or stabilize the scapula. Which 
of the following are small rectangular muscles that square the 
shoulders as they aet together to retraet the scapula? (a) levator 
scapulae, (b) rhomboids, (e) serratus anterior, (d) trapezius. 

The quadriceps include all but (a) vastus lateralis, (b) vastus 
intermedius, (e) vastus medialis, (d) bieeps femoris, (e) rectus 
femoris. 

A prime mover of hip flexion is the (a) rectus femoris, 

(b) iliopsoas, (e) vastus muscles, (d) gluteus maximus. 

The prime mover of hip extension against resistanee is the 
(a) gluteus maximus, (b) gluteus medms, (e) bieeps femoris, 

(d) semimembranosus. 


13. Muscles that cause plantar flexion include all but the (a) 
gastroenemms, (b) soleus, (e) tibialis anterior, (d) tibialis 
posterior, (e) fibularis muscles. 

14. In walking, which two lower limb muscles keep the forward- 
swinging foot from dragging on the ground? (a) pronator teres 
and popliteus, (b) flexor digitorum longus and popliteus, (e) 
adductor longus and abductor digiti minimi in foot, (d) gluteus 
medius and tibialis anterior. 

15. Which eriterion (or eriteria) is/are used in naming the gluteus 
medius? (a) relative size, (b) muscle loeation, (e) muscle shape, 

(d) aetion, (e) number of origins. 

16. Which of the following is a large, deep muscle that protraets the 
scapula during punching? (a) serratus anterior, (b) rhomboids, 

(e) levator scapulae, (d) subscapularis. 
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Short Ansvver Essay Questions 

17. Name four eriteria used in naming muscles, and provide an example 
(other than those used in the text) that illustrates eaeh eriterion. 

18. Diíferentiate between the arrangement of elements (load, 
fulcrum, and effort) in first-, seeond-, and third-elass levers. 

19. What does it mean when we say that a lever operates at a 
meehanieal disadvantage, and what benefits does such a lever 
system provide? 

20. Which muscles aet to propel food down the length of the 
pharynx to the esophagus? 

21. Name and deseribe the aetion of muscles used to shake your head 
no; to nod yes. 

22. (a) Name the four muscle pairs that aet in unison to eompress 
the abdominal eontents. (b) How does their arrangement (fiber 
direetion) contribute to the strength of the abdominal wall? (e) 
Which of these imiseles ean effeet lateral rotation of the spine? (d) 
Which ean aet alone to flex the spine? 

23. List all six possible movements that ean occur at the shoulder 
joint and name the prime mover(s) of eaeh movement. Then 
name their antagonists. 

24. (a) Name two forearm muscles that are powerful extensors and 
abductors of the wrist. (b) Name the sole forearm muscle that ean 
flex the distal interphalangeal joints. 

25. Name the muscles usually grouped together as the lateral rotators 
of the hip. 

26. Name three thigh muscles that help you keep your seat astride a 
horse. 

27. (a) Name three imiseles or imisele groups used as sites for 
intramuscular injeetions. (b) Which of these is used most often in 
infants, and why? 

28. Name two muscles in eaeh of the following eompartments or 
regions: (a) thenar eminenee (ball of thumb), (b) posterior 
eompartment of forearm, (e) anterior eompartment of forearm— 
deep imisele group, (d) anterior muscle group in the arm, 
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(e) muscles of mastieation, (f) third muscle layer of the foot, 

(g) posterior eompartment of leg, (h) medial eompartment of 
thigh, (i) posterior eompartment of thigh. 

i ! Critical Thinking 

f CnJ anc * eiinieal Applieation 

'be/ Questions 

1. Assume you have a 10-lb weight in your right hand. Explain why 
it is easier to flex the right elbow when your forearm is supinated 
than when it is pronated. 

2. When Mrs. O’Brien returned to her doetor for a follow-up visit 
after ehildbirth, she eomplained that she was having problems 
eontrolling her urine flow (ineontinent) when she sneezed. The 
physieian asked his nurse to give Mrs. O’Brien instructions on 
how to perform exercises to strengthen the muscles of the pelvie 
floor. To which muscles was he referring? 


3. Mr. Ahmadi, an out-of-shape 45-year-old man, was advised by 
his physieian to lose weight and to exercise on a regular basis. 

He followed his diet faithfully and began to jog daily. One day, 
while on his morning jog, he heard a snapping sound that was 
immediately followed by a severe pain in his right lower ealf. 
When his leg was examined, a gap was seen between his swollen 
upper ealf region and his heel, and he was unable to plantar flex 
that ankle. What do you think happened? Why was the upper 
part of his ealf swollen? 

4. As Peter watched Sue walk down the runway at the fashion 
show, he eontraeted his right orbicularis oculi muscle, raised his 
arm, and eontraeted his opponens pollieis. Was he pleased or 
displeased with her performanee? How do you know? 

5. What type of lever system do the following aetivities deseribe? (a) 
The soleus muscle plantar flexes the foot. (b) The deltoid abducts 
the arm. (e) The trieeps braehii is strained while doing pushups. 


AT THE e L I N I e 




Related eiinieal Terms 

Charley horse A muscle contusion, i.e., tearing of muscle followed by 
bleeding into the tissues (hematoma) and severe, prolonged pain. 
A eommon eontaet sports injury; football players frequently 
suffer a eharley horse of the quadriceps muscle of the thigh. 

Eleetromyography Reeording and interpretation of graphie reeords 
of the eleetrieal aetivity of eontraeting muscles. Eleetrodes 
inserted into the muscles reeord the impulses that pass over 
muscle-cell membranes to stimulate eontraetion. The best and 
most important technique for determining the functions of 
muscles and muscle groups. 

Hernia An abnormal protmsion of abdominal eontents (typieally 
eoils of the small intestine) through a weak point in the muscles 
of the abdominal wall. Most often caused by inereased intra- 
abdominal pressure during liffing or straining. The hernia 
penetrates the muscle wall but not the skin and so appears as a 
visible bulge in the body surface. Common abdominal hernias 
include the inguinal and umbilical hernias. 

Quadriceps and hamstring strains Also ealled quad and hamstring 
pulls, these eonditions involve tearing these muscles or their 
tendons; happen mainly in athletes who do not warm up 
properly and then fully extend their hip (quad pull) or knee 
(hamstring pull) quickly or forcefully (e.g., sprinters, tennis 
players). Not painful at fìrst, but pain intensifìes within three to 
six hours (30 mimites if the tearing is severe). After a week of 
rest, stretehing is the best therapy. 

Ruptured ealeaneal tendon Although the ealeaneal (Aehilles) 
tendon is the largest, strongest tendon in the body, its rupture 


is surprisingly eommon, particularly in older people as a 
result of stumbling and in young sprinters when the tendon is 
traumatized during takeoff. The rupture is followed by abmpt 
pain; a gap is seen just above the heel, and the ealf bulges as the 
trieeps surae are released from their insertion. Plantar flexion 
is weak or impossible, but dorsiflexion is exaggerated. Usually 
repaired surgically. 

Shin splints Common term for pain in the anterior eompartment 
of the leg caused by irritation of the tibialis anterior muscle as 
might follow extreme or unusual exercise without adequate 
prior eonditioning. Because it is tightly wrapped by faseia, the 
inflamed tibialis anterior cuts off its own circulation as it swells 
and presses painfully on its own nerves. 

Tennis elbow Tenderness due to trauma or overuse of the tendon of 
origin of the forearm extensor muscles at the lateral epieondyle 
of the humerus. Caused and aggravated when these imiseles 
eontraet forcefully to extend the hand at the wrist—as in 
executing a tennis baekhand or liffing a loaded snow shovel. 
Despite its name, tennis elbow does not involve the elbow joint; 
most eases caused by work aetivities. 

Tortieollis (tor"tì-koEis; tort = twisted) A twisting of the neek in 
which there is a ehronie rotation and tilting of the head to one 
side, due to injury of the sternoeleidomastoid muscle on one 
side; also ealled wryneck. Sometimes present at birth when the 
muscle fibers are torn during difficult delivery. Exercise that 
stretehes the affeeted muscle is the usual treatment. 




ehapter 10 The Muscular System 


385 



Case Study 


Muscular System 


In ehapters 7 and 8, you were 
introduced to Kayla Tanner, a 45-year- 
old mother of four who had suffered a 
disloeated right hip in the bus aeeident 
on Route 91. Six weeks after the injury, Mrs. Tanner reported that 
she was still unable to walk or run without hip pain, and had 
weakness in her hip, knee, and ankle. Mrs. Tanner walked with 
a limp that her doetors attributed to weaknesses in flexion at the 
knee, inversion of the foot, and plantar flexion. 

Eleetromyography (which measures muscle eleetrieal aetivity) 
and nerve conduction studies (which measure the speed of nerve 
impulses) revealed that Mrs. Tanner's seiatie nerve had been 
damaged as a result of her injuries—most likely as a result of the 
nerve being eompressed when the hip was disloeated. This large 
nerve innervates a large number of lower limb muscles. Sinee her 
surgery, Mrs. Tanner has been undergoing intense physieal therapy 
and has shown signifieant improvement. 

1. During her initial visit with the physieal therapist, Mrs. Tanner 
presented with signifieant "foot drop" (the inability to dorsiflex 
the foot when taking a step). Mrs. Tanner was asked to perform a 
variety of movements with her right lower extremity. The therapist 


focused her attention on the prime movers and synergists of the 
hip, knee, and ankle. What are "prime movers" and "synergists' 


? 


limb) to mimie the aetion of an antagonist musde. What is an 
antagonist muscle, and why would the therapist mimie its aetion? 

3. Mrs. Tanner's physieal therapist performed a variety of 
assessments in order to establish a baseline from which her 
reeovery could be measured. For eaeh of the deseriptions below, 
name the muscle (or muscles) that the therapist was assessing. 

a. With Mrs. Tanner in the seated position, the therapist 
positioned Mrs. Tanner's legs shoulder-width apart, then 
asked Mrs. Tanner to bring her feet together while the 
therapist applied resistanee to the right leg. 

b. The therapist applied resistanee to the top of Mrs. Tanner's 
foot and asked her to pull her forefoot up toward her shin. 

e. With Mrs. Tanner in the prone position (on her stomaeh), the 
therapist applied resistanee to the leg while Mrs. Tanner was 
instructed to bring her heel up toward her buttocks (flex her 
knee). 

4. LJsing deseriptions similar to those listed in the question above, 
explain how you would assess the function of the following 
muscles. 

a. Extensor hallucis longus 

b. Fibularis (peroneus) longus 

e. Gastrocnemius 


2. In order to assess the function and strength of a speeifie muscle, a 
physieal therapist will often apply resistanee (push against the moving 


(Ansvvers in Appendix H) 








Fimetions and Divisions of the Nervous 
System (p. 387) 

Histology of Nervous Tissue (pp. 387-395) 
Neuroglia (pp. 388-390) 

Neurons (pp. 390-395) 

Membrane Potentials (pp. 395-407) 

Basie Prineiples of Eleetrieity (pp. 395-397) 

The Resting Membrane Potential 
(p. 397) 

Membrane Potentials That Aet as 
Signals (pp. 397-407) 


The Synapse (pp. 407-414) 

Eleetrieal Synapses (p. 407) 

ehemieal Synapses (pp. 407-410) 

Postsynaptie Potentials and Synaptie 
Integration (pp. 410-414) 

Neurotransmitters and Their 
Reeeptors (pp. 414-421) 

eiassifieation of Neurotransmitters by 
ehemieal Structure (pp. 414-417) 

eiassifieation of Neurotransmitters by 
Function (pp. 417-419) 


Neurotransmitter Reeeptors 
(pp. 420-421) 

Basie Concepts of Neural Integration 

(pp. 421-423) 

Organization of Neurons: 

Neuronal Pools (p. 421) 

Types of Circuits (p. 421) 

Patterns of Neural Proeessing (pp. 421-423) 

Developmental Aspeets of Neurons 

(pp. 423-424) 


Y ou are driving down the freeway, and a horn blares to your right. 

You immediately swerve to your left. Charlie leaves a note on the kitehen table: 
a See you later. Have the stuff ready at 6.” You know the cc stuff” is ehili with taeo 
ehips. You are dozing but you awaken instantly when your infant son eries soffly. 

What do these three events have in eommon? They are all everyday examples of the 
ffmetioning of your nervous system, which has your body eells humming with aetivity 
nearly all the time. 

The nervous system is the master eontrolling and communicating system of the body. 
Every thought, aetion, and emotion refleets its aetivity. Its eells communicate by eleetrieal and 
ehemieal signals, which are rapid and speeifie, and usually cause almost immediate responses. 
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We begin this ehapter with a brief overview of the fimetions 
and organization of the nervous system. Then we focus on the 
functional anatomy of nervous tissue, espeeially the nerve eells, 
or neurons , which are the key to neural communication. 


Functions and Divisions 
of the Nervous System 

List the basie functions of the nervous system. 

Explain the structural and functional divisions of the 
nervous system. 

The nervous system has three overlapping functions, illustrated 
by the example of a thirsty person seeing and then lifting a glass 
ofwater (Figure 11.1): 

1. Sensory input. The nervous system uses its millions of 
sensory reeeptors to monitor ehanges occurring both in- 
side and outside the body. The gathered information is 
ealled sensory input. 

2. Integration. The nervous system proeesses and interprets 
sensory input and deeides what should be done at eaeh 
moment—a proeess ealled integration. 

3. Motor output. The nervous system aetivates effeetor 
organs —the imiseles and glands—to cause a response , 
ealled motor output. 

Heres another example: You are driving and see a red light 
ahead (sensory input). Your nervous system integrates this in- 
formation (red light means “stop”)> and your foot goes for the 
brake (motor output). 

We have only one highly integrated nervous system. For eonve- 
nienee, it is divided into two prineipal parts, eentral and peripheral. 

The eentral nervous system (CNS) eonsists of the brain and 
spinal eord , which occupy the dorsal body eavity. The CNS is the 
integrating and eontrol eenter of the nervous system. It inter- 
prets sensory input and dietates motor output based on reflexes, 
current eonditions, and past experience igure 11.2). 

The peripheral nervous system (PNS) is the part of the 
nervous system outside the CNS. The PNS eonsists mainly of 
the nerves (bundles of axons) that extend from the brain and 
spinal eord. Spinal nerves earry impulses to and from the spinal 
eord, and eranial nerves earry impulses to and from the brain. 
These peripheral nerves serve as communication lines that link 
all parts of the body to the CNS. 

The PNS has two functional subdivisions, as Figure 11.2 
shows. The sensory, or afíerent, division (af'er-ent; “earrying 
toward”) eonsists of nerve fibers (axons) that eonvey impulses 
to the eentral nervous system from sensory reeeptors loeated 
throughout the body (see the blue fibers in Figure 11.2). 

■ Somatie sensory fibers eonvey impulses from the skin, skel- 
etal muscles, and joints ( soma — body) 

■ Viseeral sensory fibers transmit impulses from the viseeral 
organs (organs within the ventral body eavity) 

The sensory division keeps the CNS eonstantly informed of 
events going on both inside and outside the body. 




Sensory input 




Motor output 




gure 11.1 The nervous system's functions. 


The motor, or efferent, division (ef'er-ent; “earrying 
away”) of the PNS transmits impulses from the CNS to effeetor 
organs, which are the muscles and glands (see the red fibers in 
Figure 11.2). These impulses aetivate muscles to eontraet and 
glands to seerete. In other words, they effeet (bring about) a 
motor response. 

The motor division also has two main parts: 

■ The somatie nervous system is eomposed of somatie motor 
nerve fibers that conduct impulses from the CNS to skeletal 
muscles. It is often referred to as the vohmtary nervous system 
because it allows us to consciously eontrol our skeletal muscles. 

■ The autonomic nervous system (ANS) eonsists of viseeral 
motor nerve fibers that regulate the aetivity of smooth mus- 
eles, eardiae muscles, and glands. Autonomic means “a law 
unto itself,” and because we generally eannot eontrol such 
aetivities as the pumping of our heart or the movement of 
food through our digestive traet, the ANS is also ealled the 
involuntary nervous system. 
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As we will deseribe in Chapter 14, the ANS has two func- 
tional subdivisions, the sympathetie division and the parasym- 
pathetie division. Typieally these divisions work in opposition 
to eaeh other—whatever one stimulates, the other inhibits. 



Check Your IJnderstanding 


1. What is meant by "integration," and does it primarily occur 
in the CNS or the PNS? 

2. Which subdivision of the PNS is involved in (a) relaying the 
feeling of a "full stomaeh" after a meal, (b) eontraeting the 
muscles to lift your arm, and (e) inereasing your heart rate? 

_ For ansvvers, see Appendix Fi. 


Histology of NervousTissue 

The nervous system eonsists mostly of nervous tissue, which is 
highly cellular. For example, less than 20% of the CNS is extra- 
cellular spaee, which means that the eells are densely paeked 
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UNIT 3 Regiilation and Integration of the Body 


Oentral nervous system (CNS) 


Peripheral nervous system (PNS) 

• Brain and spinal eord 


• Cranial nerves and spinal nerves 

■ Integrative and eontrol eenters 


m Communication lines between the CNS 

_ J 


and the rest of the body 

<_ 4 



//> 







Sensory (afferent) division 


Motor (efferent) division 


• Somatie and viseeral sensory 


• Motor nerve fibers 


nerve fibers 


■ Conducts impulses from the CNS 

1 


■ Conducts impulses from 


to effeetors (muscles and glands) 


reeeptors to the CNS 

k _ 

_ / 


Somatie sensory fiber 


Skin 


Viseeral sensory fiber 


Stomaeh 


Motor fiber of somatie nervous system 



Somatie nervous 

system 

Somatie motor 
(voluntary) 

Conducts impulses 
from the CNS to 
skeletal muscles 


Skeletal 

muscle 


Sympathetie division 

Mobilizes body systems 
during aetivity 



Autonomic nervous 
system (ANS) 

Viseeral motor 
(involuntary) 

Conducts impulses 
from the CNS to 
eardiae muscles, 
smooth muscles, 
and glands 




Parasympathetie 

division 

Conserves energy 

Promotes house- 
keeping functions 
during rest 


Sympathetie motor fiber of ANS 


Heart 




Structure 

Function 

Sensory (afferent) 
division of PNS 

Motor (efferent) 
division of PNS 


Parasympathetie motor fiber of ANS 



Bladder 


Figure 11.2 Levels of organization in the 
nervous system. The human nervous system 
is organized into tvvo major divisions, the 
eentral nervous system (CNS) and peripheral 
nervous system (PNS). Viseeral organs (primarily 


loeated in the ventral body eavity) are served 
by viseeral sensory fibers and by motor fibers 
of the autonomic nervous system. The somata 
(limbs and body vvall) are served by motor 
fibers of the somatie nervous system and by 


somatie sensory fibers. Arrovvs indieate the 
direetion of nerve impulses. (Connections to 
spinal eord are not anatomieally accurate.) 


and tightly intertwined. Although it is very complex, nervous 
tissue is made up of just two prineipal types of eells: 

■ Supporting eells ealled neuroglia , small eells that surround 
and wrap the more delieate neurons 

■ Neurons , nerve eells that are excitable (responsive to stimuli) 
and transmit eleetrieal signals 

See Figure 4.10 on p. 140 to refresh your memory. 


Neijroglia 

✓ List the types of neuroglia and eite their functions. 

Neurons assoeiate elosely with much smaller eells ealled neu- 
roglia (nu-rog'le-ah; c nerve glue”) or glial eells (gle'al). There 
are six types of neuroglia—four in the CNS and two in the PNS 
gure 11.3). Onee eonsidered merely the c glue” or seaffolding 
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that supports the neurons, neuroglia are now known to have 
many other important and unique functions. 

Neiiroglia in the CNS 

Neuroglia in the CNS include astroeytes , mieroglial eells , ependy- 
mal eells , and oligodendroeytes (Figure 11.3a-d). Like neurons, 
most neuroglia have branehing proeesses (extensions) and a 
eentral eell body. They ean be distinguished, however, by their 
much smaller size and their darker-staining nuclei. They out- 
number neurons in the CNS by about 10 to 1, and make up 
about half the mass of the brain. 



Neuron 


Astroeyte 


Astroeytes Shaped like delieate branehing sea anemones, 
astroeytes (as'tro-sìtz; Cí star eells”) are the most abundant and 
versatile glial eells. Their numerous radiating proeesses eling 
to neurons and their synaptie endings, and eover nearby eapil- 
laries. They support and braee the neurons and anehor them to 
their nutrient supply lines (Figure 11.3a). 

Astroeytes play a role in making exchanges between eapil- 
laries and neurons, helping determine eapillary permeability. 
They guide the migration of young neurons, and formation of 
synapses (junctions) between neurons. Astroeytes also eontrol 
the ehemieal environment around neurons, where their most 
important job is cc mopping up” leaked potassium ions and re- 
capturing and reeyeling released neurotransmitters. Further- 
more, astroeytes have been shown to respond to nearby nerve 
impulses and released neurotransmitters. 

Connected by gap junctions, astroeytes signal eaeh other 
both by taking in calcium, ereating slow-paced intracellular 
calcium pulses (calcium waves), and by releasing extracellular 
ehemieal messengers. Reeent researeh shows they also influence 
neuronal functioning and therefore partieipate in information 
proeessing in the brain. 

Mieroglial Cells Mieroglial eells (mi-kro'gle-al) are small and 
ovoid with relatively long “thorny” proeesses (Figure 11.3b). 
Their proeesses touch nearby neurons, monitoring their health, 
and when they sense that eertain neurons are injured or in other 
trouble, the mieroglial eells migrate toward them. Where invad- 
ing mieroorganisms or dead neurons are present, the mieroglial 
eells transform into a speeial type of maerophage that phago- 
eytizes the mieroorganisms or neuronal debris. This proteetive 
role of the mieroglial eells is important because eells of the im- 
mune system have limited aeeess to the CNS. 

Ependymal Cells Ependymal eells (é-pen'dì-mul; cc wrapping 
garment”) range in shape from squamous to columnar, and 
many are eiliated (Figure 11.3c). They line the eentral eavities 
of the brain and the spinal eord, where they form a fairly per- 
meable barrier between the eerebrospinal fluid that fìlls those 
eavities and the tissue fluid bathing the eells of the CNS. The 
beating of their eilia helps to circulate the eerebrospinal fluid 
that cushions the brain and spinal eord. 


gure 11.3 Neuroglia. (a-d) The four types of neuroglia of the 
CNS. (e) Neuroglia of the PNS. 


(a) Astroeytes are the most abundant CNS neuroglia. 



Neuron 


Mieroglial 

eell 


(b) Mieroglial eells are defensive eells in the CNS. 



Fluid-filled eavity 


Cilia 


Ependymal 

eells 


Brain or 
spinal eord 
tissue 


(e) Ependymal eells line eerebrospinal fluid—filled eavities. 


Myelin sheath 



Proeess of 
oligodendroeyte 


Nerve 

fibers 


(d) Oligodendroeytes have proeesses that form myelin 
sheaths around CNS nerve fibers. 



(e) Satellite eells and Schwann eells (which form myelin) 
surround neurons in the PNS. 
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Oligodendroeytes Though they also braneh, the oligodendro- 
eytes (or'í-go-den'dro-sìts) have fewer proeesses ( oligo = few; 
dendr = braneh) than astroeytes. Oligodendroeytes line up 
along the thieker nerve fibers in the CNS and wrap their pro- 
eesses tightly around the fibers, producing an insulating eover- 
ing ealled a myelin sheath (Figure 11.3d). 


Neiiroglia in the PNS 

The two kinds of PNS neuroglia— satellite eells and Schwann 
eells —differ mainly in loeation. 

Satellite eells surround neuron eell bodies loeated in the 
peripheral nervous system (Figure 11.3e), and are thought to 
have many of the same fimetions in the PNS as astroeytes do in 
the CNS. Their name eomes from a faneied resemblanee to the 
moons (satellites) around a planet. 

Schwann eells (also ealled nemolemmoeytes) surround all 
nerve fibers in the PNS and form myelin sheaths around the 
thieker nerve fibers (Figure 11.3e and 11.4a). In this way, they 
are fimetionally similar to oligodendroeytes. (We deseribe the 
formation of myelin sheaths later in this ehapter.) Schwann eells 
are vital to regeneration of damaged peripheral nerve fibers. 




ii 
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Check Your LJnderstanding' 


3. Which type of neuroglia eontrols the extracellular fluid 
environment around neuron eell bodies in the CNS? In the PNS? 

4. Which tvvo types of neuroglia form insulating eoverings 
ealled myelin sheaths? 

_ For ansvvers, see Appendix Fi. 


Neurons 

S Define neuron 7 deseribe its important structural 
eomponents, and relate eaeh to a functional role. 


Differentiate betvveen (1) a nerve and a traet, and (2) a 
nucleus and a ganglion. 


Explain the importanee of the myelin sheath and deseribe how 
it is formed in the eentral and peripheral nervous systems. 


The billions of neurons, also ealled nerve eells , are the structural 
units of the nervous system. They are typieally large, highly spe- 
eialized eells that conduct messages in the form of nerve impulses 
from one part of the body to another. Besides their ability to eon- 
duct nerve impulses, they have three other speeial eharaeteristies: 

■ Neurons have extreme longevity. Given good nutrition, they 
ean fimetion optimally for a lifetime (over 100 years). 

■ Neurons are amitotie. As neurons assume their roles as eom- 
municating links of the nervous system, they lose their ability 
to divide. We pay a high priee for this feature because neu- 
rons eannot be replaeed if destroyed. There are exceptions to 
this mle. For example, olfaetory epithelium and some hip- 
poeampal regions eontain stem eells that ean produce new 
neurons throughout life. (The hippocampus is a brain region 
involved in memory.) 

■ Neurons have an exceptionally high metabolie rate and re- 
quire continuous and abundant supplies of oxygen and 


ghieose. They eannot survive for more than a few minutes 

without oxygen. 

Although neurons vary in structure, they all have a eell body 
and one or more slender proeesses Figure 11.4). 

Neuron Cell Body 

The neuron eell body eonsists of a spherieal nucleus with a eon- 
spicuous nucleolus surrounded by eytoplasm. Also ealled the 
perikaryon ( peri = around, kary = nucleus) or soma, the eell 
body ranges in diameter from 5 to 140 pm. The eell body is the 
major biosynthetie eenter of a neuron and so it eontains the usual 
organelles needed to synthesize proteins and other ehemieals. 

The neuron eell bodys protein- and membrane-making ma- 
ehinery, eonsisting of clustered free ribosomes and rough endoplas- 
mie reticulum (ER), is probably the most aetive and best developed 
in the body. This rough ER, also ealled the ehromatophilie sub- 
stanee ( ehromatophilie = eolorloving) or Nissl bodies (nis'l), stains 
darkly with basie dyes. The Golgi apparatus is also well developed 
and forms an are or a eomplete eirele around the nucleus. 

Mitoehondria are seattered among the other organelles. 
Microtubules and neurofibrils, which are bundles of interme- 
diate filaments (nemofilaments) , are important in maintaining 
eell shape and integrity. They form a network throughout the 
eell body. 

The eell body of some neurons also eontains pigment in- 
ehisions. For example, some eontain a blaek melanin, a red 
iron-eontaining pigment, or a golden-brown pigment ealled 
lipofuscin (lip"o-fu'sin). Lipofuscin, a harmless by-product of 
lysosomal aetivity, is sometimes ealled the c aging pigment” be- 
cause it accumulates in neurons of elderly individuals. 

The eell body is the foeal point for the outgrowth of neuron 
proeesses during embryonie development. In most neurons, the 
plasma membrane of the eell body also aets as part of the reeep- 
tive region that reeeives information from other neurons. 

Most neuron eell bodies are loeated in the CNS, where they 
are proteeted by the bones of the skull and vertebral column. 
Clusters of eell bodies in the CNS are ealled nuclei, whereas 
those that lie along the nerves in the PNS are ealled ganglia 
(gang'gle-ah; ganglion = “knot on a string,” “swelling”). 

Neuron Proeesses 

Armlike proeesses extend from the eell body of all neurons. The 
brain and spinal eord (CNS) eontain both neuron eell bodies 
and their proeesses. The PNS eonsists ehiefly of neuron pro- 
eesses. Bundles of neuron proeesses are ealled traets in the CNS 
and nerves in the PNS. 

The two types of neuron proeesses, dendrites and axons 
(ak'sonz), differ in the structure and fimetion of their plasma 
membranes. The eonvention is to deseribe these proeesses using 
a motor neuron as an example. We shall follow this praetiee, but 
keep in mind that many sensory neurons and some tiny CNS 
neurons differ from the “typieal” pattern we present here. 

Dendrites Dendrites of motor neurons are short, tapering, dif- 
fiisely branehing extensions. Typieally, motor neurons have hun- 
dreds of twiglike dendrites clustering elose to the eell body. Virtu- 
ally all organelles present in the eell body also occur in dendrites. 
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gure 11.4 Structure of a motor neuron. (a) Diagrammatie vievv. (b) Seanning eleetron 
mierograph shovving the eell body and dendrites vvith obvious dendritie spines (2000x). 


Dendrites, the main reeeptive or input regions, provide an 
enormous surface area for reeeiving signals from other neurons. 
In many brain areas, the finer dendrites are highly speeialized 
for eolleeting information. They bristle with dendritie spines — 
thorny appendages having bulbous or spiky ends—which rep- 
resent points of elose eontaet (synapses) with other neurons 
(Figure 11.4b). 

Dendrites eonvey ineoming messages toward the eell body. 
These eleetrieal signals are usually not aetion potentials (nerve 
impulses) but are short-distanee signals ealled graded potentials, 
as we will deseribe shortly. 

The Axon: Structure Eaeh neuron has a single axon ( axo = 
axis, axle). The initial region of the axon arises from a eone- 
shaped area of the eell body ealled the axon hilloek (“little hill”) 
and then narrows to form a slender proeess that is uniform in 
diameter for the rest of its length (Figure 11.4a). In some neu- 
rons, the axon is very short or absent, but in others it accounts 
for nearly the entire length of the neuron. For example, axons of 
the motor neurons eontrolling the skeletal muscles of your great 
toe extend a meter or more (3-4 feet) from the lumbar region of 
your spine to your foot, making them among the longest eells in 
the body. Any long axon is ealled a nerve fiber. 

Eaeh neuron has only one axon, but axons may have oe- 
easional branehes along their length. These branehes, ealled 


axon eollaterals, extend from the axon at more or less right 
angles. Whether an axon is undivided or has eollaterals, it usu- 
ally branehes profusely at its end (termimis): 10,000 or more 
terminal branehes (also ealled terminal arborizations) per neu- 
ron is not unusual. The knoblike distal endings of the terminal 
branehes are ealled axon terminals or terminal boutons (boo- 
tonz'; cc buttons”). Take your piek! 

The Axon: Functional Characteristics Functionally, the axon 
is the conducting region of the neuron (Figure 11.4). Itgener- 
ates nerve impulses and transmits them , typieally away from the 
eell body, along the plasma membrane, or axolemma (ak"so- 
lem'ah). In motor neurons, the nerve impulse is generated at 
the junction of the axon hilloek and axon (which for this reason 
is ealled the trigger zone) and conducted along the axon to the 
axon terminals, which are the seeretory region of the neuron. 

When the impulse reaehes the axon terminals, it causes 
nemotransmitters —signaling ehemieals usually stored in vesieles— 
to be released into the extracellular spaee. The neurotransmitters 
either excite or inhibit neurons (or effeetor eells) with which the 
axon is in elose eontaet. Because eaeh neuron both reeeives signals 
from and sends signals to seores of other neurons, it earries on c con- 
versations” with many different neurons at the same time. 

An axon eontains the same organelles found in the dendrites 
and eell body with two important exceptions—it laeks rough 
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(b) Cross-sectional view of a myelinated axon (eleetron 
mierograph 24,000x) 

gure 11. Nerve fiber myelination by Sehvvann eells in 
the PNS. 


endoplasmie reticulum and a Golgi apparatus, the structures 
involved with protein synthesis and paekaging. Consequently, 
an axon depends (1) on its eell body to renew the neeessary pro- 
teins and membrane eomponents, and (2) on effieient transport 


meehanisms to distribute them. Axons quickly deeay if cut or 
severely damaged. 

Transport Along the Axon Because axons are often very long, 
the task of moving molecules along their length might appear 
difficult. However, through the eooperative efforts of motor 
proteins and eytoskeletal elements (microtubules and aetin 
filaments), substances travel continuously along the axon both 
away from and toward the eell body. Movement away from the 
eell body is anterograde movement , and that in the opposite di- 
reetion is retrograde movement. 

Substances moved in the anterograde direetion include mi- 
toehondria, eytoskeletal elements, membrane eomponents used 
to renew the axon plasma membrane, and enzymes needed to 
synthesize eertain neurotransmitters. (Some neurotransmitters 
are synthesized in the eell body and then transported to the 
axon terminals.) 

Substances transported through the axon in the retro- 
grade direetion are mostly organelles returning to the eell 
body to be degraded or reeyeled. Retrograde transport is also 
an important means of intracellular communication to “ad- 
vise” the eell body of eonditions at the axon terminals, and 
deliver to the eell body vesieles eontaining signal molecules 
(like nerve growth faetor, which aetivates eertain nuclear 
genes promoting growth). 

One basie bidireetional transport meehanism appears to be 
responsible for axonal transport. It uses ATP-dependent “mo- 
tor” proteins (kinesin and dynein), depending on the direetion 
of transport. These proteins propel cellular eomponents along 
the microtubules like trains along traeks at speeds up to 40 em 
(15 inehes) per day. 



Homeostatie imbalanee 11.1 


Oertain vimses and baeterial toxins that damage neural tissues 
use retrograde axonal transport to reaeh the eell body. This 
transport meehanism has been demonstrated for polio, rabies, 
and herpes simplex vimses and for tetanus toxin. Researehers 
are investigating using retrograde transport to treat genetie dis- 
eases by introducing vimses eontaining “eorreeted” genes or 
mieroRNA to suppress defeetive genes. + 


Myelin Sheath Many nerve fibers, particularly those that 
are long or large in diameter, are eovered with a whitish, fatty 
(protein-lipoid), segmented myelin sheath (mi'é-lin). Myelin 
proteets and eleetrieally insulates fibers, and it inereases the 
transmission speed of nerve impulses. Myelinated fibers (ax- 
ons bearing a myelin sheath) conduct nerve impulses rapidly, 
whereas nonmyelinated fibers conduct impulses more slowly. 
Note that myelin sheaths are assoeiated only with axons. Den- 
drites are always nonmyelinated. 

Myelination in the PNS Myelin sheaths in the PNS are formed 
by Schwann eells, which indent to reeeive an axon and then 
wrap themselves around it in a jelly roll fashion Figure 11 .E . 
Initially the wrapping is loose, but the Schwann eell eytoplasm is 
gradually squeezed from between the membrane layers. 

When the wrapping proeess is eomplete, many eoneentrie 
layers of Schwann eell plasma membrane enelose the axon, 
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much like gauze wrapped around an injured finger. This tight 
eoil of wrapped membranes is the myelin sheath, and its thiek- 
ness depends on the number of spirals. The nucleus and most of 
the eytoplasm of the Schwann eell end up as a bulge just exter- 
nal to the myelin sheath. This portion of the Schwann eell, next 
to the exposed part of its plasma membrane, is ealled the outer 
eollar of perirmelear eytoplasm (formerly known as the neuri- 
lemma) (Figure 11.5b). 

Plasma membranes of myelinating eells eontain much less 
protein than the plasma membranes of most body eells. Chan- 
nel and earrier proteins are notably absent, a eharaeteristie that 
makes myelin sheaths exceptionally good eleetrieal insulators. 
Another unique eharaeteristie of these membranes is the pres- 
enee of speeifie protein molecules that interloek to form a sort 
of molecular Velero between adjaeent myelin membranes. 

Adjaeent Schwann eells along an axon do not touch one 
another, so there are gaps in the sheath. These myelin sheath 
gaps, or nodes of Ranvier (ran'vè-à") 5 occur at regular intervals 
(about 1 mm apart) along a myelinated axon. Axon eollaterals 
ean emerge from the axon at these gaps. 

Sometimes Schwann eells surround peripheral nerve fibers 
but the eoiling proeess does not occur. In such instanees, a sin- 
gle Schwann eell ean partially enelose 15 or more axons, eaeh 
of which occupies a separate reeess in the Schwann eell surface. 
Nerve fibers assoeiated with Schwann eells in this manner are 
said to be nonmyelinated and are typieally thin fibers. 

Myelination in the CNS The eentral nervous system eontains 
both myelinated and nonmyelinated axons. However, in the 
CNS, it is the oligodendroeytes that form myelin sheaths (Fig- 
ure 11.3d). 

Unlike a Schwann eell, which forms only one segment of a 
myelin sheath, an oligodendroeyte has multiple flat proeesses 
that ean eoil around as many as 60 axons at the same time. As 
in the PNS, myelin sheath gaps separate adjaeent seetions of 
an axons myelin sheath. However, CNS myelin sheaths laek an 
outer eollar of perinuclear eytoplasm because eell extensions 
do the eoiling and the squeezed-out eytoplasm is foreed baek 
toward the eentrally loeated nucleus instead of peripherally. 

As in the PNS, the smallest-diameter axons are nonmyelin- 
ated. These nonmyelinated axons are eovered by the long exten- 
sions of adjaeent glial eells. 

Regions of the brain and spinal eord eontaining dense eollee- 
tions of myelinated fibers are referred to as white matter and are 
primarily fiber traets. Gray matter eontains mostly nerve eell 
bodies and nonmyelinated fibers. 



Check Your IJnderstanding 


5. Which part of the neuron is its fiber? Hovv do nerve fibers 
differ from the fibers of eonneetive tissue (see ehapter 4) 
and the fibers in muscle (see ehapter 9)? 

6. Hovv does a nucleus vvithin the brain differ from a nucleus 
vvithin a neuron? 

7. Hovv is a myelin sheath formed in the CNS, and vvhat is its 
function? 

_ For ansvvers, see Appendix H. 


eiassifìeation of Neurons 

eiassify neurons by structure and by function. 


Neurons are elassified both structurally and fimetionally. We 
deseribe both elassifieations here but use the fimetional elas- 
sifieation in most discussions. 


Structural Classification Neurons are grouped structurally ae- 
eording to the number of proeesses extending from their eell 
body. Three major neuron groups make up this elassifieation: 
multipolar ( polar — end, pole), bipolar, and unipolar neurons. 
(fable 11.1 is organized aeeording to these three neuron types, 
and the top row shows their structures.) 

Multipolar neurons have three or more proeesses—one axon 
and the rest dendrites. They are the most eommon neuron type 
in humans, with more than 99% of neurons belonging to this 
elass. Multipolar neurons are the major neuron type in the CNS. 

Bipolar neurons have two proeesses—an axon and a 
dendrite—that extend from opposite sides of the eell body. 
These rare neurons are found in some of the speeial sense 
organs. Examples include some neurons in the retina of the eye 
and in the olfaetory mucosa. 

LJnipolar neurons have a single short proeess that emerges 
from the eell body and divides T-like into proximal and distal 
branehes. The more distal proeess, the peripheral proeess, is 
often assoeiated with a sensory reeeptor. The eentral proeess 
enters the CNS (Table 11.1). Unipolar neurons are more accu- 
rately ealled pseudounipolar neurons (psendo — false) because 
they originate as bipolar neurons. Then, during early embry- 
onie development, the two proeesses eonverge and partially fiise 
to form the short single proeess that issues from the eell body. 
IJnipolar neurons are found ehiefly in ganglia in the PNS, where 
they fimetion as sensory neurons. 

The faet that the fused peripheral and eentral proeesses of 
unipolar neurons are continuous and fimetion as a single fiber 
might make you wonder whether they are axons or dendrites. 
The eentral proeess is definitely an axon because it conducts 
impulses away from the eell body (one definition of axon). 
However, the peripheral proeess is perplexing. Three faets favor 
elassifying it as an axon: (1) It generates and conducts an im- 
pulse (fimetional definition of axon); (2) when large, it is heavily 
myelinated; and (3) it has a uniform diameter and is indistin- 
guishable mieroseopieally from an axon. However, the older 
definition of a dendrite as a proeess that transmits impulses to- 
ward the eell body interferes with that conclusion. 

So which is it? In this book, we have ehosen to emphasize 
the newer definition of an axon as generating and transmitting 
an impulse. For unipolar neurons , we will refer to the eombined 
length of the peripheral and eentral proeess as an axon. In plaee 
of “dendrites,” unipolar neurons have reeeptive endings (sensory 
terminals) at the end of the peripheral proeess. 


r 


11 
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Functional Classification This seheme groups neurons ae- 
eording to the direetion in which the nerve impulse travels 
relative to the eentral nervous system. Based on this eriterion, 
there are sensory neurons, motor neurons, and interneurons 
(Table 11.1, last row). 
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Table 11.1 

Comparison of Structural Oasses of Neurons 

NEURON TYPE 

MLILTIPOLAR 

BIPOLAR LINIPOLAR (PSEUDOUNIPOLAR) 


Structural Class: Neuron Type Aeeording to the Number of Proeesses Extending from the Cell Body 


Many proeesses extend from the eell body. All are 
dendrites except for a single axon. 


Cell body 



Dendrites Axon 


Two proeesses extend from the eell body. 
One is a fused dendrite, the other is an 
axon. 


One proeess extends from the eell 
body and forms eentral and peripheral 
proeesses, which together eomprise an 
axon. 


Cell body 



Dendrite Axon 


Peripheral 

proeess 



Reeeptive 

endings 


Cell body 

> 


Axon 


Central 

proeess 



Relationship of Anatomy to the Three Functional Regions 


Reeeptive region (reeeives stimulus). 

Conducting region (generates/transmits aetion potential). 
Seeretory region (axon terminals release neurotransmitters). 




Trigger zone 




K 


y> 


Trigger zone 



(Many bipolar neurons do not generate 
aetion potentials. In those that do, 
the loeation of the trigger zone is not 
universal.) 


Relative Abundance and Loeation in Human Body 



Most abundant in body. Major neuron type in the CNS. 

Rare. Found in some speeial sensory 
organs (olfaetory mucosa, eye, ear). 

Found mainly in the PNS. Common only 
in dorsal root ganglia of the spinal eord 
and sensory ganglia of eranial nerves. 

Structural Variations 
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Table 11.1 



NEilRON TYPE 


MLILTIPOLAR 


BIPOLAR 


LINIPOLAR (PSEUDOUNIPOLAR) 


Functional Class: Neuron Type Aeeording to Direetion of lmpulse Conduction 


1. Most multipolar neurons are interneurons that 
conduct impulses within the CNS, integrating 
sensory input or motor output. May be one of a 
ehain of CNS neurons, or a single neuron eonneeting 
sensory and motor neurons. 

2. Some multipolar neurons are motor neurons that 
conduct impulses along the efferent pathways from 
the CNS to an effeetor (muscle/gland). 


Essentially all bipolar neurons are 
sensory neurons that are loeated in 
some speeial sense organs. For example, 
bipolar eells of the retina are involved 
with transmitting visual inputs from the 
eye to the brain (via an intermediate 
ehain of neurons). 


Most unipolar neurons are sensory 
neurons that conduct impulses along 
afferent pathways to the CNS for 
interpretation. (These sensory neurons 
are ealled primary or first-order sensory 
neurons.) 


lnterneuron 


neuron 




meá ! 


lmpulse 


Muscle 



Bipolar neuron 
of retina of eye 


Sensory 

neuron 



Skin 


lmpulse 


Sensory, or afferent, neurons transmit impulses from sensory 
reeeptors in the skin or internal organs toward or into the eentral 
nervous system. Except for eertain neurons found in some speeial 
sense organs, virtually all sensory neurons are unipolar, and their 
eell bodies are loeated in sensory ganglia outside the CNS. Only 
the most distal parts of these unipolar neurons aet as impulse re- 
eeptor sites, and the peripheral proeesses are often very long. For 
example, fibers earrying sensory impulses from the skin of your 
great toe travel for more than a meter before they reaeh their eell 
bodies in a ganglion elose to the spinal eord. 

The reeeptive endings of some sensory neurons are naked, 
in which ease those terminals themselves fimetion as sensory 
reeeptors, but many sensory neuron endings bear reeeptors that 
include other eell types. We deseribe the various types of gen- 
eral sensory reeeptor end organs, such as those of the skin, in 
Chapter 13. The speeial sensory reeeptors (of the ear, eye, ete.) 
are the topie of Chapter 15. 

Motor, or efferent, neurons earry impulses away from the 
CNS to the effeetor organs (muscles and glands) of the body 
periphery. Motor neurons are multipolar. Except for some neu- 
rons of the autonomic nervous system, their eell bodies are lo- 
eated in the CNS. 

Interneurons, or assoeiation neurons , lie between motor and 
sensory neurons in neural pathways and shuttle signals through 
CNS pathways where integration occurs. Most interneurons are 
eonfined within the CNS. They make up over 99% of the neu- 
rons of the body, including most of those in the CNS. 

Almost all interneurons are multipolar, but there is eonsid- 
erable diversity in both size and fiber-branehing patterns. The 
Purkinje and pyramidal eells illustrated as structural variations 
in Table 11.1 are just two examples of their variety. 





Check Your Understandingf 


8 . Which structural and functional type of neuron is aetivated 
first when you burn your finger? Which type is aetivated last 
to move your finger away from the source of heat? 

_ For ansvvers, see Appendix Fi. 



Membrane Potentials 

When a neuron is adequately stimulated, an eleetrieal impulse 
is generated and conducted along the length of its axon. This 
response, ealled the aetion potential or nerve impulse , is always 
the same regardless of the source or type of stimulus, and it un- 
derlies virtually all fimetional aetivities of the nervous system. 

In this seetion, we will eonsider how neurons are excited or 
inhibited and how they communicate with other eells. First, 
however, we need to explore some basie prineiples of eleetrieity 
and revisit the resting membrane potential. 


Basie Prineiples of Eleetrieity 

The human body is eleetrieally neutral—it has the same number 
of positive and negative eharges. However, there are regions 
where one type of eharge predominates, making those regions 
positively or negatively eharged. Because opposite eharges at- 
traet eaeh other, energy must be used (work must be done) to 
separate them. On the other hand, the eoming together of op- 
posite eharges liberates energy that ean be used to do work. For 
this reason, situations in which there are separated eleetrieal 
eharges of opposite sign have potential energy. 
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(a) Chemically gated ion ehannels 


(b) Voltage-gated ion ehannels 
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gure 11.6 Operation of gated ehannels. (a) A ehemieally gated ehannel permeable to 
both Na + and K + , and (b) a voltage-gated Na + ehannel. 


Some Defìnitions: Voltage, Resistanee, Current 

Voltage, the measure of potential energy generated by separated 
eharge, is measured in either volts (V) or millivolts (1 mV = 
0.001 V). Voltage is always measured between two points and is 
ealled the potential differenee or simply the potential between 
the points. The greater the differenee in eharge between two 
points, the higher the voltage. 

The flow of eleetrieal eharge from one point to another is a cur- 
rent, and it ean be used to do work—for example, to power a flash- 
light. The amount of eharge that moves between the two points 
depends on two faetors: voltage and resistanee. Resistanee is the 
hindranee to eharge flow provided by substances through which 
the current must pass. Substances with high eleetrieal resistanee are 
insulators y and those with low resistanee are conductors. 

Ohm’s law gives the relationship between voltage, current, 
and resistanee: 


Current ( I ) 


voltage (V) 
resistanee ( R ) 


Ohms law tells us three things: 

■ Current (/) is direetly proportional to voltage. The greater the 
voltage (potential differenee), the greater the current. 

■ There is no net current flow between points that have the 
same potential, as you ean see by inserting a value of 0 V into 
the equation. 

■ Current is inversely related to resistanee: The greater the re- 
sistanee, the smaller the current. 

In the body, eleetrieal currents refleet the flow of ions (rather 
than free eleetrons) aeross eelhilar membranes. (Unlike the 
eleetrons flowing along your house wiring, there are no free 


eleetrons “ranning around” in a living system.) As we deseribed 
in Chapter 3, there is a slight differenee in the numbers of 
positive and negative ions on the two sides of cellular plasma 
membranes (there is a eharge separation), so there is a potential 
aeross those membranes. The plasma membranes provide the 
resistanee to current flow. 

Role of Membrane lon Channels 

Reeall that plasma membranes are peppered with a variety of 
membrane proteins that aet as ion ehannels. Eaeh of these ehan- 
nels is seleetive as to the type of ion (or ions) it allows to pass. 
For example, a potassium ion ehannel allows only potassium 
ions to pass. 

Membrane ehannels are large proteins, often with several 
subunits, whose amino aeid ehains snake baek and forth aeross 
the membrane. Some ehannels, leakage or nongated ehannels, 
are always open. Other ehannels are gated: Part of the protein 
forms a molecular “gate” that ehanges shape to open and elose 
the ehannel in response to speeifie signals. There are three main 
types of gated ehannels: 

■ Chemically gated, or ligand-gated, ehannels open when 
the appropriate ehemieal (in this ease a neurotransmitter) 
binds (Figure 11.6a). 

■ Voltage-gated ehannels open and elose in response to 
ehanges in the membrane potential (Figure 11.6b). 

■ Meehanieally gated ehannels open in response to physi- 
eal deformation of the reeeptor (as in sensory reeeptors for 
touch and pressure). 

When gated ion ehannels open, ions diffiise quickly aeross the 
membrane following their eleetroehemieal gradients, ereating 
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eleetrieal currents and voltage ehanges aeross the membrane 
aeeording to the rearranged Ohms law equation: 

Voltage (V) = current ( I ) X resistanee ( R ) 

Ions move along ehemieal eoneentration gradients when they 
diffhse passively from an area of their higher eoneentration 
to an area of lower eoneentration. They move along eleetrieal 
gradients when they move toward an area of opposite eleetrieal 
eharge. Together, eleetrieal and eoneentration gradients eonsti- 
tute the eleetroehemieal gradient. Ions flowing along eleetro- 
ehemieal gradients underlie all eleetrieal events in neurons. 


The Resting Membrane Potential 

✓ Define resting membrane potential and deseribe its 
eleetroehemieal basis. 


Voltmeter 


Plasma- 

membrane 

Mieroeleetrode 
inside eell 



Ground eleetrode 
outside eell 



A voltmeter is used to measure the potential differenee between 
two points. When one mieroeleetrode of the voltmeter is in- 
serted into a neuron and the other is in the extracellular fluid, it 
reeords a voltage aeross the membrane of approximately — 70 m V 

gure 11. . The minus sign indieates that the eytoplasmie 
side (inside) of the membrane is negatively eharged relative to 
the outside. This potential differenee in a resting neuron (V r ) 
is ealled the resting membrane potential, and the membrane 
is said to be polarized. The value of the resting membrane po- 
tential varies (from —40 mV to —90 mV) in different types of 
neurons. 

The resting potential exists only aeross the membrane. In 
other words, the bulk solutions inside and outside the eell are 
eleetrieally neutral. Two faetors generate the resting membrane 
potential: differenees in the ionie eomposition of the intraeel- 
lular and extracellular fluids, and differenees in the permeability 
of the plasma membrane to those ions. 

Differenees in lonie Composition 

First, lets eompare the ionie makeup of the intracellular and 
extracellular fluids, as shown in Focus on Resting Membrane 
Potential Figure 11.8]. The eell eytosol eontains a lower eon- 
eentration of Na + and a higher eoneentration of K + than the 
extracellular fluid. Negatively eharged (anionie) proteins (not 
shown) help to balanee the positive eharges of intracellular 
eations (primarily K + ). In the extracellular fluid, the positive 
eharges of Na + and other eations are balaneed ehiefly by ehlo- 
ride ions (Cl - ). Although there are many other solutes (glucose, 
urea, and other ions) in both fluids, potassium (K + ) plays the 
most important role in generating the membrane potential. 

Differenees in Plasma Membrane Permeability 

Next, lets eonsider the differential permeability of the mem- 
brane to various ions (Figure 11.8, bottom). At rest the mem- 
brane is impermeable to the large anionie eytoplasmie proteins, 
very slightly permeable to sodium, approximately 25 times more 
permeable to potassmm than to sodium, and quite permeable to 
ehloride ions. These resting permeabilities refleet the properties 
of the leakage ion ehannels in the membrane. Potassium ions 
diffuse out of the eell along their eoneentration gradient much 


gure 117 Measuring membrane potential in neurons. The 

potential differenee betvveen an eleetrode inside a neuron and the 
ground eleetrode in the extracellular fluid is approximately -70 mV 
(inside negative). 


more easily than sodirnn ions ean enter the eell along theirs. K + 
flowing out of the eell causes the eell to beeome more negative 
inside. Na + triekling into the eell makes the eell just slightly 
more positive than it would be if only K + flowed. Therefore, 
at resting membrane potential, the negative interior of the eell 
is due to a much greater ability for K + to diffuse out of the eell 
than for Na + to diffuse into the eell. 

Because some K + is always leaking out of the eell and some 
Na + is always leaking in, you might think that the eoneentration 
gradients would eventually c run down,” resulting in equal eoneen- 
trations of Na + and K + inside and outside the eell. This does not 
happen because the ATP-driven sodium-potassium pump first 
ejeets three Na + from the eell and then transports two K + baek 
into the eell. In other words, the sodium-potassium pump (Na + - 
K + ATPase) stabilizes the resting membrane potential by main- 
taining the eoneentration gradients for sodium and potassium. 



Check Your LPnderstanding 


9. For an open ehannel, vvhat faetors determine in vvhieh 
direetion ions vvill move through that ehannel? 

10. For vvhieh eation is there the greatest amount of leakage 
(through leakage ehannels) aeross the plasma membrane? 

_ For ansvvers, see Appendix Fi. 


Membrane PotentialsThat Aet as Signals 

S Compare and eontrast graded potentials and aetion 
potentials. 

Explain how aetion potentials are generated and 
propagated along neurons. 

Define absolute and relative refraetory periods. 

s Define saltatory conduction and eontrast it to continuous 
conduction. 


















FOCUS 


Resting Membrane Potential 


Figure 11.8 Generating a resting membrane potential depends 
on (1) differenees in K + and Na + eoneentrations inside and outside 
eells, and (2) differenees in permeability of the plasma membrane 

to these ions. A&P FIÌX Available at www.masteringaandp.com 


The eoneentrations of Na + and K + on eaeh side of the 
membrane are different. 


The Na + eoneentration is 
higher outside the eell. 


The K + eoneentration is 
higher inside the eell. 


Outside eell 


K 


+ 


(5 m M) 


Na + Na + Na + 


140 m M) 


Inside eell 


—• Na + 
(140 m M) 



(15 m M) 


" 



Na + -K + pumps maintain 
the eoneentration 
gradients of Na + and K+ 
aeross the membrane. 


The permeabilities of Na + and K + aeross the membrane 
are different. In the next three panels, we will build the 
resting membrane potential step by step. 


K + 


K + leakage ehannels 



K + 


Cell interior 
-90 mV 


Suppose a eell has only K + ehannels... 

K + loss through abundant leakage ehannels 
establishes a negative membrane potential. K + flows 
down its large eoneentration gradient because the 
membrane is highly permeable to K + . As the positive K + 
ions leak out, the negative voltage that develops on the 
membrane interior counteracts the eoneentration gradient, 
pulling K + baek into the eell. At -90 mV, the eoneentration 
and eleetrieal gradients for K + are balaneed. 


k + k + N a+ 



Now, let’s add some Na + ehannels to our eell... 

Na + entry through leakage ehannels reduces the 
negative membrane potential slightly. Na + flows down 
its large eoneentration gradient, but the membrane is only 
slightly permeable to Na + . As a result, Na + entering the 
eell makes the membrane potential slightly less negative 
than if there were only K + ehannels. 



K + K + m 3 + „ + Cell interior 

-70 mV 


Finally, let’s add a pump to eompensate for leaking ions. 

Na + -K + pumps maintain the eoneentration gradients, 
resulting in the resting membrane potential. A eell at 

rest is like a leaky boat that is eonstantly leaking K + out 

and Na + in through open ehannels.The “bailing pump”for 
this boat is the Na + -K + pump, which counteracts the leaks 

by transporting Na + out and K + in. 
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Depolarizing stimulus 



0 1 2 3 4 5 6 7 


Time (ms) 


Hyperpolarizing stimulus 



Time (ms) 


(a) Depolarization: The membrane potential (b) Hyperpolarization: The membrane potential 

moves toward 0 mV, the inside beeoming less inereases, the inside beeoming more negative. 

negative (more positive). 


gure 11.9 Depolarization and hyperpolarization of the membrane. The resting 
membrane potential is approximately -70 mV (inside negative) in neurons. 


Neurons use ehanges in their membrane potential as eom- 
munication signals to reeeive, integrate, and send informa- 
tion. A ehange in membrane potential ean be produced by (1) 
anything that alters ion eoneentrations on the two sides of the 
membrane, or (2) anything that ehanges membrane perme- 
ability to any ion. However, only permeability ehanges 
(ehanges in the number of open ehannels) are important for 
transferring information. 

Changes in membrane potential ean produce two types of 
signals: 

■ Graded potentials , which are usually ineoming signals oper- 
ating over short distanees 

■ Aetion potentials , which are long-distanee signals of axons 

The terms depolarization and hyperpolarization deseribe 
ehanges in membrane potential relative to resting membranepo- 
tential. It is important to elearly understand these terms. 

Depolarization is a deerease in membrane potential: The 
inside of the membrane beeomes less negative (moves eloser 
to zero) than the resting potential. For instanee, a ehange in 
resting potential from —70 mV to —65 mV is a depolarization 
gure 11.9a). By eonvention, depolarization also includes 
events in which the membrane potential reverses and moves 
above zero to beeome positive. 

Hyperpolarization is an inerease in membrane potential: 
The inside of the membrane beeomes more negative (moves 
further from zero) than the resting potential. For example, a 
ehange from —70 mV to —75 mV is hyperpolarization (Fig- 
ure 11.9b). As we will deseribe shortly, depolarization inereases 
the probability of producing nerve impulses, whereas hyper- 
polarization reduces this probability. 


Graded Potentials 

Graded potentials are short-lived, loealized ehanges in mem- 
brane potential that ean be either depolarizations or hyperpo- 
larizations. These ehanges cause current flows that deerease in 
magnitude with distanee. Graded potentials are ealled c graded” 
because their magnitude varies direetly with stimulus strength. 
The stronger the stimulus, the more the voltage ehanges and the 
farther the current flows. 

Graded potentials are triggered by some ehange (a stimu- 
lus) in the neurons environment that opens gated ion ehan- 
nels. Graded potentials are given different names, depending on 
where they occur and the functions they perform. 

■ When the reeeptor of a sensory neuron is excited by some 
form of energy (heat, light, or other), the resulting graded 
potential is ealled a reeeptor potential or generator poten- 
tial. We will eonsider these types of graded potentials in 
Chapter 13. 

■ When the stimulus is a neurotransmitter released by another 
neuron, the graded potential is ealled a postsynaptie poten- 
tial , because the neurotransmitter is released into a fluid- 
filled gap ealled a synapse and influences the neuron beyond 
(post) the synapse. 


r 


11 


L 


Fluids inside and outside eells are fairly good conductors, 
and current, earried by ions, flows through these fluids when- 
ever voltage ehanges. Suppose a stimulus depolarizes a small 
area of a neurons plasma membrane Figure ll.lOa] . Current 
(ions) flows on both sides of the membrane between the depo- 
larized (aetive) membrane area and the adjaeent polarized (rest- 
ing) areas. Positive ions migrate toward more negative areas (the 
direetion of eation movement is the direetion of current flow), 
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+ + + + + + + + - + + + + + + + 


Plasma 

membrane 


(a) Depolarization: A small pateh of the membrane (red area) 
depolarizes. 


+ + + + + + + -- - + + + + + + 



+ + + + + + + -- - + + + + + + 



(b) Depolarization spreads: Opposite eharges attraet eaeh other. 
This ereates loeal currents (blaek arrows) that depolarize 
adjaeent membrane areas, spreading the wave of depolarization. 
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Distanee (a few mm) 


(e) Membrane potential deeays with distanee: Because current is 
lost through the “leaky” plasma membrane, the voltage deelines with 
distanee from the stimulus (the voltage is deeremental). 
Consequently, graded potentials are short-distanee signals. 


gure 11.10 The spread and deeay of a graded potential. 


and negative ions simultaneously move toward more positive 
areas (Figure ll.lOb). 

For our pateh of plasma membrane, positive ions (mostly 
K + ) inside the eell move away from the depolarized area and 
accumulate on the neighboring membrane areas, where they 
neutralize negative ions. Meanwhile, positive ions on the outer 
membrane faee move toward the region of reversed mem- 
brane polarity (the depolarized region), which is momentarily 
less positive. As these positive ions move, their c plaees” on the 
membrane beeome occupied by negative ions (such as Cl - and 
HC0 3 _ ), sort of like ionie musical ehairs. In this way, at regions 
abutting the depolarized region, the inside beeomes less nega- 
tive and the outside beeomes less positive. In other words, the 


depolarization spreads as the neighboring membrane C patch” is, 
in turn, depolarized. 

As just explained, the flow of current to adjaeent membrane 
areas ehanges the membrane potential there as well. However, 
the plasma membrane is permeable like a leaky water hose, and 
most of the eharge is quickly lost through leakage ehannels. 
Consequently, the current dies out within a few millimeters of 
its origin and is said to be deeremental (Figure 1 l.lOe). 

Because the current dissipates quickly and deeays (deelines) 
with inereasing distanee from the site of initial depolarization, 
graded potentials ean aet as signals only over very short dis- 
tanees. Nonetheless, they are essential in initiating aetion poten- 
tials, the long-distanee signals. 

Aetion Potentials (AP) 

The prineipal way neurons send signals over long distanees is 
by generating and propagating (transmitting) aetion potentials. 
Only eells with excitable membranes —neurons and muscle 
eells—ean generate aetion potentials. 

An aetion potential (AP) is a brief reversal of membrane 
potential with a total amplitude (ehange in voltage) of about 100 
mV (from —70 mV to +30 mV). Depolarization is followed by 
repolarization and often a short period of hyperpolarization. 
The whole event is over in a few milliseeonds. Unlike graded 
potentials, aetion potentials do not deeay with distanee. 

The events of aetion potential generation and transmission 
are identieal in skeletal muscle eells and neurons. As we have 
noted, in a neuron, an AP is also ealled a nerve impulse, and 
is typieally generated only in axons. A neuron generates a nerve 
impulse only when adequately stimulated. The stimulus ehanges 
the permeability of the neurons membrane by opening speeifie 
voltage-gated ehannels on the axon. 

These ehannels open and elose in response to ehanges in 
the membrane potential. They are aetivated by loeal currents 
(graded potentials) that spread toward the axon along the den- 
dritie and eell body membranes. 

In many neurons, the transition from loeal graded potential 
to long-distanee aetion potential takes plaee at the axon hilloek. 
In sensory neurons, the aetion potential is generated by the pe- 
ripheral (axonal) proeess just proximal to the reeeptor region. 
However, for simplieity, we will just use the term axon in our 
discussion. We 11 look first at the generation of an aetion poten- 
tial and then at its propagation. 

Generation of an Aetion Potential Focus on an Aetion Poten- 
tial Figure 11.11) on pp. 402-403 deseribes how an aetion 
potential is generated. Lets start with a neuron in the resting 
(polarized) state. 

(?) Resting state: All gated Na + and K + ehannels are elosed. 

Only the leakage ehannels are open, maintaining resting 
membrane potential. Eaeh Na + ehannel has two gates: 
a voltage-sensitive aetivation gate that is elosed at rest 
and responds to depolarization by opening, and an in- 
aetivation gate that bloeks the ehannel onee it is open. 
Thus, depolarization opens and then inaetivates sodium 
ehannels. 
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Both gates must be open in order for Na + to enter, but 
the elosing of either gate effeetively eloses the ehannel. By 
eontrast, eaeh aetive potassium ehannel has a single volt- 
age-sensitive gate that is elosed in the resting state and 
opens slowly in response to depolarization. 

(2) Depolarization: Na + ehannels open. As loeal currents de- 
polarize the axon membrane, the voltage-gated sodium 
ehannels open and Na + rnshes into the eell. This influx of 
positive eharge depolarizes that loeal pateh of membrane 
further, opening more Na + ehannels so the eell interior be- 
eomes progressively less negative. 

When depolarization at the stimulation site reaehes a 
eertain eritieal level ealled threshold (often between — 55 
and —50 mV), depolarization beeomes self-generating, 
urged on by positive feedbaek. That is, after being initi- 
ated by the stimulus, depolarization is driven by the ionie 
currents ereated by Na + influx. As more Na + enters, the 
membrane depolarizes further and opens still more ehan- 
nels until all Na + ehannels are open. At this point, Na + 
permeability is about 1000 times greater than in a resting 
neuron. As a result, the membrane potential beeomes less 
and less negative and then overshoots to about + 30 mV as 
Na + rushes in along its eleetroehemieal gradient. This rapid 
depolarization and polarity reversal produces the sharp up- 
ward spike of the aetion potential (Figure 11.11). 

Earlier, we stated that membrane potential depends on 
membrane permeability, but here we say that membrane 
permeability depends on membrane potential. Can both 
statements be true? Yes, because these two relationships 
establish a positive feedbaek eyele : inereasing Na + perme- 
ability due to inereased ehannel openings leads to greater 
depolarization, which inereases Na + permeability, and so 
on. This explosive positive feedbaek eyele is responsible for 
the rising (depolarizing) phase of an aetion potential—it 
puts the “aetion” in the aetion potential. 

(3) Repolarization: Na + ehannels are inaetivating, and K + 
ehannels open. The explosively rising phase of the aetion 
potential persists for only about 1 ms. It is self-limiting be- 
cause the slow inaetivation gates of the Na + ehannels begin 
to elose at this point. As a result, the membrane perme- 
ability to Na + deelines to resting levels, and the net influx 
of Na + stops eompletely. Consequently, the AP spike stops 
rising. 

As Na + entry deelines, the slow voltage-gated K + ehan- 
nels open and K + rnshes out of the eell, following its elee- 
troehemieal gradient. This restores the internal negativity 
of the resting neuron, an event ealled repolarization. Both 
the abmpt deeline in Na + permeability and the inereased 
permeability to K + contribute to repolarization. 

(í) Hyperpolarization: Some K + ehannels remain open, and 
Na + ehannels reset. The period of inereased K + permeabil- 
ity typieally lasts longer than needed to restore the resting 
state. As a result of the excessive K + eíflux before the potas- 
sium ehannels elose, a hyperpolarization is seen on the AP 
curve as a slight dip following the spike. Also at this point, 
the Na + ehannels begin to reset to their original position by 


ehanging shape to reopen their inaetivation gates and elose 
their aetivation gates. 

Repolarization restores resting eleetrieal eonditions, but it 
does not restore resting ionie eonditions. Affer repolarization, 
the sodium-potassium pump redistributes the ions. While it 
might appear that tremendous numbers of Na + and K + ions 
ehange plaees during an aetion potential, this is not the ease. 
Only small amounts of sodium and potassium eross the mem- 
brane. (The Na + influx required to reaeh threshold produces 
only a 0.012% ehange in intracellular Na + eoneentration.) These 
small ionie ehanges are quickly eorreeted because an axon 
membrane has thousands of Na + -K + pumps. 


Threshold and the AII-or-None Phenomenon Not all loeal 
depolarization events produce APs. The depolarization must 
reaeh threshold values if an axon is to “fìre.” What determines 
the threshold pointì 

One explanation is that threshold is the membrane poten- 
tial at which the outward current ereated by K + movement is 
exactly equal to the inward current ereated by Na + movement. 
Threshold is typieally reaehed when the membrane has been 
depolarized by 15 to 20 mV from the resting value. This depo- 
larization status represents an unstable equilibrium state. If one 
more Na + enters, further depolarization occurs, opening more 
Na + ehannels and allowing more Na + to enter. If, on the other 
hand, one more K + leaves, the membrane potential is driven 
away from threshold, Na + ehannels elose, and K + continues to 
diffuse outward until the potential returns to its resting value. 

Reeall that loeal depolarizations are graded potentials and 
their magnitude inereases when stimuli beeome more intense. 
Brief weak stimuli ( subthreshold stimuli) produce subthreshold 
depolarizations that are not translated into nerve impulses. On 
the other hand, stronger threshold stimuli produce depolarizing 
currents that push the membrane potential toward and beyond 
the threshold voltage. As a result, Na + permeability rises to such 
an extent that entering sodium ions “swamp” (exceed) the out- 
ward movement of K + , establishing the positive feedbaek eyele 
and generating an AP. 

The eritieal faetor here is the total amount of current that 
flows through the membrane during a stimulus (eleetrieal eharge 
X time). Strong stimuli depolarize the membrane to threshold 
quickly. Weaker stimuli must be applied for longer periods to pro- 
vide the eraeial amount of current flow. Very weak stimuli do not 
trigger an AP because the loeal current flows they produce are so 
slight that they dissipate long before threshold is reaehed. 

An AP is an all-or-none phenomenon: It either happens eom- 
pletely or doesnt happen at all. We ean eompare the generation 
of an AP to lighting a mateh under a small dry twig. The ehanges 
occurring where the twig is heated are analogous to the ehange in 
membrane permeability that initially allows more Na + to enter 
the eell. When that part of the twig beeomes hot enough (when 
enough Na + enters the eell), it reaehes the flash point (threshold) 
and the flame consumes the entire twig, even if you blow out the 
mateh. Similarly, the AP is generated and propagated whether or 
not the stimulus continues. But if you blow out the mateh before 
the twig reaehes the threshold temperature, ignition will not take 

(Text continues onp. 404.) 
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FOCUS Aetion Potential 


Figure 11.1 The aetion potential (AP) is a brief 
ehange in membrane potential in a "pateh" of 
membrane that is depolarized by loeal currents. 


A&PFIix 


Available at www.masteringaandp.com 


The big picture 

This graph shows how voltage ehanges over time at a given point inside an 
axon during the course of an aetion potential. 


Resting state. No 

ions move through 
voltage-gated ehannels. 


(2) Depolarization is (5) Repolarization is 

caused by Na + flovving caused by K + flovving 
intotheeell. out of the eell. 





0 12 3 4 

Time (ms) 


(?) Hyperpolarization is 

caused by K + continuing 
to leave the eell. 


The AP is caused by permeability ehanges in the plasma membrane: 

Relative membrane permeability tells you the relative number of ion ehannels 
that are open for eaeh ion. Remember that open ion ehannels make the plasma 



0 12 3 4 

Time (ms) 


Na + ehannels open, 
causing depolarization. 

K + ehannels open later, 
over a longer time interval, 
causing repolarization and 
hyperpolarization. 
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The key players 


Voltage-gated Na + ehannels have two gates and alternate 
between three different states. 


Voltage-gated K + ehannels have 
one gate and two states. 


Outside 



Inside 

eell 


Aetivation 

gate 




inaetivation 

gate 


Outside 

eell 



Closed at the 
resting state, so no 
Na + enters the eell 
through them 


Opened by 

depolarization, 
allovving Na + to 
enter the eell 


inaetivated— 

ehannels 
automatically 
bloeked by 
inaetivation gates 
soon after they open 


Closed at the 
resting state, so no 
K + exits the eell 
through them 


Opened by 

depolarization, after 
a delay, allovving K + 
to exit the eell 


The events 

Eaeh step eorresponds to one part of 
the AP graph. 





( 2 ) Hyperpolarization: Some K + ehannels 
remain open, and Na + ehannels reset. 




(T^Resting state: All gated Na + and K + 
ehannels are elosed. 





Depolarization: Na + ehannels open. 



(5) Repolarization: Na + ehannels are 
inaetivating, and K + ehannels open. 
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eleetrode 


+++++++ 



++++++++++++++ 


Voltage 
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(a)Time = 0 ms. Aetion potential has 
not yet reaehed the reeording 
eleetrode. 

Resting potential 


(b)Time = 2 ms. Aetion potential 
peak reaehes the reeording 
eleetrode. 


(c)Time = 4 ms. Aetion potential 
peak has passed the reeording 
eleetrode. Membrane at the 
reeording eleetrode is still 
hyperpolarized. 


Peak of aetion potential 


Hyperpolarization 


gure 11.12 Propagation of an aetion potential (AP). Reeordings at three successive 
times as an AP propagates along an axon (from left to right). The arrovvs shovv the direetion of 
loeal current flovv generated by the movement of positive ions. This current brings the resting 
membrane at the leading edge of the AP to threshold, propagating the AP forvvard. 


plaee. Likewise, if the niimber of Na + ions entering the eell is too 
low to aehieve threshold, no AP will occur. 

Propagation of an Aetion Potential If it is to serve as the 
neurons signaling deviee, an AP must be propagated along the 
axons entire length. As we have seen, the AP is generated by 
the influx of Na + through a given area of the membrane. This 
influx establishes loeal currents that depolarize adjaeent mem- 
brane areas in the forward direetion (away from the origin of 
the nerve impulse), which opens voltage-gated ehannels and 
triggers an aetion potential there igure 11.12). 

Because the area where the AP originated has just generated 
an AP, the sodirnn ehannels in that area are inaetivated and no 
new AP is generated there. For this reason, the AP propagates 
away from its point of origin. (If an isolated axon is stimulated 
by an eleetrode, the nerve impulse will move away from the 
point of stimulus in all direetions along the membrane.) In the 
body, APs are initiated at one end of the axon and conducted 
away from that point toward the axons terminals. Onee initi- 
ated, an AP is self-propagating and continues along the axon at a 
eonstant veloeity—something like a domino effeet. 

Following depolarization, eaeh segment of axon membrane 
repolarizes, which restores the resting membrane potential in 
that region. Because these eleetrieal ehanges also set up loeal 
currents, the repolarization wave ehases the depolarization 
wave down the length of the axon. 


The propagation proeess we have just deseribed occurs on 
nonmyelinated axons. On p. 405, we will deseribe propagation 
along myelinated axons. 

Although the phrase conduction of a nerve impulse is eom- 
monly used, nerve impulses are not really conducted in the 
same way that an insulated wire conducts current. In faet, 
neurons are fairly poor conductors, and as noted earlier, loeal 
current flows deeline with distanee because the eharges leak 
through the membrane. The expression propagation of a nerve 
impulse is more accurate, because the AP is regenerated anew at 
eaeh membrane pateh, and every subsequent AP is identieal to 
the one that was generated initially. 

Coding for Stimulus Intensity Onee generated, all APs are in- 

dependent of stimulus strength, and all APs are alike. So how 
ean the CNS determine whether a particular stimulus is in- 
tense or weak—information it needs to initiate an appropriate 
response? 

The answer is really quite simple: Strong stimuli generate 
nerve impulses more often in a given time interval than do weak 
stimuli. Stimulus intensity is eoded for by the number of impulses 
per seeond—that is, by th efrequency ofaetion potentials —rather 
than by inereases in the strength (amplitude) of the individual 
APs (Figure 11.13). 

Refraetory Periods When a pateh ofneuron membrane is gen- 
erating an AP and its voltage-gated sodium ehannels are open, 
the neuron eannot respond to another stimulus, no matter how 
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Figure 11.13 Relationship betvveen stimulus strength and 
aetion potential frequency. APs are shovvn as vertieal lines in 
the upper traee. The lovver traee shovvs the intensity of the applied 
stimulus. A subthreshold stimulus does not generate an AP, but onee 
threshold voltage is reaehed, the stronger the stimulus, the more 
frequently APs are generated. 


Absolute refraetory 
period 


- Relative refraetory 
period 



0 1 2 3 4 5 

Time (ms) 


Figure 11.14 Absolute and relative refraetory periods in an AP. 


strong. This period, from the opening of the Na + ehannels until 
the Na + ehannels begin to reset to their original resting state, 
is ealled the absolute refraetory period igure 11.14). It en- 
sures that eaeh AP is a separate, all-or-none event and enforees 
one-way transmission of the AP. 

The relative refraetory period is the interval following the 
absolute refraetory period. During the relative refraetory pe- 
riod, most Na + ehannels have returned to their resting state, 
some K + ehannels are still open, and repolarization is occur- 
ring. During this time, the axons threshold for AP generation is 
substantially elevated. A stimulus that would normally generate 
an AP is no longer sufficient, but an exceptionally strong stimu- 
lus ean reopen the Na + ehannels that have already returned to 
their resting state and generate another AP. Strong stimuli trig- 
ger more frequent APs by intmding into the relative refraetory 
period. 

Conduction Veloeity How fast do APs travel? Conduction 
veloeities of neurons vary widely. Nerve fibers that transmit 
impulses most rapidly (100 m/s or more) are found in neural 
pathways where speed is essential, such as those that mediate 
postural reflexes. Axons that conduct impulses more slowly 
typieally serve internal organs (the gut, glands, blood vessels), 
where slower responses are not a handieap. The rate of impulse 
propagation depends largely on two faetors: 

■ Axon diameter. As a mle, the larger the axons diameter, the 
faster it conducts impulses. Larger axons conduct more rap- 
idly because they offer less resistanee to the flow of loeal cur- 
rents, bringing adjaeent areas of the membrane to threshold 
more quickly. 

■ Degree of myelination. Aetion potentials propagate because 
they are regenerated by voltage-gated ehannels in the mem- 
brane Figure 11.15a, b . In continuous conduction, AP 
propagation involving nonmyelinated axons, these ehannels 


are immediately adjaeent to eaeh other. Continuous conduc- 
tion is relatively slow. 


The presenee of a myelin sheath dramatieally inereases the 
rate of AP propagation. By aeting as an insulator, myelin pre- 
vents almost all eharge from leaking from the axon and allows 
the membrane voltage to ehange more rapidly. Current ean pass 
through the membrane of a myelinated axon only at the my- 
elin sheath gaps, where there is no myelin sheath and the axon 
is bare. Nearly all the voltage-gated Na + ehannels are eoneen- 
trated in these gaps. 

When an AP is generated in a myelinated fiber, the loeal 
depolarizing current does not dissipate through the adjaeent 
membrane regions, which are nonexcitable. Instead, the current 
is maintained and moves rapidly to the next myelin sheath gap, 
a distanee of approximately 1 mm, where it triggers another AP. 
Consequently, APs are triggered only at the gaps, a type of eon- 
duction ealled saltatory conduction (saltare = to leap) because 
the eleetrieal signal appears to jump from gap to gap along the 
axon (Figure 11.15c). Saltatory conduction is about 30 times 
faster than continuous conduction. 




Homeostatie imbalanee 11.2 


The importanee of myelin to nerve transmission is painfully 
elear to people with demyelinating diseases such as multiple 
selerosis (MS). This autoimmune disease affeets mostly young 
adults. 

Multiple selerosis gradually destroys myelin sheaths in the 
CNS, reducing them to nonfimetional hardened lesions ealled 
seleroses. The loss of myelin (a result of the immune systems 
attaek on myelin proteins) shunts and short-circuits the cur- 
rent so that successive gaps are excited more and more slowly, 
and eventually impulse conduction eeases. However, the ax- 
ons themselves are not damaged and growing numbers of Na + 
ehannels appear spontaneously in the demyelinated fibers. This 












































406 


UNIT 3 Regulation and Integration of the Body 



(a) In bare plasma membranes, voltage deeays. 

Without voltage-gated ehannels, as on a dendrite, 
voltage deeays becausecurrent leaks aeross the 
membrane. 




11 


j 



Stimulus 


Voltage-gated 
ion ehannel 



(b) In nonmyelinated axons, conduction is slow 

(continuous conduction). Voltage-gated Na + and K + 
ehannels regenerate the aetion potential at eaeh point 
along the axon, so voltage does not deeay. Conduction 
is slow because it takes time for ions and for gates of 
ehannel proteins to move, and this must occur before 
voltage ean be regenerated. 



(e) In myelinated axons, conduction is fast (saltatory 
conduction). Myelin keeps current in axons 
(voltage doesn’t deeay much). APs are generated only 
in the myelin sheath gaps and appear to jump rapidly 
from gap to gap. 


giire 11.1 Aetion potential propagation in nonmyelinated and myelinated axons. 


may account for the remarkably variable eyeles of remission 
(symptom-free periods) and relapse (disability) typieal of this 
disease. Common symptoms are visual disturbances (including 
blindness), problems eontrolling muscles (weakness, clumsi- 
ness, and ultimately paralysis), speeeh disturbances, and uri- 
nary ineontinenee. 

The advent of drugs that modify the immune systems aetiv- 
ity (such as interferons, glatiramer, and fingolimod) will eon- 
tinue to improve the lives of people with MS. These drugs seem 
to hold symptoms at bay, reducing eomplieations and disability. 
Reeent studies show that high blood levels of vitamin D reduce 
the risk of developing MS in the first plaee. + 

Nerve fibers may be elassified aeeording to diameter, degree 
of myelination, and conduction speed. 


■ Group A fibers are mostly somatie sensory and motor fibers 
serving the skin, skeletal muscles, and joints. They have the larg- 
est diameter and thiek myelin sheaths, and conduct imprilses at 
speeds ranging up to 150 m/s (over 300 miles per hour). 

■ Group B fibers, lightly myelinated fibers of intermediate di- 
ameter, transmit impulses at an average rate of 15 m/s (about 
30 mi/h). 

■ Group C fibers have the smallest diameter and are nonmye- 
linated. Consequently, they are ineapable of saltatory conduc- 
tion and conduct impulses at a leisurely paee—1 m/s (2 mi/h) 
or less. 

The B and C fiber groups include autonomic nervous system mo- 

tor fibers serving the viseeral organs; viseeral sensory fibers; and 
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the smaller somatie sensory fibers transmitting sensory impulses 
from the skin (such as pain and small touch fibers). 

What happens when an aetion potential arrives at the end of 
a neurons axon? That is the subject of the next seetion. 



Homeostatie imbalanee 11.3 


A mimber of ehemieal and physieal faetors impair impulse 
propagation. Loeal anestheties like those used by your dentist 
aet by bloeking voltage-gated Na + ehannels. As we have seen, 
no Na + entry—no AP. 

Cold and continuous pressure interrupt blood circulation, 
hindering the delivery of oxygen and nutrients to neuron pro- 
eesses and impairing their ability to conduct impulses. For exam- 
ple, your fingers get numb when you hold an iee cube for more 
than a few seeonds, and your foot c goes to sleep” when you sit on 
it. When you remove the eold objeet or pressure, impulses are 
transmitted again, leading to an unpleasant priekly feeling. + 



Check Your Understanding 


11. Which is bigger, a graded potential or an aetion potential? 
Which travels farthest? Which initiates the other? 

12. An aetion potential does not get smaller as it propagates 
along an axon. Why not? 

13. Why does a myelinated axon conduct aetion potentials faster 
than a nonmyelinated axon? 

14. If an axon reeeives tvvo stimuli elose together in time, only 
one AP occurs. Why? 

_ For ansvvers, see Appendix H. 


The Synapse 

Define synapse. Distinguish betvveen eleetrieal and 
ehemieal synapses by structure and by the vvay they 
transmit information. 

The operation of the nervous system depends on the flow of 
information through ehains of neurons fimetionally eonneeted 
by synapses. A synapse (sin'aps), from the Greek syn , cc to elasp 
or join,” is a junction that mediates information transfer from 
one neuron to the next or from a neuron to an effeetor eell—it s 
where the aetion is. 

Synapses between the axon endings of one neuron and the 
dendrites of other neurons are axodendritic synapses. Those 
between axon endings of one neuron and eell bodies (soma) of 
other neurons are axosomatic synapses Figure 11.16). Less 
eommon (and far less understood) are synapses between axons 
(i axoaxonal ), between dendrites ( dendrodendritie ), or between 
eell bodies and dendrites (somatodendritie ). 

The neuron conducting impulses toward the synapse is the 
presynaptie neuron, and the neuron transmitting the eleetrieal 
signal away from the synapse is the postsynaptie neuron. At a 
given synapse, the presynaptie neuron sends the information, 
and the postsynaptie neuron reeeives the information. As you 
might antieipate, most neurons fimetion as both presynaptie 
and postsynaptie neurons. Neurons have anywhere from 1000 


to 10,000 axon terminals making synapses and are stimulated 
by an equal number of other neurons. Outside the eentral ner- 
vous system, the postsynaptie eell may be either another neuron 
or an effeetor eell (a muscle eell or gland eell). 

Now lets look at the two varieties of synapses: eleetrieal and 
ehemieal 


Eleetrieal Synapses 


Eleetrieal synapses, the less eommon variety, eonsist of gap junc- 
tions like those found between eertain other body eells. They 
eontain protein ehannels, ealled connexons, that intimately eon- 
neet the eytoplasm of adjaeent neurons and allow ions and small 
molecules to flow direetly from one neuron to the next. These 
neurons are eleetrieally coupled , and transmission aeross these 
synapses is very rapid. Depending on the nature of the synapse, 
communication may be unidirectional or bidireetional. 

A key feature of eleetrieal synapses between neurons is that 
they provide a simple means of synehronizing the aetivity of all 
intereonneeted neurons. In adults, eleetrieal synapses are found 
in regions of the brain responsible for eertain stereotyped move- 
ments, such as the normal jerky movements of the eyes. They 
also occur in axoaxonal synapses in the hippocampus, a brain 
region intimately involved in emotions and memory. 

Eleetrieal synapses are far more abundant in embryonie 
nervous tissue, where they permit exchange of guiding cues 
during early neuronal development so that neurons ean eon- 
neet properly with one another. As the nervous system devel- 
ops, ehemieal synapses replaee some eleetrieal synapses. Gap 
junctions also exist between glial eells of the CNS. 



Chemical Synapses 

In eontrast to eleetrieal synapses, which are speeialized to allow 
the flow of ions between neurons, ehemieal synapses are speeial- 
ized to allow the release and reeeption of ehemieal neurotrans- 
mitters. A typieal ehemieal synapse is made up of two parts: 


■ A knoblike axon terminal of the presynaptie neuron, which 
eontains many tiny, membrane-bounded saes ealled synap- 
tie vesieles, eaeh eontaining thousands of neurotransmitter 
molecules 


■ A neurotransmitter reeeptor region on the postsynaptie neu- 
rons membrane, usually loeated on a dendrite or the eell body 


Although elose to eaeh other, presynaptie and postsynaptie 
membranes are always separated by the synaptie eleft, a fluid- 
filled spaee approximately 30 to 50 nm (about one-millionth of 
an ineh) wide. (If an eleetrieal synapse with its gap junctions 
is like the threshold of a doorway between neurons, a synaptie 
eleft is like a good-size lake between them.) 

Because the current from the presynaptie membrane dis- 
sipates in the fluid-filled eleft, ehemieal synapses effeetively 
prevent a nerve impulse from being direetly transmitted from 
one neuron to another. Instead, an impulse is transmitted via a 
ehemieal event that depends on the release, diffiision, and reeep- 
tor binding of neurotransmitter molecules and results in unidi- 
reetional communication between neurons. 
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Axosomatic 


synapses 


(a) 



Axodendritic 

synapses 


Dendrites 


Cell body 

Axoaxonal 


synapses 


Axon 




ìi 





Axon 


Axosomatic 

synapses 


Cell body (soma) 
of postsynaptie 
neuron 


(b) 

gure 11.16 Synapses. (a) Axodendritic, axosomatic, and axoaxonal synapses. (b) Seanning 
eleetron mierograph of ineoming fibers at axosomatic synapses (5300x). 


In short, transmission of nerve impulses along an axon and 
aeross eleetrieal synapses is a purely eleetrieal event. However, 
ehemieal synapses eonvert the eleetrieal signals to ehemieal sig- 
nals (neurotransmitters) that travel aeross the synapse to the 
postsynaptie eells, where they are eonverted baek into eleetrieal 
signals. 

InformationTransfer Aeross Chemical Synapses 

In Chapter 9 we introduced a speeialized ehemieal synapse 
ealled a neuromuscular junction (p. 286). The ehain of events 
that occurs at the neuromuscular junction is simply one exam- 
ple of the general proeess that we will discuss next and show in 
Focus on a Chemical Synapse gure 11-11 : 

@ Aetion potential arrives at axon terminal. Neurotransmis- 
sion at a ehemieal synapse begins with the arrival of an ae- 
tion potential at the presynaptie axon terminal. 


@ Voltage-gated Ca 2+ ehannels open and Ca 2+ enters the 
axon terminal. Depolarization of the membrane by the ae- 
tion potential opens not only Na + ehannels but voltage- 
gated Ca 2+ ehannels as well. During the brief time the Ca 2+ 
ehannels are open, Ca 2+ floods down its eleetroehemieal 
gradient from the extracellular fluid into the terminal. 

@ Ca 2+ entry causes synaptie vesieles to release neurotrans- 
mitter by exocytosis. The surge of Ca 2+ into the axon ter- 
minal aets as an intracellular messenger. A Ca 2+ -sensing 
protein ( synaptotagmin ) binds Ca 2+ and interaets with 
the SNARE proteins that eontrol membrane fusion (see 
Figure 3.14). As a result, synaptie vesieles fuse with the axon 
membrane and empty their eontents by exocytosis into 
the synaptie eleft. Ca 2+ is then quickly removed from the 
terminal—either taken up into the mitoehondria or ejeeted 
from the neuron by an aetive Ca 2+ pump. 






























FOCUS 


Ohemieal Synapse 


Figure 11.1 ehemieal synapses transmit 
signals from one neiiron to another 
using neurotransmitters. 


Presynaptie 


neuron 




Presynaptie 



resulting in 


Neurotransmitter effeets are terminated 
by reuptake through transport proteins, 
enzymatie degradation, or diffusion away 
from the synapse. 
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For eaeh nerve impulse reaehing the presynaptie termi- 
nal, many vesieles (perhaps 300) empty into the synaptie 
eleft. The higher the impulse frequency (that is, the more 
intense the stimulus), the greater the number of synaptie 
vesieles that fuse and spill their eontents, and the greater the 
eífeet on the postsynaptie eell. 

(í) Neurotransmitter diffuses aeross the synaptie eleft and 
binds to speeifie reeeptors on the postsynaptie membrane. 

(5) Binding of neurotransmitter opens ion ehannels, ereating 
graded potentials. When neurotransmitter binds to the reeep- 
tor protein, this reeeptor ehanges its three-dimensional shape. 
This ehange in turn opens ion ehannels and ereates graded po- 
tentials. Postsynaptie membranes often eontain reeeptor pro- 
teins and ion ehannels paekaged together as ehemieally gated 
ion ehannels. Depending on the reeeptor protein to which the 
neurotransmitter binds and the type of ehannel the reeeptor 
eontrols, the postsynaptie neuron may be either excited or 
inhibited. 


1 


11 


1 


(6) Neurotransmitter effeets are terminated. The binding of 
a neurotransmitter to its reeeptor is reversible. As long as 
it is bound to a postsynaptie reeeptor, a neurotransmitter 
continues to affeet membrane permeability and bloek reeep- 
tion of additional signals from presynaptie neurons. For this 
reason, some means of a wiping the postsynaptie slate elean ’ 
is neeessary. The effeets of neurotransmitters generally last 
a few milliseeonds before being terminated in one of three 
ways, depending on the particular neurotransmitter: 

■ Reiiptake by astroeytes or the presynaptie terminal, 
where the neurotransmitter is stored or destroyed by en- 
zymes, as with norepinephrine 

■ Degradation by enzymes assoeiated with the post- 
synaptie membrane or present in the synapse, as with 
aeetyleholine 

■ Diffusion away from the synapse 



An EPSP is a loeal 
depolarization of the 
postsynaptie membrane 
that brings the neuron 
eloser to AP threshold. 
Neurotransmitter binding 
opens ehemieally gated 
ion ehannels, allowing 
Na + and K + to pass 
through simultaneously. 


(a) Excitatory postsynaptie potential (EPSP) 



An IPSP is a loeal 
hyperpolarization of the 
postsynaptie membrane 
that drives the neuron 
away from AP threshold. 
Neurotransmitter binding 
opens K + or Cl" ehannels. 


(b) Inhibitory postsynaptie potential (IPSP) 


gure 11.18 Postsynaptie potentials ean be excitatory 
or inhibitory. 


Postsynaptie Potentials 
and Synaptíe Integration 


Synaptie Delay 

An impulse may travel at speeds of up to 150 m/s (300 mi/h) down 
an axon, but neural transmission aeross a ehemieal synapse is eom- 
paratively slow. It refleets the time required for neurotransmitter to 
be released, diffhse aeross the synaptie eleft, and bind to reeeptors. 
Typieally, this synaptie delay lasts 0.3-5.0 ms, making transmission 
aeross the ehemieal synapse the rate-limiting (slowest) step of neural 
transmission. Synaptie delay helps explain why transmission along 
neural pathways involving only two or three neurons occurs rapidly, 
but transmission along multisynaptic pathways typieal of higher 
mental fhnetioning occurs much more slowly. However, in praetieal 
terms these differenees are not notieeable. 



Check Your Understanding 


15. What structure joins tvvo neurons at an eleetrieal synapse? 

16. Events at a ehemieal synapse usually involve opening both voltage- 
gated ion ehannels and ehemieally gated ion ehannels. Where are 
these ion ehannels loeated and vvhat causes eaeh to open? 

_ For ansvvers, see Appendix Fi. 


Distinguish betvveen excitatory and inhibitory postsynaptie 

potentials. 

s Deseribe hovv synaptie events are integrated and modified. 

Many reeeptors on postsynaptie membranes at ehemieal 
synapses are speeialized to open ion ehannels, in this way 
eonverting ehemieal signals to eleetrieal signals. Unlike the 
voltage-gated ion ehannels responsible for APs, however, 
these ehemieally gated ehannels are relatively insensitive to 
ehanges in membrane potential. Consequently, ehannel open- 
ing at postsynaptie membranes eannot possibly beeome self- 
amplifying or self-generating. Instead, neurotransmitter re- 
eeptors mediate graded potentials—loeal ehanges in mem- 
brane potential that are graded (vary in strength) aeeording 
to the amount of neurotransmitter released and the time it 
remains in the area. Table 11.2 eompares graded potentials 
and aetion potentials. 

Chemical synapses are either excitatory or inhibitory, de- 
pending on how they affeet the membrane potential of the post- 
synaptie neuron. 
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Threshold of axon of 
postsynaptie neuron 


Resting potential 




(a) No summation: 

2 stimuli separated in time 
cause EPSPs that do not 
add together. 


(b) Temporal summation: 

2 excitatory stimuli elose 
in time cause EPSPs 
that add together. 


Excitatory synapse 1 (E ) 
Excitatory synapse 2 (E ) 



Inhibitory synapse (l^) 


gure 11.19 Neural integration of EPSPs and IPSPs. 


Excitatory Synapses and EPSPs 

At excitatory synapses, neurotransmitter binding depolarizes 
the postsynaptie membrane. However, in eontrast to what hap- 
pens on axon membranes, ehemieally gated ion ehannels open 
on postsynaptie membranes (those of dendrites and neuronal 
eell bodies). Eaeh ehannel allows Na + and K + to diífuse simulta- 
neously through the membrane but in opposite direetions. 

Although this two-way eation flow may appear to be self- 
defeating when depolarization is the goal, remember that the 
eleetroehemieal gradient for sodium is much steeper than that 
for potassimn. As a result, Na + influx is greater than K + eíflux, 
and net depolarization occurs. 

If enough neurotransmitter binds, depolarization of the 
postsynaptie membrane ean reaeh 0 mV, which is well above an 
axons threshold (about —50 mV) for “firing off” an AP. How- 
ever, unlike axons which have voltage-gated ehannels that make 
an AP possible, postsynaptie membranes generally do not gener- 
ate APs. The dramatie polarity reversal seen in axons never oe- 
curs in membranes eontaining only ehemieally gated ehannels 
because the opposite movements of K + and Na + prevent exces- 
sive positive eharge from accumulating inside the eell. For this 
reason, instead of APs, loeal graded depolarization events ealled 
excitatory postsynaptie potentials (EPSPs) occur at excitatory 
postsynaptie membranes Figure 11.18a). 

Eaeh EPSP lasts a few milliseeonds and then the membrane 
returns to its resting potential. The only hmetion of EPSPs is to 
help trigger an AP distally at the axon hilloek of the postsynaptie 
neuron. Although currents ereated by individual EPSPs deeline 



(e) Spatial summation: 

2 simultaneous stimuli at 
different loeations cause 
EPSPs that add together. 


(d) Spatial summation of 
EPSPs and IPSPs: 

Ohanges in membane potential 
ean eaneel eaeh other out. 


with distanee, they ean and often do spread all the way to the 
axon hilloek. If currents reaehing the hilloek are strong enough 
to depolarize the axon to threshold, axonal voltage-gated ehan- 
nels open and an AP is generated. 


r 
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Inhibitory Synapses and IPSPs 

Binding of neurotransmitters at inhibitory synapses reduces a 
postsynaptie neurons ability to generate an AP. Most inhibitory 
neurotransmitters hyperpolarize the postsynaptie membrane 
by making the membrane more permeable to K + or Cl _ . So- 
dium ion permeability is not affeeted. 

If K + ehannels open, K + moves out of the eell. If Cl _ ehan- 
nels open, Cl _ moves in. In either ease, the eharge on the inner 
faee of the membrane beeomes more negative. As the mem- 
brane potential inereases and is driven farther from the axons 
threshold, the postsynaptie neuron beeomes less and less likely 
to “fire,” and larger depolarizing currents are required to induce 
an AP. Hyperpolarizing ehanges in potential are ealled inhibi- 
tory postsynaptie potentials (IPSPs) (Figure 11.18b). 


Integration and Modifìeation of Synaptie Events 

Summation by the Postsynaptie Neuron A single EPSP ean- 
not induce an AP in the postsynaptie neuron igure 11.19a] . 
But if thousands of excitatory axon terminals fire on the same 
postsynaptie membrane, or if a small number of terminals de- 
liver impulses rapidly, the probability of reaehing threshold 
soars. EPSPs ean add together, or summate, to infhienee the 
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Table 11.2 Comparison of Graded Potentials and Aetion Potentials 


GRADED POTENTIAL (GP) ACTION POTENTIAL (AP) 


Loeation 
of event 


Cell body and dendrites, typieally Axon hilloek and axon 



Cell body 


Distanee 

traveled 


Short distanee—typieally within eell body to axon Long distanee—from trigger zone at axon hilloek through entire 

hilloek (0.1-1.0 mm) length of axon (a few mm to over a meter) 



Short distanee 


Amplitiide 

(size) 

Various sizes (graded); deeays with distanee 

Always the same size (all-or-none); does not deeay with distanee 

Stimulus for 
opening ion 
ehannels 

Chemical (neurotransmitter) or sensory stimulus 
(e.g., light, pressure, temperature) 

Voltage (depolarization, triggered by GP reaehing threshold) 

Positive feed- 
baek eyele 

Absent 

Present 

Repolarization 

Voltage independent; occurs when stimulus is no 
longer present 

Voltage regulated; occurs when Na + ehannels inaetivate and K + 
ehannels open 


Summation Stimulus responses ean summate to inerease Does not occur; an all-or-none phenomenon 

amplitude of graded potential 



Temporal: inereased Spatial: stimuli from 

frequency of stimuli multiple sources 


aetivity of a postsynaptie neuron. Otherwise, nerve impulses 
would never result. 

Two types of summation occur: temporal and spatial. 

■ Temporal summation (temporal = time) occurs when one 
or more presynaptie neurons transmit impulses in rapid-fire 
order and bursts of neurotransmitter are released in quick 
succession. The first impulse produces a small EPSP, and 
before it dissipates, successive impulses trigger more EPSPs. 
These summate, causing the postsynaptie membrane to de- 
polarize much more than it would from a single EPSP (Fig- 
ure 11.19b). 


■ Spatial summation occurs when the postsynaptie neuron 
is stimulated simultaneously by a large number of terminals 
from one or, more eommonly, many presynaptie neurons. 
Huge numbers of its reeeptors bind neurotransmitter and 
simultaneously initiate EPSPs, which summate and dramati- 
eally enhanee depolarization (Figure 11.19c). 

Although we have focused on EPSPs here, IPSPs also sum- 
mate, both temporally and spatially. In this ease, the postsynap- 
tie neuron is inhibited to a greater degree. 

Most neurons reeeive both excitatory and inhibitory in- 
puts from thousands of other neurons. Additionally, the 
same axon may form diíferent types of synapses (in terms 
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GRADED POTENTIAL (GP) ACTION POTENTIAL (AP) 

POSTSYNAPTIC POTENTIAL (A TYPE OF GP) 

EXCITATORY (EPSP) INHIBITORY (IPSP) 


Function 


Short-distanee 
signaling; 
depolarization 
that spreads to 
axon hilloek; moves 
membrane potential 
tovvard threshold for 
generating an AP 


Short-distanee signaling; 
hyperpolarization that 
spreads to axon hilloek; 
moves membrane 
potential aivayfrom 
threshold for generating 
an AP 


Long-distanee signaling; constitutes the nerve impulse 


Initial effeet 
of stimulus 


Opens ehemieally Opens ehemieally gated 

gated ehannels that K + or Cl“ ehannels 
allovv simultaneous 
Na + and K + fluxes 


Opens voltage-gated ehannels; first opens Na + ehannels, then K + 
ehannels 


Peak 

membrane 

potential 



Depolarizes; moves Hyperpolarizes; moves +30 to +50 mV 

tovvard 0 mV tovvard -90 mV 




of bioehemieal and eleetrieal eharaeteristies) with different 
types of target neurons. How is all this eonflieting informa- 
tion sorted out? 

Eaeh neurons axon hilloek keeps a mnning account of all the 
signals it reeeives. Not only do EPSPs summate and IPSPs sum- 
mate, but also EPSPs summate with IPSPs. If the stimulatory 
effeets of EPSPs dominate the membrane potential enough to 
reaeh threshold, the neuron will fire. If smnmation yields only 
subthreshold depolarization or hyperpolarization, the neuron 
fails to generate an AP (Figure 11.19d). 

However, partially depolarized neurons are faeilitated —that 
is, more easily excited by successive depolarization events— 
because they are already near threshold. Thus, axon hilloek 
membranes function as neural integrators , and their potential 
at any time refleets the sum of all ineoming neural information. 

Because EPSPs and IPSPs are graded potentials that deeay 
the farther they spread, the most effeetive synapses are those 
elosest to the axon hilloek. Speeifieally, inhibitory synapses are 
most effeetive when loeated between the site of excitatory inputs 


and the site of aetion potential generation (the axon hilloek). 
Aeeordingly, inhibitory synapses occur most often on the eell 
body and excitatory synapses occur most often on the dendrites 
(Figure 11.19d). 

Synaptie Potentiation Repeated or continuous use of a syn- 
apse (even for short periods) enhanees the presynaptie neurons 
ability to excite the postsynaptie neuron, producing larger-than- 
expected EPSPs. This phenomenon is ealled synaptie poten- 
tiation. The presynaptie terminals at such synapses eontain 
relatively high Ca 2+ eoneentrations, a eondition that triggers 
the release of more neurotransmitter, which in turn produces 
larger EPSPs. 

Synaptie potentiation also brings about Ca 2+ influx via den- 
dritie spines into the postsynaptie neuron. Brief high-frequency 
stimulation partially depolarizes the postsynaptie membrane. 
This partial depolarization causes eertain ehemieally gated 
ehannels ealled NMDA ( N-methyl-D-aspartate ) reeeptors to al- 
low Ca 2+ to enter, something that only happens when the mem- 
brane is depolarized. As Ca 2+ floods into the eell, it aetivates 
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UNIT 3 Regiilation and Integration of the Body 


eertain kinase enzymes that promote ehanges resulting in more 
effeetive responses to subsequent stimuli. 

In some neurons, APs generated at the axon hilloek propa- 
gate baek up into the dendrites. This current flow may alter the 
effeetiveness of synapses by opening voltage-gated Ca 2+ ehan- 
nels, again allowing Ca 2+ into the dendrites and promoting syn- 
aptie potentiation. 

Synaptie potentiation ean be viewed as a learning proeess that 
inereases the effieieney of neurotransmission along a particular 
pathway. Indeed, the hippocampus of the brain, which plays a 
speeial role in memory and learning, exhibits an important type 
of synaptie plastieity ealled long-term potentiation (LTP). 


Presynaptie Inhibition Events at the presynaptie membrane 
ean also influence postsynaptie aetivity. Presynaptie inhibition 
occurs when the release of excitatory neurotransmitter by one 
neuron is inhibited by the aetivity of another neuron via an axo- 
axonal synapse. More than one meehanism is involved, but the 
end result is that less neurotransmitter is released and bound, 
forming smaller EPSPs. 

Notiee that this is the opposite of what we see with synaptie 
potentiation. In eontrast to postsynaptie inhibition by IPSPs, 
which deereases the excitability of the postsynaptie neuron, 
presynaptie inhibition deereases the excitatory stimulation of 

Ì the postsynaptie neuron. In this way, presynaptie inhibition is 
like a hmetional synaptie “pmning.” 




Check Your IJnderstanding 


17. Which ions flovv through ehemieally gated ehannels to 
produce IPSPs? EPSPs? 

18. What is the differenee betvveen temporal summation and 
spatial summation? 

_ For ansvvers, see Appendix H. 


Neiirotiansmitteis 

and Their Reeeptors 

Define neurotransmitter and name several elasses of 

neurotransmitters. 

Neurotransmitters , along with eleetrieal signals, are the “lan- 
guage” of the nervous system—the means by which eaeh neu- 
ron eomimmieates with others to proeess and send messages 
to the rest of the body. Sleep, thought, rage, hunger, memory, 
movement, and even your smile refleet the “doings” of these 
versatile molecules. Most faetors that affeet synaptie transmis- 
sion do so by enhaneing or inhibiting neurotransmitter release 
or destmetion, or by bloeking their binding to reeeptors. Just as 
speeeh defeets may hinder interpersonal communication, any- 
thing that interferes with neurotransmitter aetivity may short- 
circuit the brains “eonversations” or internal talk (see A Closer 
Look on pp. 418-419). 

At present, more than 50 neurotransmitters or neurotrans- 
mitter eandidates have been identified. Although some neu- 
rons produce and release only one kind of neurotransmitter, 
most make two or more and may release any one or all of them 


at a given time. It appears that in most eases, different neuro- 
transmitters are released at different stimulation frequencies, 
a restrietion that avoids producing a jumble of nonsense mes- 
sages. However, eo-release of two neurotransmitters from the 
same vesieles has been documented. The coexistence of more 
than one neurotransmitter in a single neuron makes it possible 
for that eell to exert several influences rather than one diserete 
effeet. 

Neurotransmitters are elassified ehemieally and ffinetion- 
ally. Table 11.3 provides a detailed overview of neurotransmit- 
ters, and we deseribe some of them here. No one expects you to 
memorize this table at this point, but it will be a handy referenee 
for you to look baek at when you read about neurotransmitters 
in subsequent ehapters. 

dassifìeatíon of Neiirotransmitters 
by Chemical Structure 

Neurotransmitters fall into several ehemieal elasses based on 
molecular structure. 

Aeetyleholine 

Aeetyleholine (ACh) (as"é-til-ko'lèn), the first neurotransmit- 
ter identified, is still the best understood because it is released at 
neuromuscular junctions, which are much easier to study than 
synapses buried in the CNS. 

ACh is synthesized from aeetie aeid (as aeetyl CoA) and 
eholine by the enzyme eholine aeetyltransferase , then trans- 
ported into synaptie vesieles for later release. Onee released by 
the presynaptie terminal, ACh binds briefly to the postsynaptie 
reeeptors. Then it is released and degraded to aeetie aeid and 
eholine by the enzyme aeetyleholinesterase (AChE), loeated in 
the synaptie eleft and on postsynaptie membranes. Presynaptie 
terminals recapture the released eholine and reuse it to synthe- 
size more ACh. 

ACh is released by all neurons that stimulate skeletal muscles 
and by some neurons of the autonomic nervous system. ACh- 
releasing neurons are also found in the CNS. 

Biogenie Amines 

The biogenie amines (bi'o-jen'ik) include the eateeholamines 
(kat"é-kol'ah-mènz), such as dopamine, norepinephrine (NE), 
and epinephrine, and the indolamines, which include sero- 
tonin and histamine. Dopamine and NE are synthesized from 
the amino aeid tyrosine in a eommon pathway eonsisting of 
several steps. The epinephrine-releasing eells of the brain and 
adrenal medulla use the same pathway. Serotonin is synthesized 
from the amino aeid tryptophan. Histamine is synthesized from 
the amino aeid histidine. 

Biogenie amine neurotransmitters are broadly distributed in 
the brain, where they play a role in emotional behavior and help 
regulate the biologieal eloek. Additionally, some motor neurons 
of the autonomic nervous system release eateeholamines, partie- 
ularly NE. imbalanees of these neurotransmitters are assoeiated 
with mental illness. For example, overaetive dopamine signal- 
ing occurs in sehizophrenia. Additionally, eertain psyehoaetive 
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Table 11.3 


Neurotransmitters and Neuromodulators 


NELIROTRANSMITTER 


FUNCTIONAL CLASSES 


SITES WHERE SECRETED 


COMMENTS 


Aeetyleholine (ACh) 


At nieotinie ACh reeep- 
tors (on skeletal muscles, 
autonomic ganglia, and 
in the CNS) 


Excitatory 
Direet aetion 


At muscarinic ACh reeep- Excitatory or inhibitory 
tors (on viseeral effeetors depending on subtype of 


and in the CNS) 


muscarinic reeeptor 

indireet aetion via seeond 
messengers 


CNS: vvidespread throughout 
eerebral cortex, hippocampus, 
and brain stem 

PNS: all neuromuscular 
junctions with skeletal muscle; 
some autonomic motor 
endings (all preganglionie and 
parasympathetie postganglionie 
fibers) 


Effeets prolonged when AChE 
bloeked by nerve gas or organo- 
phosphate inseetieides (malathion), 
leading to tetanie muscle spasms. 
Release inhibited by botulinum toxin; 
binding to nieotinie ACh reeeptors in- 
hibited by curare (a muscle paralytie 
agent) and to muscarinic ACh reeep- 
tors by atropine. ACh levels deerease 
in eertain brain areas in Alzheimer's 
disease; nieotinie ACh reeeptors 
destroyed in myasthenia gravis. Bind- 
ing of nieotine to nieotinie reeeptors 
in the brain enhanees dopamine 
release, which may account for the 
behavioral effeets of nieotine in 
smokers. 


Biogenie Amines 


Norepinephrine (NE) 


Dopamine 


Serotonin (5-HT) 


Histamine 


Excitatory or inhibitory 
depending on reeeptor type 
bound 

indireet aetion via seeond 
messengers 


Excitatory or inhibitory 
depending on the reeeptor type 
bound 

indireet aetion via seeond 
messengers 


Mainly inhibitory 

indireet aetion via seeond 
messengers; direet aetion at 
5-HT 3 reeeptors 


Excitatory or inhibitory 
depending on reeeptortype 
bound 

indireet aetion via seeond 
messengers 


CNS: brain stem, particularly 
in the locus coeruleus of the 
midbrain; limbie system; some 
areas of eerebral cortex 

PNS: main neurotransmitter of 
postganglionie neurons in the 
sympathetie nervous system 


CNS: substantia nigra of 
midbrain; hypothalamus; the 
prineipal neurotransmitter of 
indireet motor pathways 

PNS: some sympathetie ganglia 


CNS: brain stem, espeeially 
midbrain; hypothalamus; limbie 


A "feel good" neurotransmitter. 
Release enhaneed by amphetamines; 
removal from synapse bloeked 
by trieyelie antidepressants 
[amitriptyline (Elavil) and others] 
and eoeaine. Brain levels reduced 
by reserpine (an antihypertensive 
drug), leading to depression. 

A "feel good" neurotransmitter. 
Release enhaneed by L-dopa and 
amphetamines; reuptake bloeked 
by eoeaine. Defieient in Parkinson's 
disease; dopamine neurotransmission 
inereases in sehizophrenia. 

Plays a role in sleep, appetite, 
nausea, migraine headaehes, and 


system; cerebellum; pineal gland; regulating mood. Drugs that bloek 


spinal eord 


CNS: hypothalamus 


its uptake [fluoxetine (Prozae)] 
relieve anxiety and depression. 
Aetivity bloeked by LSD and 
enhaneed by eestasy (MDMA). 

Involved in wakefulness, appetite 
eontrol, and learning and memory. 
Also a paraerine (loeal signal) 
released from stomaeh (causes aeid 
seeretion) and eonneetive tissue 
mast eells (mediates inflammation 
and vasodilation). 


Amino Aeids 


GABA ( 7 -aminobutyric aeid) 


Generally inhibitory 

Direet and indireet aetions via 
seeond messengers 


CNS: eerebral cortex, 
hypothalamus, Purkinje eells of 
cerebellum, spinal eord, granule 
eells of olfaetory bulb, retina 


Prineipal inhibitory neurotransmitter 
in the brain; important in 
presynaptie inhibition at axoaxonal 
synapses. Inhibitory effeets 
augmented by aleohol, antianxiety 
drugs of the benzodiazepine elass 
(e.g., Valium), and barbiturates, 
impairing motor eoordination. 
Substances that bloek its synthesis, 
release, or aetion induce convulsions. 











Table 11.3 Neurotransmitters and Neuromodulators 

(continued) 


NEUROTRANSMITTER 

FUNCTIONAL CLASSES 

SITES WHERE SECRETED 

COMMENTS 

Amino Aeids, continued 

Glutamate 

Generally excitatory 

Direet aetion 

CNS: spinal eord; vvidespread 
in brain vvhere it represents 
the major excitatory 
neurotransmitter 

Important in learning and memory. 

The "stroke neurotransmitter": exces- 
sive release produces excitotoxicity— 
neurons literally stimulated to death; 
most eommonly caused by isehemia 
(oxygen deprivation, usually due to a 
bloeked blood vessel). 

Glyeine 

Generally inhibitory 

Direet aetion 

CNS: spinal eord and brain stem, 
retina 

Prineipal inhibitory neurotransmitter of 
the spinal eord. Stryehnine bloeks gly- 
eine reeeptors, resulting in uncontrolled 
convulsions and respiratory arrest. 

Peptides 

Endorphins, e.g., beta 

Generally inhibitory 

CNS: vvidely distributed in brain; 

Natural opiates; inhibit pain by inhib- 

endorphin, dynorphin, 
enkephalins 

indireet aetion via seeond 
messengers 

hypothalamus; limbie system; 
pituitary; spinal eord 

iting substance P. Effeets mimieked by 
morphine, heroin, and methadone. 

Taehykinins: substance P, 

Excitatory 

CNS: basal nuclei, midbrain, 

Substance P mediates pain 

neurokinin A (NKA) 

indireet aetion via seeond 
messengers 

hypothalamus, eerebral cortex 

PNS: eertain sensory neurons 
of dorsal root ganglia (pain 
afferents), enterie neurons 

transmission in the PNS. In the 

CNS, taehykinins are involved in 
respiratory and cardiovascular 
eontrols and in mood. 

Somatostatin 

Generally inhibitory 

indireet aetion via seeond 
messengers 

CNS: hypothalamus, septum, 
basal nuclei, hippocampus, 
eerebral cortex 

Panereas 

Often released vvith GABA. A gut- 
brain peptide. Inhibits grovvth 
hormone release. 

eholeeystokinin (CCK) 

Generally excitatory 

indireet aetion via seeond 
messengers 

Throughout CNS 

Small intestine 

Involved in anxiety, pain, memory. A 
gut-brain peptide hormone. Inhibits 
appetite. 

Purines 

ATP 

Excitatory or inhibitory 
depending on reeeptortype 
bound 

Direet and indireet aetions via 
seeond messengers 

CNS: basal nuclei, induces Ca 2+ 
vvave propagation in astroeytes 

PNS: dorsal root ganglion 
neurons 

ATP released by sensory neurons (as 
vvell as that released by injured eells) 
provokes pain sensation. 

Adenosine 

Generally inhibitory 

indireet aetion via seeond 
messengers 

Throughout CNS and PNS 

Caffeine (eoffee), theophylline (tea), 
and theobromine (ehoeolate) stimulate 
by bloeking brain adenosine reeeptors. 
May be involved in sleep-vvake eyele 
and terminating seizures. Dilates arte- 
rioles, inereasing blood flovvto heart 
and other tissues as needed. 

Gases and Lipids 

Nitrie oxide (NO) 

Carbon monoxide (CO) 

Excitatory or inhibitory 

indireet aetion via seeond 
messengers 

Excitatory or inhibitory 

indireet aetion via seeond 
messengers 

CNS: brain, spinal eord 

PNS: adrenal gland; nerves to 
penis 

Brain and some neuromuscular 
and neuroglandular synapses 

Its release potentiates stroke 
damage. Some types of male 
impotenee treated by enhaneing NO 
aetion [e.g., vvith sildenafil (Viagra)]. 

Endoeannabinoids, e.g., 
2-araehidonoylglyeerol, 
anandamide 

Inhibitory 

indireet aetion via seeond 
messengers 

Throughout CNS 

Involved in memory (as a retrograde 
messenger), appetite eontrol, nausea 
and vomiting, neuronal development. 
Reeeptors aetivated by THC, the prin- 
eipal aetive ingredient of eannabis. 
Reeeptors also found on immune eells. 
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drngs (LSD and mesealine) ean bind to biogenie amine reeep- 
tors and induce hallucinations. 

Amino Aeids 

It is difficult to prove a neurotransmitter role when the suspect 
is an amino aeid, because amino aeids occur in all eells of the 
body and are important in many bioehemieal reaetions. The 
amino aeids for which a neurotransmitter role is eertain inehide 

gliitamate, aspartate, glyeine, and gamma (y)-aminobiityrie 
aeid (GABA), but there may be others. 

Peptides 

The neuropeptides, essentially strings of amino aeids, include a 
broad speetmm of molecules with diverse effeets. For example, 
a neuropeptide ealled substance P is an important mediator of 
pain signals. By eontrast, endorphins, which include beta en- 
dorphin, dynorphin, and enkephalins (en-kef' ah-linz), aet as 
natural opiates, reducing our pereeption of pain under stressffil 
eonditions. Enkephalin aetivity inereases dramatieally in preg- 
nant women in labor. Endorphin release is enhaneed when an 
athlete gets a so-ealled seeond wind and is probably respon- 
sible for the “mnner’s high.” Additionally, some researehers 
elaim that the plaeebo effeet is due to endorphin release. These 
painkilling neurotransmitters remained undiscovered until in- 
vestigators began to ask why morphine and other opiates re- 
duce anxiety and pain, and found that these drugs attaeh to the 
same reeeptors that bind natural opiates, producing similar but 
stronger effeets. 

Some neuropeptides, known as gut-brain peptides, are also 
produced by nonneural body tissues and are widespread in 
the gastrointestinal traet. Examples include somatostatin and 
eholeeystokinin (CCK). 

Purines 

Purines are nitrogen-eontaining ehemieals (such as guanine and 
adenine) that are breakdown products of nucleic aeids. Adeno- 
sine triphosphate (ATP), the eells universal form of energy, is 
now reeognized as a major neurotransmitter (perhaps the most 
primitive one) in both the CNS and PNS. Like the reeeptors 
for glutamate and aeetyleholine, eertain reeeptors produce fast 
excitatory responses when ATP binds, while other ATP reeep- 
tors trigger slow, seeond-messenger responses. Upon binding to 
reeeptors on astroeytes, ATP mediates Ca 2+ influx. 

In addition to the neurotransmitter aetion of extracellular 
ATP, adenosine, a part of ATP, also aets outside of eells on aden- 
osine reeeptors. Adenosine is a potent inhibitor in the brain. 
Caffeines well-known stimulatory effeets result from bloeking 
these adenosine reeeptors. 

Gases and Lipids 

Not so long ago, it would have been seientifie suicide to sug- 
gest that small, short-lived, toxic gas molecules might be 
neurotransmitters. Nonetheless, the diseovery of these un- 
likely messengers has opened up a new ehapter in the story 
of neurotransmission. 


Gasotransmitters These gases—the so-ealled “gasotransmit- 
ters” nitrie oxide, earbon monoxide, and hydrogen sulfide— 
defy all the elassieal deseriptions of neurotransmitters. Rather 
than being stored in vesieles and released by exocytosis, they are 
synthesized on demand and diffiise out of the eells that make 
them. Instead of attaehing to surface reeeptors, they zoom 
through the plasma membrane of nearby eells to bind with par- 
ticular intracellular reeeptors. 

Both nitrie oxide (NO) and earbon monoxide (CO) aeti- 
vate guanylyl eyelase , the enzyme that makes the seeond mes- 
senger eyelie GMP. NO and CO are found in different brain 
regions and appear to aet in different pathways, but their mode 
of aetion is similar. NO partieipates in a variety of proeesses in 
the brain, including the formation of new memories by inereas- 
ing the strength of eertain synapses. In this proeess, neurotrans- 
mitter binding to the postsynaptie reeeptors indireetly aetivates 
nitrie oxide synthase ( NOS ), the enzyme that makes NO. The 
newly synthesized NO diffiises out of the postsynaptie eell baek 
to the presynaptie terminal, where it aetivates guanylyl eyelase. 
In this way NO is thought to aet as a retrograde messenger that 
sends a signal to inerease synaptie strength. 

Excessive release of NO contributes to much of the brain 
damage seen in stroke patients (see p. 463). In the myenterie 
plexus of the intestine, NO causes intestinal smooth muscle 
to relax. 

Less is known about hydrogen sulfide (H 2 S), the most re- 
eently diseovered gasotransmitter. Unlike NO and CO, it ap- 
pears to aet direetly on ion ehannels and other proteins to alter 
their fimetion. 



Endoeannabinoids Just as there are natural opiate neurotrans- 
mitters in the brain, our brains make natural neurotransmit- 
ters, the endoeannabinoids (en"do-kà-nà'bì-noids), that aet at 
the same reeeptors as tetrahydroeannabinol (THC), the aetive 
ingredient in marijuana. Their reeeptors, the eannabinoid reeep- 
tors , are the most eommon G protein-linked reeeptors in the 
brain. 

Like the gasotransmitters, the endoeannabinoids are lipid 
soluble and are synthesized on demand, rather than stored and 
released from vesieles. Endoeannabinoids are formed by elipping 
the eells own plasma membrane lipids. The newly synthesized 
endoeannabinoids diffiise freely from the postsynaptie neuron 
to their reeeptors on presynaptie terminals where they aet as a 
retrograde messenger to deerease neurotransmitter release. Like 
NO, they are thought to be involved in learning and memory. We 
are only beginning to understand the many other proeesses these 
neurotransmitters may be involved in, which include neuronal 
development, eontrolling appetite, and suppressing nausea. 


eiassifìeation of Neurotransmitters 
by Function 

In this text we ean only sample the ineredible diversity of fime- 
tions that neurotransmitters mediate. We limit our discussion 
here to two broad ways of elassifying neurotransmitters aeeord- 
ing to fimetion, adding more details in subsequent ehapters. 




CLOSER 



LOOK 


Pleasure Me, Pleasure Me! 
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Sex! Drugs! Roek 'n' roll! Eat, drink, 

and be merry! Why do we find these 
aetivities so eompelling? Our brains are 

wired to reward us with pleasure 

when we engage in behavior that is 
neeessary for our own and our speeies' 

surviva! This reward system eonsists of 

dopamine-releasing neurons in areas of 
the brain ealled the ventral tegmental area 
(VTA), the nudeus accumbens, and the 
amygdala. 

Our ability to "feel good" involves 
brain neurotransmitters in this reward 
system. For example, the eestasy of 
romantie love may be just a brain bath 
of glutamate and norepinephrine, which 
aet on the reward system to release 
dopamine. 

Unfortunately, drugs of abuse ean 
subvert this powerful system. The 1930s 
songwriter Cole Porter knew what he 
was talking about when he wrote "I 
get a kiek out of you," because these 
neurotransmitters are ehemieal cousins 
of the amphetamines. People who use 
"erystal meth" (methamphetamine) 
artifieially stimulate their brains to provide 
their highly addietive pleasure flush. 
However, their pleasure is short-lived, 
because when the brain is flooded with 
neurotransmitter-like ehemieals from the 
outside, it makes less of its own (why 
bother?). 

Cocaine, another reward system 
titillater, has been around sinee aneient 
times. Onee a toy of the rieh, its granular 
form is inhaled, or "snorted." The laws 
of supply and demand have now brought 
eheaper eoeaine to the masses, notably 


a eheaper, more potent, 


"eraek"- 

smokable form of eoeaine. For $50 or so, 
a noviee user ean experience a rush of 
intense pleasure. But eraek is treacherous 


Normal 


Abuser: 
10 days 
without 
eoeaine 


Abuser:- 
100 days 
without 
eoeaine 



PET seans show that normal levels of brain aetivity (yellow and red) are depressed in 
eoeaine users long after they stop using the drug. 


and intensely addietive. It produces not 
only a higher high than the inhaled form 
of eoeaine, but also a deeper erash that 
leaves the user desperate for more. 

How does eoeaine produce its effeets? 
Basieally, the drug stimulates the reward 
system and then "squeezes it dry." 
Cocaine produces its rush by hooking up 
to the dopamine reuptake transporter 
protein, bloeking the reabsorption 
of dopamine. The neurotransmitter 
remains in the synapse and stimulates 


the postsynaptie reeeptor eells again and 
again, allowing the body to feel its effeets 
over a prolonged period. This sensation is 
aeeompanied by inereases in heart rate, 
blood pressure, and sexual appetite. 

As repeated doses of eoeaine continue 
to bloek dopamine uptake, the body 
releases less and less dopamine and the 
reward system effeetively goes dry. The 
eoeaine user beeomes anxious and, in a very 
real sense, unable to experience pleasure 
without the drug. The postsynaptie eells 


The important idea to keep in mind is this: The fiinetion of 
a neurotransmitter is determined by the reeeptor to which it 
binds. 

Effeets: Excitatory Versus Inhibitory 

Some neurotransmitters are excitatory (cause depolarization). 
Some are inhibitory (cause hyperpolarization). Others ex- 
ert both effeets, depending on the speeifìe reeeptor types with 
which they interaet. 

For example, the amino aeids GABA and glyeine are usually 
inhibitory, whereas glutamate is typieally excitatory (Table 11.3). 


On the other hand, ACh and NE eaeh bind to at least two reeep- 
tor types that cause opposite effeets. For example, aeetyleholine 
is excitatory at neuromuscular junctions in skeletal muscle and 
inhibitory in eardiae muscle. 

Aetions: Direet Versus indíreet 

Neurotransmitters that aet direetly are those that bind to and 
open ion ehannels. These neurotransmitters provoke rapid re- 
sponses in postsynaptie eells by altering membrane potential. 
ACh and the amino aeid neurotransmitters are typieally direet- 
aeting neurotransmitters. 
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A GLOSER LOOK (continued) 


beeome hypersensitive and sprout nevv 
reeeptors in a desperate effort to piek 
up dopamine signals. A vicious eyele of 
addietion begins: Cocaine is needed to 


responses to eoeaine and reduced their 
use of the drug. 

Another approaeh to breaking the 
addietion eyele is to even out the highs 


experience pleasure, but using it suppresses and lovvs experienced by the drug user 


dopamine release even more. 

The dopamine effeet alone is not 
enough to establish addietion. Another 
neurotransmitter, glutamate, vvhieh plays 
an important role in learning, is required 


by leveling out brain dopamine levels and 
keep the user from "erashing" so badly. 
Possibilities include using a much longer- 
aeting inhibitor of dopamine reuptake or 
taking a drug that binds but only partially 


to maintain addietion. Glutamate signaling aetivates dopamine reeeptors. 


seems to cause more permanent ehanges 
in the brain (synaptie potentiation) 
that lead to compulsive drug-seeking 
behaviors elieited by external cues. Take, 
for example, miee genetieally engineered 
to laek a particular glutamate reeeptor 
(GluR5). These miee are perfeetly vvilling 


A final approaeh to breaking the 
addietion eyele is to interrupt the 
learned reinforeement that brings on 
eravings. An effeetive aneient Afriean 
folk remedy ealled ibogaine may do 
exactly this. Hovvever, ibogaine itself 
is too toxic for elinieal use, as some 


to try eoeaine but never beeome addieted. unfortunate "underground" users have 


(Of course, no GluR5 means they're none 
too bright, either.) 

Current thinking, then, is that the 
rush of pleasure on taking eoeaine is due 
to dopamine. Glutamate, on the other 


diseovered. A elose synthetie cousin, 

18-methoxycoronaridine (18-MC) is much 
less toxic and promises to be effeetive 
against not only eoeaine but also a 
number of other abused drugs. Future 


hand, is thought to be responsible for the studies vvill shovv if it truly vvorks. 


// 


// 


learning that makes true the pereeption 
onee an addiet, alvvays an addiet. 

So strong is the eombined dopamine 
and glutamate system that, even years 
later, eertain settings ean trigger intense 
eravings for the drug. 

These out-of-control, desperate 
eravings are notoriously difficult to 
manage. Drug abusers eall it "jonesing. 
Traditional antiaddietion drugs take 
so long to reduce the eravings that 
users eommonly drop out of treatment 
programs. 

Hovv ean vve break this eyele of 
addietion? One vvay is to prevent eoeaine 
from ever reaehing the brain. Promising 


// 


The eraving for drugs has made 
some addiets very ereative home 
pharmaeologists, vvilling to experiment 
vvith praetieally anything, no matter hovv 
toxic or dangerous, to get the "buzz" 
they need. A eheap mixture of eold 
medieations, mateh heads, and iodine in 
aeetone yields erystal meth—the highly 
addietive and onee-again popular drug 
that vvreeks people's lives and often 


Formaldehyde is knovvn to cause eaneer 
and gasoline damages the liver, but 
the real damage eomes from the drugs 
themselves. 

Take, for example, eestasy, a drug 
that many of its users believe to be 
innocuous. In reality, eestasy (MDMA) 
targets serotonin-releasing neurons. 

The "rush" of pleasure and energy that 
users feel is due to release of serotonin 
and other neurotransmitters. Hovvever, it 
damages and may destroy these neurons, 
causing the loss of verbal and spatial 
memory. Depression, sleeplessness, and 
memory problems may be permanent 
consequences—a steep priee for a fevv 
moments of pleasure! 

People vvho vvant pure, effeetive, and 
"safe" drugs of abuse don't get them on 
the street. They get them from doetors or 
"pill ladies" [female senior eitizens vvho 
sell oxycodone (OxyContin), a powerful 
preseription opioid with effeets similar to 
heroin]. Even people who would never 
dream of taking illieit drugs ean be caught 
in the addietive eyele of preseription drugs. 
Preseribed legitimately to relieve severe 
pain, oxycodone is meant to be swallowed 
whole. Abusers crush the tablets and snort 
the powder or dissolve it in water and 
injeet the solution. Abuse of oxycodone 
and its ehemieal cousin hydroeodone is 
spreading rapidly, doubling over the past 
four years. Medieal examiners aeross 
North Ameriea report soaring rates of 


explodes their home laboratories. Another oxycodone-related emergeney room visits 


ereative mixture, with the street name 


of 


// 


faee 


" or "illy," involves dipping 


marijuana in formaldehyde, drying and 
then smoking it. Other remarkable 
eombinations are the "H-bomb" (eestasy 


and deaths. Indeed, emergeney room visits 
caused by abuse of preseription or over- 
the-counter drugs now equal those for 
illieit drugs. 

The brain, with its complex 


results have been obtained from a vaeeine mixed with heroin), "A-bomb" (marijuana bioehemistry, always circumvents attempts 


that prompts the immune system to bind 
eoeaine molecules, preventing them from 
entering the brain. In a elinieal trial, this 
vaeeine dampened addiets' pleasurable 


with heroin or opium), "sextasy" [eestasy 
mixed with sildenafil (Viagra)], "oetane" 
(PCP laeed with gasoline), and "ozone" 
(marijuana, PCP, and eraek in a eigarette). 


to keep it in a euphoric haze. Perhaps this 
means that pleasure must be transient 
by nature, experienced only against a 
background of its absenee. 
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Neurotransmitters that aet indireetly promote broader, 
longer-lasting effeets by aeting through intracellular seeond- 
messenger molecules, typieally via G protein pathways (see Fig- 
ure 3.16). In this way their aetion is similar to that of many 
hormones. The biogenie amines, neuropeptides, and dissolved 
gases are indireet neurotransmitters. 

Neuromodulator is a term used to deseribe a ehemieal mes- 
senger released by a neuron that does not direetly cause EPSPs 
or IPSPs but instead affeets the strength of synaptie transmis- 
sion. A neuromodulator may aet presynaptieally to influence the 
synthesis, release, degradation, or reuptake of neurotransmitter. 


Alternatively, a neuromodulator may aet postsynaptieally 
by altering the sensitivity of the postsynaptie membrane to 
neurotransmitter. 

Reeeptors for neuromodulators are not neeessarily found 
at a synapse. Instead, a neuromodulator may be released from 
one eell to aet at many eells in its vieinity, similar to paraerines 
(ehemieal messengers that aet loeally and are quickly de- 
stroyed). The distinetion between neurotransmitters and neu- 
romodulators is fuzzy, but ehemieal messengers such as NO, 
adenosine, and a number of neuropeptides are often referred to 
as neuromodulators. 
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Figure 11.20 Direet neurotransmitter reeeptor meehanism: 
Channel-linked reeeptors. These ehemieally gated ion ehannels 
promote rapid synaptie transmission. In this ease, ligand binding 
direetly opens the ehannel. 


Neurotransmitter Reeeptors 

In Chapter 3, we introduced the various reeeptors involved in eell 
signaling. Now we are ready to piek up that thread again as we ex- 
amine the aetion of reeeptors that bind neurotransmitters. For the 
most part, neurotransmitter reeeptors are either ehannel-linked 
reeeptors, which mediate fast synaptie transmission, or G protein- 
linked reeeptors, which oversee slow synaptie responses. 


Channel-Linked Reeeptors: Meehanism of Aetion 

Channel-linked reeeptors (ionotropie reeeptors) are ligand-gated 
ion ehannels that mediate direet neurotransmitter aetion. They 
are eomposed of several protein subunits in a “rosette ’ around 
a eentral pore. As the ligand binds to one (or more) reeeptor 
subunits, the proteins ehange shape. This event opens the eentral 
ehannel and allows ions to pass i jure 11.20 . As a result, the 
membrane potential of the target eell ehanges. 

Channel-linked reeeptors are always loeated preeisely op- 
posite sites of neurotransmitter release, and their ion ehannels 
open instantly upon ligand binding and remain open 1 ms or 
less while the ligand is bound. At excitatory reeeptor sites (nieo- 
tinie ACh ehannels and reeeptors for glutamate, aspartate, and 
ATP), the ehannel-linked reeeptors are eation ehannels that al- 
low small eations (Na + , K + , Ca 2+ ) to pass, but Na + entry eon- 
tributes most to membrane depolarization. Channel-linked 
reeeptors that respond to GABA and glyeine, and allow Cl _ to 
pass, mediate fast inhibition (hyperpolarization). 

G Protein-LSnked Reeeptors: Meehanism of Aetion 

IJnlike responses to neurotransmitter binding at ehannel-linked 
reeeptors, which are immediate, simple, and brief, the aetivity 
mediated by G protein-linked reeeptors is indireet, complex, 
slow (hundreds of milliseeonds or more), and often prolonged— 
ideal as a basis for some types of learning. Reeeptors in this elass 



Ligand(1st Reeeptor G protein Enzyme 2nd 

messenger) messenger 


Reeall from ehapter 3 that G protein 
signaling meehanisms are like a 
moleeiilar relay raee. 


(T) Neiirotransmitter 
(1 st messenger) binds 


and aetivates reeeptor. 


Adenylate eyelase 


Closed ion ehannel 


Open ion ehannel 


I/l/l 



®Reeeptor 
aetivates G 
protein. 


aetivates 
adenylate 
eyelase 


eyelase eonverts 
ATP to eAMP 
(2nd messenger) 


Aetive enzyme 


Figure 11.21 indireet neurotransmitter reeeptor meehanism: G protein-linked 
reeeptors. These reeeptors cause the formation of intracellular seeond messengers—eyelie 
AMP (eAMP) in this example—that indireetly bring about the eell's response. 
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are transmembrane protein complexes. They include muscarinic 
ACh reeeptors and those that bind the biogenie amines and neu- 
ropeptides. Because their effeets tend to bring about widespread 
metabolie ehanges, G protein-linked reeeptors are eommonly 
ealled metabotropie reeeptors. 

When a neurotransmitter binds to a G protein-linked reeep- 
tor, the G protein is aetivated Figure 11.21] . (To orient yourself, 
refer baek to the simpler G protein explanation in Figure 3.16 on 
p. 82.) Aetivated G proteins typieally work by eontrolling the pro- 
duction of seeond messengers such as eyelie AMP, eyelie GMP, 
diaeylglyeerol, or Ca 2+ . 

These seeond messengers, in turn, aet as go-betweens to regu- 
late (open or elose) ion ehannels or aetivate kinase enzymes that 
initiate a easeade of enzymatie reaetions in the target eells. Some 
seeond messengers modify (aetivate or inaetivate) other pro- 
teins, including ehannel proteins, by attaehing phosphate groups 
to them. Others interaet with nuclear proteins that aetivate genes 
and induce synthesis of new proteins in the target eell. 



Check Your IJnderstanding 


19 . ACh excites skeletal miisele and yet it inhibits heart muscle. 
Hovv ean this be? 

20 . Why is eyelie AMP ealled a seeond messenger? 

_ For ansvvers, see Appendix H. 


Basie Ooneepts 
of Neural Integration 

Until now, we have eoneentrated on the aetivities of individual 
neurons. However, neurons function in groups, and eaeh group 
contributes to still broader neural functions. In this way, the 
organization of the nervous system is hierarehieal. 

Any time you have a large number of anything —people 
included—there must be integration. In other words, the parts 
must be fused into a smoothly operating whole. 

In this seetion, we move to the first level of neural integration: 
nenronal pools and their patterns of communicating with other 
parts of the nervous system. In Chapter 12 we discuss the highest 
levels of neural integration—how we think and remember. With 
this understanding of the basies and of the larger picture, in Chap- 
ter 13 we examine how sensory inputs interfaee with motor aetivity. 



Faeilitated zone Diseharge zone Faeilitated zone 

Figure 11.22 Simple neuronal pool. Postsynaptie neurons in the 
diseharge zone reeeive more synapses and are more likely to diseharge 
(generate APs). Postsynaptie neurons in the faeilitated zone reeeive 
fevver synapses and are faeilitated (brought eloser to threshold). 


to generate impulses are those elosely assoeiated with the in- 
eoming fiber, because they reeeive the bulk of the synaptie eon- 
taets. Those neurons are in the diseharge zone of the pool. 

Neurons farther from the eenter are not usually excited to thresh- 
old, but they are faeilitated and ean easily be brought to threshold by 
stimuli from another source. For this reason, the periphery of the 
pool is th efaeilitated zone. Keep in mind, however, that our figure is 
a gross oversimplifieation. Most neuronal pools eonsist of thousands 
of neurons and include inhibitory as well as excitatory neurons. 

Types of Circuits 

Individual neurons in a neuronal pool both send and reeeive infor- 
mation, and synaptie eontaets may cause either excitation or inhibi- 
tion. The patterns of synaptie eonneetions in neuronal pools, ealled 
circuits, determine the pools fiinetional eapabilities. gure 11.23 
deseribes four basie circuit patterns and their properties: diverging, 
eonverging, reverberating, and parallel after-diseharge circuits. 

Patterns of Nenral Proeessing 

Distinguish betvveen serial and parallel proeessing. 


Organization of Neurons: Neuronal Pools 

✓ Deseribe eommon patterns of neuronal organization and 
proeessing. 

The billions of neurons in the CNS are organized into neuronal 
pools. These fimetional groups of neurons integrate ineoming in- 
formation reeeived from reeeptors or different neuronal pools and 
then forward the proeessed information to other destinations. 

In a simple type of neuronal pool Figure 11.22 , one in- 
eoming presynaptie fiber branehes profusely as it enters the 
pool and then synapses with several different neurons in the 
pool. When the ineoming fiber is excited, it will excite some 
postsynaptie neurons and faeilitate others. Neurons most likely 


Input proeessing is both serial and parallel. In serial proeessing, 
the input travels along one pathvvay to a speeifie destination. 
In parallel proeessing, the input travels along several different 
pathways to be integrated in different CNS regions. Eaeh mode 
has unique advantages, but as an information proeessor, the 
brain derives its power from its ability to proeess in parallel. 

Serial Proeessing 

In serial proeessing, the whole system works in a prediet- 
able all-or-nothing manner. One neuron stimulates the next, 
which stimulates the next, and so on, eventually causing a spe- 
eifie, antieipated response. The most clear-cut examples of se- 
rial proeessing are spinal reflexes, but straight-through sensory 
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(a) Diverging eireiiit 

• One input, many outputs 

• An amplifying circuit 

• Example: A single neuron in 
the brain ean aetivate 100 or 
more motor neurons in the 
spinal eord and thousands of 
skeletal muscle fibers 


Many outputs 




(b) Converging circuit 

• Many inputs, one output 

• A eoneentrating circuit 

• Example: Different sensory 
stimuli ean all elieit the same 
memory 


Output 


(e) Reverberating circuit 

• Signal travels through a ehain 
of neurons, eaeh feeding baek 
to previous neurons 

• An oseillating circuit 

• Oontrols rhythmie aetivity 

• Example: Involved in 
breathing, sleep-wake eyele, 
and repetitive motor aetivities 
such as walking 


Output 


(d) Parallel after-diseharge 
circuit 

• Signal stimulates neurons 
arranged in parallel arrays that 
eventually eonverge on a 
single output eell 

• lmpulses reaeh output eell at 
different times, causing a burst 
of impulses ealled an after- 
diseharge 

• Example: May be involved in 
exacting mental proeesses 
such as mathematieal 
calculations 


Output 




Figure 11.23 Types of circuits in neuronal pools. 
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Figure 11.24 A simple reflex are. Reeeptors deteet a ehange in 
the internal or external environment that elieits a rapid stereotyped 
response. Effeetors are muscles or glands. 


pathways from reeeptors to the brain are also examples. Because 
reflexes are the functional units of the nervous system, it is im- 
portant that you understand them early on. 

Reflexes are rapid, automatic responses to stimuli, in which 
a particular stimulus always causes the same response. Reflex 
aetivity, which produces the simplest behaviors, is stereotyped 
and dependable. For example, if you touch a hot objeet you jerk 
your hand away, and an objeet approaehing your eye triggers a 
blink. Reflexes occur over neural pathways ealled reflex ares that 
have five essential eomponents—reeeptor, sensory neuron, CNS 
integration eenter, motor neuron, and effeetor igure 11.24). 

Parallel Proeessing 

In parallel proeessing, inputs are segregated into many pathways, 
and different parts of the neural circuitry deal simultaneously 
with the information delivered by eaeh pathway. For example, 
smelling a piekle (the input) may cause you to remember piek- 
ing cucumbers on a farm; or it may remind you that you dont 
like piekles or that you must buy some at the market; or perhaps 
it will eall to mind all these thoughts. For eaeh person, parallel 
proeessing triggers unique pathways. The same stimulus—piekle 
smell, in our example—promotes many responses beyond sim- 
ple awareness of the smell. Parallel proeessing is not repetitious 
because the circuits do different things with the information, and 
eaeh pathvvay or c ehannel” is deeoded in relation to all the others 
to produce a total picture. 

Think, for example, about what happens when you step on 
something sharp while walking barefoot. The serially proeessed 
withdrawal reflex causes you to remove your foot immediately 
from the sharp objeet (painful stimulus). At the same time, pain 
and pressure impulses are speeding up to your brain along par- 
allel pathways that allow you to deeide whether to simply rub 
the hurt spot to soothe it or seek first aid. 

Parallel proeessing is extremely important for higher-level 
mental functioning—for putting the parts together to under- 
stand the whole. For example, you ean reeognize a dollar bill in 
a split seeond. This task takes a serial-based computer a fairly 
long time, but your reeognition is rapid because you use parallel 
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proeessing. A single neuron sends information along several 
pathways instead of just one, so you proeess a large amount of 
information much more quickly. 



Check Your Understanding 


21. VVhieh types of neural circuits would give a prolonged output 
after a single input? 

22. VVhat pattern of neural proeessing occurs when your finger 
aeeidentally touches a hot grill? VVhat is this response ealled? 

23. VVhat pattern of neural proeessing occurs when we smell 
freshly baked apple pie and remember Thanksgiving at our 
grandparents' house, the odor of freshly eooked turkey, 
sitting by the fire, and other such memories? 

_ For ansvvers, see Appendix H. 


Developmental Aspeets 
of Neurons 

Deseribe how neurons develop and form synapses. 

We eover the nervous system in several ehapters, so we limit our 
attention here to the development of neurons. Lets begin with two 
questions, How do neurons originate? and How do they mature? 

The nervous system originates from a dorsal neural tube 
and the neural erest , formed from surface eetoderm (see Fig- 
ure 12.33 (2), (3), p. 475). The neural tube, whose walls begin as 
a layer of nemoepithelial eells, beeomes the CNS. The neuroepi- 
thelial eells then begin a three-phase proeess of differentiation, 
which occurs largely in the seeond month of development: 

1. They proliferate to produce the appropriate number of eells 
needed for nervous system development. 

2. The potential neurons, neuroblasts, beeome amitotie and 
migrate externally into their eharaeteristie positions. 

3. The neuroblasts sprout axons to eonneet with their func- 
tional targets and in so doing beeome neurons. 

How does a neuroblast s growing axon a know” where to go— 
and onee it gets there, where to make the proper eonneetion? 
The growth of an axon toward an appropriate target requires 
multiple steps and is guided by multiple signals. 

The growing tip of an axon, ealled a growth eone, is a priekly, 
fanlike structure that gives the axon the ability to interaet with 
its environment gure 11.25! • Extracellular and eell surface 
adhesion proteins such as laminin, integrin, and nerve eell ad- 
hesion molecule ( N-CAM ) provide anehor points for the growth 
eone, saying, “Its okay to grow here.” Nemotropins are ehemi- 
eals that signal to the growth eone “eome this way” (netrin) or 
“go away” (ephrin, slit) or “stop here” (semaphorin). Throughout 
this growth and development, neurotrophic faetors such as nerve 
growthfactor ( NGF ) must be present to keep the neuroblast alive. 

Failure of any of these guiding signals results in eatastrophie 
developmental problems. For example, laek of N-CAM aetion 
causes developing neural tissue to fall into a tangled, spaghetti- 
like mass and hopelessly impairs neural function. 

The growth eone gropes along like an amoeba, with oozing 
proeesses eailedfilopodia which deteet the guiding signals in the 



Figure 11.25 A neuronal grovvth eone. Fluorescent stains shovv 
the loeations of eannabinoid reeeptors (green), tubulin (blue), and 
aetin (pink) in this photomierograph (1400x). 



surrounding environment. Reeeptors for these signals generate 
various seeond messengers that cause the filopodia to move by 
rearranging their aetin protein eores. 

Onee the axon reaehes its target area, it must seleet the right site 
on the target eell to form a synapse. Speeial eell adhesion molecules 
couple the presynaptie and postsynaptie membranes together and 
generate intracellular signals that reemit vesieles eontaining pre- 
formed synaptie eomponents. This results in the rapid formation 
of a synapse. In the brain and spinal eord, astroeytes provide both 
physieal support and the eholesterol essential for eonstmeting 
synapses. Both dendrites and astroeytes are aetive partners in the 
proeess of synapse formation. In the presenee of thrombospondin 
released by astroeytes, dendrites actually reaeh out and grasp mi- 
grating axons, and synapses begin sprouting. 

If neurons fail to make appropriate or fimetional synaptie 
eontaets, they die. Besides eell death resulting from unsuccess- 
ful synapse formation, apoptosis (programmed eell death) is 
also a normal part of the developmental proeess. Of the neu- 
rons formed during the embryonie period, perhaps two-thirds 
die before we are born or shortly thereafter. Those that remain 
constitute most of our neural endowment for life. 

The generally amitotie nature of neurons is important because 
their aetivity depends on the synapses theyve formed, and if neu- 
rons were to divide, their eonneetions might be hopelessly dis- 
mpted. This aside, there do appear to be some speeial neuronal 
populations where stem eells are found and new neurons ean be 
formed—notably olfaetory neurons and some eells of the hippo- 
campus, a brain region involved in learning and memory. 
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Check Your IJnderstanding 


24. What is the name of the grovving tip of an axon that "sniffs 
out" vvhere to go during development? What is the general 
name for the ehemieals that tell it vvhere to go? 

_ For ansvvers, see Appendix H. 


In this ehapter, we have examined how the amazingly eom- 
plex neurons, via eleetrieal and ehemieal signals, serve the body 
in a variety of ways. Some serve as “lookouts” others proeess 
information for immediate use or for future referenee, and still 
others stimulate the bodys muscles and glands into aetivity. 
With this background, we are ready to study the most sophisti- 
eated mass of neural tissue in the entire body—the brain (and its 
continuation, the spinal eord), the focus of Chapter 12. 


Chapter Summary 



For more ehapter study tools, go to the Study Area of 
MasteringA&P at www.masteringaandp.com. 

There you will find: 

interaetive Physiology ÌP 
A&PFIix A&PFJix 
Praetiee Anatomy Lab PÀL 


PhysioEx 


PEx 


Videos, Praetiee Quizzes and Tests, MP3 Tutor Sessions, 
Case Studies, and much more! 


Functions and Divisions of the Nervous System 

(p. 387) 

1. The nervous system bears a major responsibility for maintaining 
body homeostasis. It monitors, integrates, and responds to 
information in the environment. 

2. The nervous system is divided anatomieally into the eentral 
nervous system (brain and spinal eord) and the peripheral 
nervous system (mainly eranial and spinal nerves). 

3. The major hmetional divisions of the PNS are the sensory 
(aíferent) division, which eonveys impulses to the CNS, and the 
motor (efferent) division, which eonveys impulses from the CNS. 

4. The efferent division inehides the somatie (voluntary) system, 
which serves skeletal muscles, and the autonomic (involuntary) 
system, which innervates smooth and eardiae muscle and glands. 

Histology of Nervous Tissue (pp. 387-395) 


7. Bidireetional transport along axons uses ATP-dependent motor 
proteins “walking” along microtubule traeks. It moves vesieles, 
mitoehondria, and eytosolie proteins toward the axon terminals 
and conducts substances destined for degradation baek to the 
eell body. 

8. Large nerve fìbers (axons) are myelinated. The myelin sheath 
is formed in the PNS by Schwann eells and in the CNS by 
oligodendroeytes. The myelin sheath gaps are also ealled nodes 
of Ranvier. Nonmyelinated fìbers are surrounded by supporting 
eells, but the membrane-wrapping proeess does not occur. 

9. Anatomieally, neurons are elassifìed aeeording to the number of 
proeesses issuing from the eell body as multipolar, bipolar, or iinipolar. 

10. Functionally, neurons are elassifìed aeeording to the direetion of 
nerve impulse conduction. Sensory neurons conduct impulses 
toward the CNS, motor neurons conduct away from the CNS, 
and interneurons (assoeiation neurons) lie between sensory and 
motor neurons in the neural pathways. 

iP Nervous System I; Topie: Anatomy Review f pp. 1-12. 

Membrane Potentials (pp. 395-407) 

Basie Prineiples of Eleetrieity (pp. 395-397) 

1. The measure of the potential energy of separated eleetrieal eharges 
is ealled voltage ( V) or potential. Current (I) is the flow of eleetrieal 
eharge from one point to another. Resistanee (R) is hindranee to 
current flow. Ohms law gives the relationship among these: I = V/R. 

2. In the body, ions provide the eleetrieal eharges; cellular plasma 
membranes provide resistanee to ion flow. The membranes eontain 
leakage ehannels (nongated, always open) and gated ehannels. 


Neuroglia (pp. 388-390) 

1. Neuroglia (supporting eells) segregate and insulate neurons and 
assist neurons in various other ways. 

2. CNS neuroglia include astroeytes, mieroglial eells, ependymal 
eells, and oligodendroeytes. PNS neuroglia include Schwann eells 
and satellite eells. 

Neurons (pp. 390-395) 

3. Neurons have a eell body and eytoplasmie proeesses ealled axons 
and dendrites. 

4. A bundle of nerve fibers is ealled a traet in the CNS and a nerve 
in the PNS. A eolleetion of eell bodies is ealled a nucleus in the 
CNS and a ganglion in the PNS. 

5. The eell body is the biosynthetie (and reeeptive) eenter of the neuron. 
Except for those found in ganglia, eell bodies are found in the CNS. 

6. Most neurons have many dendrites, reeeptive proeesses that 
conduct signals from other neurons toward the nerve eell body. 
With few exceptions, all neurons have one axon, which generates 
and conducts nerve impulses away from the nerve eell body. 
Axon terminals release neurotransmitter. 


ÌP Nervous System I; Topie: lon Channels f pp. 1-10. 

The Resting Membrane Potential (p. 397) 

3. A resting neuron exhibits a resting membrane potential, which is 
— 70 mV (inside negative). It is due both to differenees in sodium 
and potassium ion eoneentrations inside and outside the eell and 
to differenees in permeability of the membrane to these ions. 

4. The ionie eoneentration differenees result from the operation of 
the sodium-potassium pump, which ejeets 3 Na + from the eell for 
eaeh 2 K + transported in. 

ÌP Nervous System I; Topie: The Membrane Potential, pp. 1-16. 

Membrane Potentials That Aet as Signals (pp. 397-407) 

5. Depolarization is a reduction in membrane potential (inside 
beeomes less negative); hyperpolarization is an inerease in 
membrane potential (inside beeomes more negative). 

6. Graded potentials are small, brief, loeal ehanges in membrane 
potential that aet as short-distanee signals. The current produced 
dissipates with distanee. 
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7. An aetion potential (AP), or nerve impulse, is a large, but brief, 
depolarization signal (and polarity reversal) that underlies 
long-distanee neural communication. It is an all-or-none 
phenomenon. 

8. In the AP graph, an AP begins and ends at resting membrane 
potential. Depolarization to approximately +30 mV (inside 
positive) is caused by Na + influx. Depolarization ends when Na + 
ehannels inaetivate. Repolarization and hyperpolarization are 
caused by K + eíílux. 

9. If threshold is reaehed, an AP is generated. If not, depolarization 
remains loeal. 

10. In nerve impulse propagation, eaeh AP provides the depolarizing 
stimulus for triggering an AP in the next membrane pateh. 
Regions that have just generated APs are refraetory; for this 
reason, the nerve impulse propagates in one direetion only. 

11. APs are independent of stimulus strength: Strong stimuli cause APs 
to be generated more frequently but not with greater amplitude. 

12. During the absolute refraetory period, a neuron eannot respond 
to another stimulus because it is already generating an AP. 

During the relative refraetory period, the neurons threshold is 
elevated because repolarization is ongoing. 

13. In nonmyelinated fibers, APs are produced in a wave all along 
the axon, that is, by continuous conduction. In myelinated fibers, 
APs are generated only at myelin sheath gaps and are propagated 
more rapidly by saltatory conduction. 

iP Nervous System I; Topie: The Aetion Potential, pp. 1-18. 

The Synapse (pp. 407-414) 

1. A synapse is a fimetional junction between neurons. The 
information-transmitting neuron is the presynaptie neuron; the 
information-reeeiving neuron is the postsynaptie neuron. 

Eleetrieal Synapses (p. 407) 

2. Eleetrieal synapses allow ions to flow direetly from one neuron to 
another; the eells are eleetrieally coupled. 

Chemical Synapses (pp. 407-410) 

3. Chemical synapses are sites of neurotransmitter release and binding. 
When the impulse reaehes the presynaptie axon terminals, voltage- 
gated Ca 2+ ehannels open, and Ca 2+ enters the eell and mediates 
neurotransmitter release. Neurotransmitters diffiise aeross the 
synaptie eleft and attaeh to postsynaptie membrane reeeptors, 
opening ion ehannels. Affer binding, the neurotransmitters are 
removed from the synapse by diífiision, enzymatie breakdown, or 
reuptake into the presynaptie terminal or astroeytes. 

ÌP Nervous System II; Topies: Anatomy Review f pp. 1-9 f 

lon Channels f pp. 1-8 f Synaptie Transmission, pp. 1-7. 

Postsynaptie Potentials and Synaptie Integration (pp. 410-414) 

4. Binding of neurotransmitter at excitatory ehemieal synapses 
results in loeal graded potentials ealled EPSPs, caused by the 
opening of ehannels that allow simultaneous passage of Na + 
and K + . 

5. Neurotransmitter binding at inhibitory ehemieal synapses results 
in hyperpolarizations ealled IPSPs, caused by the opening of K + 
or Cl _ ehannels. IPSPs drive the membrane potential farther 
from threshold. 

6. EPSPs and IPSPs smnmate temporally and spatially. The 
membrane of the axon hilloek aets as a neuronal integrator. 

7. Synaptie potentiation, which enhanees the postsynaptie neurons 
response, is produced by intense repeated stiimilation. ionie 


calcium appears to mediate such effeets, which may be the basis 
of learning. 

8. Presynaptie inhibition is mediated by axoaxonal synapses that reduce 
the amount of neurotransmitter released by the inhibited neuron. 

iP Nervous System II; Topie: Synaptie Potentials and Cellular 

Integration, pp. 1-10. 

Neurotransmitters and Their Reeeptors (pp. 414-421) 

eiassifieation of Neurotransmitters by ehemieal Structure 

(pp. 414-417) 

1. The major elasses of neurotransmitters based on ehemieal 
structure are aeetyleholine, biogenie amines, amino aeids, 
peptides, purines, dissolved gases, and lipids. 

eiassifieation of Neurotransmitters by Function (pp. 417-419) 

2. Functionally, neurotransmitters are elassified as (1) inhibitory 
or excitatory (or both) and (2) direet or indireet aetion. Direet- 
aeting neurotransmitters bind to and open ion ehannels. indireet- 
aeting neurotransmitters aet through seeond messengers. 
Neuromodulators also aet indireetly presynaptieally or 
postsynaptieally to ehange synaptie strength. 

Neurotransmitter Reeeptors (pp. 420-421) 

3. Neurotransmitter reeeptors are either ehannel-linked reeeptors that 
open ion ehannels, leading to fast ehanges in membrane potential, 
or G protein-linked reeeptors that oversee slow synaptie responses 
mediated by G proteins and intracellular seeond messengers. 
Seeond messengers most offen aetivate kinases, which in turn aet 
on ion ehannels or aetivate other proteins. 

iP Nervous System II; Topie: Synaptie Transmission, pp. 6-15. 

Basie Concepts of Neural Integration (pp. 421-423) 

Organization of Neurons: Neuronal Pools (p. 421) 

1. CNS neurons are organized into several types of neuronal pools, eaeh 
with distinguishing patterns of synaptie eonneetions ealled eiraiits. 

Ty pes of Ci rcu its (p. 421) 

2. The four basie circuit types are diverging, eonverging, 
reverberating, and parallel after-diseharge. 

Patterns of Neural Proeessing (pp. 421-423) 

3. In serial proeessing, one neuron stimulates the next in sequence, 
producing speeifie, predietable responses, as in spinal reflexes. A 
reflex is a rapid, involuntary motor response to a stimulus. 

4. Reflexes are mediated over neural patfivvays ealled reflex ares. 

Tfie minimum number of elements in a reflex are is five: reeeptor, 
sensory neuron, integration eenter, motor neuron, and effeetor. 

5. In parallel proeessing, which underlies complex mental fimetions, 
impulses travel along several pathways to different integration eenters. 

Developmental Aspeets of Neurons (pp. 423-424) 

1. Neuron development involves proliferation, migration, and the 
formation of intereonneetions. The formation of intereonneetions 
involves axons finding their targets and forming synapses, and 
the synthesis of speeifie neurotransmitters. 

2. Axon outgrowth and synapse formation are guided by other 
neurons, glial eells, and ehemieals (such as N-CAM and nerve 
growth faetor). Neurons that do not make appropriate synapses 
die, and approximately two-thirds of neurons formed in the 
embryo undergo programmed eell death. 
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UNIT 3 Regulation and Integration of the Body 


Review Questions 

L X 


Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. Which of the following structures is not part of the eentral 
nervous system? (a) the brain, (b) a nerve, (e) the spinal eord, 

(d) a traet. 

2. Mateh the names of the supporting eells found in column B with 
the appropriate deseriptions in column A. 

Column A 

_(1) myelinates nerve fibers (a) 

in the CNS (b) 

_(2) lines brain eavities (e) 

_(3) myelinates nerve fibers (d) 

in the PNS (e) 

_(4) CNS phagoeyte (f) 

_(5) helps regulate the ionie 

eomposition of CNS 
extracellular fluid 

3. What type of current flows through the axolemma during the 
steep phase of repolarization? (a) ehiefly a sodium current, 

(b) ehiefly a potassium current, (e) sodium and potassium 
currents of approximately the same magnitude. 

4. Assume that an EPSP is being generated on the dendritie 
membrane. Which will occur? (a) speeifie Na + ehannels will open, 
(b) speeifie K + ehannels will open, (e) a single type of ehannel 
will open, permitting simultaneous flow of Na + and K + , (d) Na + 
ehannels will open first and then elose as K + ehannels open. 

5. The veloeity of nerve impulse conduction is greatest in (a) heavily 
myelinated, large-diameter fibers, (b) myelinated, small-diameter 
fibers, (e) nonmyelinated, small-diameter fibers, 

(d) nonmyelinated, large-diameter fibers. 

6. Chemical synapses are eharaeterized by all of the following 
except (a) the release of neurotransmitter by the presynaptie 
membranes, (b) postsynaptie membranes bearing reeeptors that 
bind neurotransmitter, (e) ions flowing through protein ehannels 
from the presynaptie to the postsynaptie neuron, (d) a flmd-filled 
gap separating the neurons. 

7. Biogenie amine neurotransmitters include all but (a) norepin- 
ephrine, (b) aeetyleholine, (e) dopamine, (d) serotonin. 

8. The neuropeptides that aet as natural opiates are (a) substance P, 
(b) somatostatin and eholeeystokinin, (e) taehykinins, 

(d) enkephalins. 

9. Inhibition of aeetyleholinesterase by poisoning bloeks 
neurotransmission at the neuromuscular junction because 

(a) ACh is no longer released by the presynaptie terminal, 

(b) ACh synthesis in the presynaptie terminal is bloeked, (e) ACh 
is not degraded, henee prolonged depolarization is enforeed on 
the postsynaptie eell, (d) ACh is bloeked from attaehing to the 
postsynaptie ACh reeeptors. 

10. The anatomieal region of a multipolar nernon that has the lowest 
threshold for generating an AP is the (a) soma, (b) dendrites, 

(e) axon hilloek, (d) distal axon. 

11. An IPSP is inhibitory because (a) it hyperpolarizes the 
postsynaptie membrane, (b) it reduces the amount of 
neurotransmitter released by the presynaptie terminal, 

(e) it prevents calcium ion entry into the presynaptie terminal, 

(d) it ehanges the threshold of the nernon. 


Column B 

astroeyte 
ependymal eell 
mieroglial eell 
oligodendroeyte 
satellite eell 
Schwann eell 


12. Identify the nemonal circuits deseribed by ehoosing the eorreet 
response from the key. 



eonverging (e) parallel after-diseharge 

diverging (d) reverberating 

Impulses continue around and around the circuit until 
one neuron stops firing. 

One or a few inputs ultimately influence large numbers 
of neurons. 

Many nemons influence a few neurons. 

May be involved in exacting types of mental aetivity. 


Short Ansvver Essay Questions 

13. Explain both the anatomieal and fimetional divisions of the 
nervous system. inehide the subdivisions of eaeh. 

14. (a) Deseribe the eomposition and fimetion of the eell body. 

(b) How are axons and dendrites alike? In what ways (structurally 
and fimetionally) do they differ? 

15. (a) What is myelin? (b) How does the myelination proeess differ 
in the CNS and PNS? 

16. (a) Contrast unipolar, bipolar, and multipolar neurons 
structurally. (b) indieate where eaeh is most likely to be found. 

17. What is the polarized membrane state? How is it maintained? 
(Note the relative roles of both passive and aetive meehanisms.) 

18. Deseribe the events that must occur to generate an AP. Relate 
the sequence of ehanges in permeability to ehanges in the ion 
ehannels, and explain why the AP is an all-or-none phenomenon. 

19. Sinee all APs generated by a given nerve fiber have the same 
magnitude, how does the CNS “know” whether a stimulus is 
strong or weak? 

20. (a) Explain the differenee between an EPSP and an IPSP. 

(b) What speeifieally determines whether an EPSP or IPSP will 
be generated at the postsynaptie membrane? 

21. Sinee at any moment a neuron is likely to have thousands 
of neurons releasing neurotransmitters at its surface, how is 
neuronal aetivity (to fire or not to fire) determined? 

22. The effeets of neurotransmitter binding are very brief. Explain. 

23. During a neurobiology lecture, a professor repeatedly refers 
to group A and group B fibers, absolute refraetory period, and 
myelin sheath gaps. Define these terms. 

24. Distinguish between serial and parallel proeessing. 

25. Briefly deseribe the three stages of neuron development. 

26. What faetors appear to guide the outgrowth of an axon and its 
ability to make the c eorreet” synaptie eontaets? 



Critical Thinking 

and eiinieal Applieation 

Questions 


1. Mr. Miller is hospitalized for eardiae problems. Somehow, 
medieal orders are mixed up and Mr. Miller is infiised with a 
K + -enhanced intravenous solution meant for another patient 
who is taking potassium-wasting diuretics (i.e., drugs that cause 
excessive loss of potassium from the body in urine). Mr. Miller s 
potassimn levels are normal before the IV is administered. What 
do you think will happen to Mr. Miller s resting membrane 
potentials? To his neurons ability to generate APs? 

2. Loeal anestheties bloek voltage-gated Na + ehannels. General 
anestheties are thought to aetivate ehemieally gated C1 ehannels, 
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thereby rendering the nervous system quiescent while surgery is 
performed. What speeifie proeess do anestheties impair, and how 
does this interfere with nerve impulse transmission? 

3. When admitted to the emergeney room, John was holding his 
right hand, which had a deep puncture hole in its palm. He 
explained that he had fallen on a nail while exploring a barn. John 
was given an antitetamis shot to prevent neural eomplieations. 
Tetanus baeteria fester in deep, dark wounds, but how do their 
toxins travel in neural tissue? 

4. Roehelle developed multiple selerosis when she was 27. After 
eight years she had lost a good portion of her ability to eontrol 
her skeletal muscles. How did this happen? 


5. In the Netherlands a young man named Jan was admitted 
to the emergeney room. He and his friends had been to a 
rave. His friends say he started twitching and having muscle 
spasms which progressed until he was “stiíf as a board.” On 
examination, staíf found a marked inerease in muscle tone 
and hyperreflexia involving faeial and limb muscles. In his 
poeket, he had unmarked dark yellow tablets with dark fleeks. 
Analysis of the tablets showed them to eontain a mixture of 
eestasy and stryehnine. Eestasy would not cause this elinieal 
picture, but stryehnine, which bloeks glyeine reeeptors, could. 
Explain how. 


AT THE e L I N I e 


* 


Related eiinieal Terms 

Neuroblastoma (nu"ro-blas-to'mah; oma = tumor) A malignant 
tumor in ehildren; arises from eells that retain a neuroblast-like 
structure. These tumors sometimes arise in the brain, but most 
occur in the peripheral nervous system. 

Neurologist (nu-rol'o-jist) A medieal speeialist in the study of the 
nervous system and its fimetions and disorders. 

Neuropathy (nu-rop'ah-the) Any disease of nervous tissue, but 
particularly degenerative diseases of nerves. 

Neuropharmacology (nu"ro-far"mah-kol'o-je) Seientifie study of the 
effeets of dmgs on the nervous system. 

Neurotoxin Substance that is poisonous or destmetive to nervous 
tissue, e.g., botulinum and tetanus toxins. 

Rabies (rabies = madness) A viral infeetion of the nervous system 
transmitted by the bite of an infeeted mammal (such as a dog, 
bat, or skunk). After entry, the virus travels via axonal transport 


in peripheral nerve axons to the CNS, where it causes brain 
inflammation, delirium, and death. A vaeeine- and antibody- 
based treatment is effeetive if given before symptoms appear. 
Rabies in humans is very rare in the United States. 

Shingles (herpes zoster) Inflammation of virally infeeted sensory 
neurons serving the skin. Caused by the varieella-zoster virus, 
which causes ehieken pox (generally during ehildhood); during 
the initial infeetion the vims is transported from the skin lesions 
to the sensory eell bodies in the sensory ganglia. Typieally, the 
immune system holds the vims in eheek. It remains dormant 
until the immune system is weakened, often by stress. Then viral 
partieles multiply, causing nerve pain (neuralgia), and travel 
baek to the skin, producing eharaeteristie sealy blisters. This 
rash is usually eonfined to one side of the body tmnk. Attaeks 
last several weeks, alternating between periods of healing and 
relapse. Seen mostly in those over 50 years old. Vaeeination ean 
prevent occurrence and minimize pain. 
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Case Study 


Nervous System 


Elaine Sawyer, 35, was on her way to 
the loeal elementary sehool with her 
three ehildren when the aeeident on 
Route 91 occurred. As Mrs. Sawyer 
swerved to avoid the bus, the right rear eorner of her minivan struck 
the side of the bus, causing the minivan to tip over and slide on its 
side. Her ehildren were shaken but unhurt. Mrs. Sawyer, however, 
suffered a severe head injury that caused post-traumatic seizures. 

The drugs initially preseribed for her treatment were insuffieient 
to eontrol these seizures. Her doetor additionally preseribed Valium 
(diazepam), but suggested that she use it only for a month because 
Valium induces toleranee (loses its effeetiveness). After a month of 
Valium treatment, Mrs. Sawyer no longer had seizures and gradually 
reduced and eliminated her use of Valium. After being seizure-free 
for another year, restrietions on her driver's lieense were lifted. 

1. Seizures refleet uncontrolled eleetrieal aetivity of groups of 
neurons in the brain. Valium is deseribed as a drug that ean 
"quiet the nerves," which means that it inhibits the ability of 
neurons to generate eleetrieal signals. What are these eleetrieal 


signals ealled, and what is happening at the level of the eell 
when they are generated? 

2. Valium enhanees inhibitory postsynaptie potentials (IPSPs). What 
is an IPSP? How does it affeet aetion potential generation? 

3. Valium enhanees the natural effeets of the neurotransmitter 
GABA [gamma (y)-aminobutyric aeid]. What ehemieal elass of 
neurotransmitters does GABA belong to? What are some of the 
other neurotransmitters that fall into this same elass? 

4. Theoretieally, there are a number of possible ways that a drug 
such as Valium could aet to enhanee the aetion of GABA. What 
are three such possibilities? 

5. Valium actually works postsynaptieally to promote binding of 
GABA to its reeeptor, thereby enhaneing the influx of Cl“ ions 
into the postsynaptie eell (the natural effeet produced by 
GABA). Why would this effeet reduce the likelihood that this 
eell would be able to produce an eleetrieal signal? 

(Ansvvers in Appendix H) 
















The Brain (pp. 429-452) 

Embryonie Development (pp. 429-430) 
Regions and Organization (p. 430) 
Ventrieles (p. 430) 

Cerebral Hemispheres (pp. 430-441) 
Dieneephalon (pp. 441-443) 

Brain Stem (pp. 443-447) 

Cerebellum (pp. 447-449) 

Functional Brain Systems (pp. 449-452) 

Higher Mental Functions (pp. 452-458) 

Brain Wave Patterns and the EEG 
(pp. 452-453) 

Consciousness (pp. 453-454) 

Sleep and Sleep-Wake Cycles (pp. 454-455) 


Language (pp. 455-456) 

Memory (pp. 456-458) 

Proteetion of the Brain (pp. 458-462) 
Meninges (pp. 459-460) 

Cerebrospinal Fluid (CSF) (pp. 460-462) 
Blood Brain Barrier (p. 462) 

Homeostatie imbalanees of the Brain 

(pp. 462-464) 

Traumatic Brain lnjuries (pp. 462-463) 

Cerebrovascular Aeeidents (CVAs) 

(p. 463) 

Degenerative Brain Disorders (pp. 463-464) 


The Spinal Cord (pp. 464-474) 

Gross Anatomy and Proteetion 
(pp. 464-466) 

Spinal Cord Cross-Sectional Anatomy 
(pp. 466-468) 

Neuronal Pathvvays (pp. 468-473) 

Spinal Cord Trauma and Disorders 
(p. 474) 

Diagnostie Procedures for Assessing 
CNS Dysfunction (pp. 474-475) 

Developmental Aspeets of the Central 
Nervous System (pp. 475-477) 


I ntereonneeting and direeting a dizzying number of ineoming and outgoing 

ealls, the eentral switchboard of a telephone system historieally seemed an apt eom- 
parison for the eentral nervous system (CNS) —brain and spinal eord. Nowadays, many 
people eompare the CNS to a c cloud” of networked computers. These analogies may ex- 
plain some workings of the spinal eord, but neither does justice to the fantastie complexity 
of the human brain. Whether we view the brain as an evolved biologieal organ, an impres- 
sive network of computers, or simply a miraele, it is one of the most amazing things known. 

During the course of animal evolution, eephalization (sé"fah-lì-za'shun) has oe- 
curred. That is, there has been an elaboration of the rostral ( cc toward the snouf’), or an- 
terior, portion of the CNS, along with an inerease in the number of neurons in the head. 
This phenomenon reaehes its highest level in the human brain. 
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(a) Neural tube 

(eontains 

neural 

eanal) 


Anterior 

(rostral) 



Posterior 

(caudal) 


(b) Primary brain vesieles 


Proseneephalon 

(forebrain) 


Meseneephalon 

(midbrain) 


Rhombeneephalon 

(hindbrain) 


(e) Seeondary brain vesieles 


(d) Adult brain structures 


Teleneephalon 


Cerebrum: eerebral 
hemispheres (cortex, 
white matter, basal nuclei) 


Dieneephalon 


Dieneephalon 
(thalamus, hypothalamus, 
epithalamus), retina 


Meseneephalon 


Brain stem: midbrain 


Meteneephalon 


Brain stem: pons 


Cerebellum 


Myeleneephalon 


Brain stem: medulla 
oblongata 


Spinal eord 


(e) Adult neural 
eanal regions 


Lateral ventrieles 


Third ventriele 


Cerebral aqueduct 


Fourth ventriele 


Central eanal 


Figure 12.1 Embryonie development of the human brain. (a) Formed by vveek 4, the 
neural tube quickly subdivides into (b) the primary brain vesieles, vvhieh subsequently form 
(e) the seeondary brain vesieles by vveek 5. These five vesieles differentiate into (d) the adult 
brain structures. (e) The adult structures derived from the neural eanal. 


In this ehapter, we examine the structure of the CNS and the 
functions assoeiated with its various regions. We also touch on 
complex integrative functions, such as sleep-wake eyeles and 
memory. 

The Brain 

The unimpressive appearanee of the human brain gives few 
hints of its remarkable abilities. It is about two good fistfuls of 
quivering pinkish gray tissue, wrinkled like a walnut, with a 
eonsisteney somewhat like eold oatmeal. The average adult hu- 
man brain has a mass of about 1500 g (3.3 lb). 

Embryonie Development 

✓ Deseribe hovv spaee eonstraints affeet brain development. 

✓ Name the major regions of the adult brain. 

Name and loeate the ventrieles of the brain. 

We begin with an introduction to brain embryology, as the ter- 
minology used for the structural divisions of the adult brain is 
easier to follow when you understand brain development. 

The brain and spinal eord begin as an embryonie structure 
ealled the neural tube gure 12.1a). As soon as the neural 
tube forms, its anterior (rostral) end begins to expand and eon- 
strietions appear that mark off the three primary brain vesieles 
(Figure 12. lb): 

■ Proseneephalon (pros'en-sef'ah-lon), or forebrain 

■ Meseneephalon (mes' en-sef'ah-lon), or midbrain 

■ Rhombeneephalon (romb "en-sef'ah-lon), or hindbrain 


(Note that eneephalo means “brain”) The remaining caudal 
(“toward the tail”), or posterior, portion of the neural tube be- 
eomes the spinal eord, which we will discuss later in the ehapter. 

The primary vesieles give rise to the seeondary brain vesi- 
eles (Figure 12. le). The forebrain divides into the teleneephalon 
(“endbrain”) and dieneephalon (“interbrain”), and the hindbrain 
eonstriets, forming the meteneephalon (“afterbrain”) and my- 
eleneephalon (“spinal brain”). The midbrain remains undivided. 

Eaeh of the five seeondary vesieles then develops rapidly to 
produce the major structures of the adult brain (Figure 12. ld). 
The greatest ehange occurs in the teleneephalon, which sprouts 
two lateral swellings that look like Miekey Mouses ears. These be- 
eome the two eerebral hemispheres , referred to eolleetively as the 
eerebmm (ser'é-brum). The dieneephalon speeializes to form 
the hypothalamus (hi"po-thal'ah-mus), thalamus , epithalamus , 
and retina of the eye. Less dramatie ehanges occur in the mesen- 
eephalon, meteneephalon, and myeleneephalon as these regions 
transform into the midbrain , the pons and cerebellum , and the 
medulla oblongata , respeetively. All these midbrain and hindbrain 
structures, except the cerebellum, form the brain stem. 

The eentral eavity of the neural tube remains continuous and 
enlarges in four areas to form the fluid-filled ventrieles (yentr = 
little belly) of the brain (Figure 12. le). We will deseribe the ven- 
trieles shortly. 

Because the brain grows more rapidly than the membranous 
skull that eontains it, it folds up to occupy the available spaee. 
The midbrain and eervieal flexures move the forebrain toward 
the brain stem Figure 12.2a . The eerebral hemispheres are 
foreed to take a horseshoe-shaped course and grow posteriorly 
and laterally (indieated by blaek arrows in Figure 12.2b). As a 
result, they grow baek over and almost eompletely envelop the 
dieneephalon and midbrain. By week 26, the continued growth 
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UNIT 3 Regiilation and Integration of the Body 
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Posterior (caudal) 
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Myeleneephalon 



Midbrain 

Cervical 


Flexures 


Spinal eord 


(a) Week 5: Two major flexures form, causing the teleneephalon 
and dieneephalon to angle toward the brain stem. 




Oerebral 
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Midbrain 

Cerebellum 

Pons 

Medulla 

oblongata 

Spinal eord 


(b) Week 13: Cerebral hemispheres develop and grow 
posterolaterally to enelose the dieneephalon and the rostral brain 
stem. 


i 



i ^-Cerebral 

hemisphere 


Dieneephalon 

Cerebellum 

Brain stem 

• Midbrain 

• Pons 

• Medulla 
oblongata 

(e) Birth: Shows adult pattern of structures and convolutions. 

gure 12.2 Brain development. Initially, the eerebral surface is 
smooth. Folding begins in month 6, and convolutions beeome more 
obvious as development continues. See-through vievv in (b) and (e). 



of the eerebral hemispheres causes their surfaces to erease and 
fold into eonvoliitions (Figure 12.2c), which inereases their sur- 
faee area and allows more neurons to occupy the limited spaee. 


brain regions shown in Figure 12.2c: (1) eerebral hemispheres, 
(2) dieneephalon, (3) brain stem (midbrain, pons, and medulla 
oblongata), and (4) eerebellmn. 

The basie pattern of the CNS is a eentral eavity surrounded 
by gray matter (mostly neuron eell bodies), external to which 
is white matter (myelinated fiber traets). The spinal eord ex- 
hibits this basie pattern, but the brain has additional regions 
of gray matter not present in the spinal eord. Both the eerebral 
hemispheres and the cerebellum have an outer layer or “bark” 
of gray matter ealled a cortex. This pattern ehanges with deseent 
through the brain stem—the cortex disappears, but seattered 
gray matter nuclei are seen within the white matter. At the cau- 
dal end of the brain stem, the basie pattern is evident. Knowl- 
edge of the basie pattern of the CNS will help you explore the 
brain, moving from the most rostral region (eerebmm) to the 
most caudal (brain stem). But first, lets explore the eentral hol- 
low eavities that lie deep within the brain—the ventrieles. 


Ventrieles 

The brain ventrieles are continuous with one another and with 
the eentral eanal of the spinal eord Figure 12.3' . The hollow ven- 
tricular ehambers are filled with eerebrospinal fluid and lined by 
ependymal eells , a type of neuroglia (see Figure 11.3c on p. 389). 

The paired lateral ventrieles, one deep within eaeh eerebral 
hemisphere, are large C-shaped ehambers that refleet the pat- 
tern of eerebral growth. Anteriorly, the lateral ventrieles lie elose 
together, separated only by a thin median membrane ealled the 
septum pellucidum (pé-lu'sid-um; “transparent wall”). (See 
Figure 12.10, p. 440.) 

Eaeh lateral ventriele communicates with the narrow third 
ventriele in the dieneephalon via a ehannel ealled an interven- 
tricular foramen. 

The third ventriele is continuous with the fourth ventriele 
via the eanal-like eerebral aqueduct that runs through the mid- 
brain. The fourth ventriele lies in the hindbrain dorsal to the 
pons and superior medulla. It is continuous with the eentral ea- 
nal of the spinal eord inferiorly. Three openings mark the walls 
of the fourth ventriele: the paired lateral apertures in its side 
walls and the median aperture in its roof. These apertures eon- 
neet the ventrieles to the siibaraehnoid spaee (sub"ah-rak'noid), 
a fluid-filled spaee surrounding the brain. 



Check Your Understanding 


1. VVhieh ventriele is surrounded by the dieneephalon? 

2. VVhieh tvvo areas of the adult brain have an outside layer 
of gray matter in addition to eentral gray matter and 
surrounding vvhite matter? 

3. VVhat is the function of convolutions of the brain? 

_ For ansvvers, see Appendix H. 


Regions and Organization 

Some textbooks discuss brain anatomy in terms of the embry- 
onie seheme (see Figure 12.le), but in this text, we will eonsider 
the brain in terms of the medieal seheme and the four adult 


Oerebral Hemispheres 

Listthe major lobes # fissures # and functional areas of the 
eerebral cortex. 

Explain lateralization of hemisphere function. 
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Septum 
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(a) Anterior view (b) Left lateral view 

Figure 12.3 Ventrieles of the brain. Different regions of the large lateral ventrieles are 
labeled anterior horn, posterior horn, and inferior horn. 


✓ Differentiate betvveen commissures # assoeiation fibers, and 
projeetion fibers. 

✓ Deseribe the general function of the basal nuclei (basal 
ganglia). 

The eerebral hemispheres form the superior part of the brain 
(Figure 12.4' . The most conspicuous parts of an intaet brain, to- 
gether they account for about 83% of total brain mass. Picture how 
a mushroom eap eovers the top of its stalk, and you have a good 
idea of how the paired eerebral hemispheres eover and obscure 
the dieneephalon and the top of the brain stem (see Figure 12.2c). 

Elevated ridges of tissue ealled gyri (ji'ri; singular: gyrus; 
“twisters”)—separated by shallow grooves ealled sulci (sul'ki; 
singular: sulcus; cc furrows”)—mark nearly the entire surface of 
the eerebral hemispheres. Deeper grooves, ealled fissures, sepa- 
rate large regions of the brain (Figure 12.4c). 

The more prominent gyri and sulci are important anatomieal 
landmarks that are similar in all humans. The median longitudinal 
fissure separates the eerebral hemispheres (Figure 12.4a). Another 
large fissure, the transverse eerebral fissure, separates the eerebral 
hemispheres from the eerebelhim below (Figure 12.4b, e). 

Several sulci divide eaeh hemisphere into five lobes—frontal, 
parietal, temporal, oeeipital, and insula (Figure 12.4c, d). All but 
the last are named for the eranial bones that overlie them (see 
Figure 7.5, pp. 204-205). The eentral sulcus, which lies in the 
frontal plane, separates the frontal lobe from the parietal lobe. 
Bordering the eentral sulcus are the preeentral gyrus anteriorly 
and the posteentral gyrus posteriorly. The parieto-oeeipital 
sulcus (pah-ri"é-to-ok-sip'ì-tal), loeated more posteriorly on 
the medial surface of the hemisphere, separates the oeeipital 
lobe from the parietal lobe. 

The deep lateral sulcus outlines the flaplike temporal lobe 
and separates it from the parietal and frontal lobes. A fifth lobe 


of the eerebral hemisphere, the insula (in'su-lah; cc island”), is 
buried deep within the lateral sulcus and forms part of its floor 
(Figure 12.4d). The insula is eovered by portions of the tempo- 
ral, parietal, and frontal lobes. 

The eerebral hemispheres fit snugly in the skull. The frontal 
lobes lie in the anterior eranial fossa, and the anterior parts of the 
temporal lobes fill the middle eranial fossa (see Figure 7.2b, e, 
p. 201). The posterior eranial fossa, however, houses the brain 
stem and cerebellum. The oeeipital lobes are loeated well superior 
to that eranial fossa. 

Eaeh eerebral hemisphere has three basie regions: 

■ A superficial eerebral cortex of gray matter, which looks gray 
in fresh brain tissue 
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■ Internal wh ite matter 


■ Basal nucleU islands of gray matter situated deep within the 
white matter 


We eonsider these regions next. 


Cerebral Cortex 

The eerebral cortex is the cc executive suite” of the nervous sys- 
tem, where our conscious mind is found. It enables us to be aware 
of ourselves and our sensations, to communicate, remember, 
understand, and initiate voluntary movements. 

The eerebral cortex is eomposed of gray matter: neuron eell 
bodies, dendrites, assoeiated glia and blood vessels, but no fiber 
traets. It eontains billions of neurons arranged in six layers. 
Although only 2-4 mm (about 1/8 ineh) thiek, it accounts for 
roughly 40% of total brain mass. Its many eonvohitions effee- 
tively triple its surface area. 

Modern imaging techniques allow us to see the brain in 
aetion—PET seans show maximal metabolie aetivity in the brain, 
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(a) Superior view 
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(d) Loeation of the insula lobe 


(e) Lobes and sulci of the eerebmm 
gure 12.4 Lobes, sulci, and fissures of the eerebral hemispheres. 


and functional MRI seans reveal blood flow Figure 12.5 . They 
show that speeifie motor and sensory functions are loeal- 
ized in diserete eortieal areas ealled domains. However, many 
higher mental functions, such as memory and language, ap- 
pear to be spread over large areas of the cortex in overlapping 
domains. 


Before we examine the fimetional regions of the eerebral eor- 
tex, lets eonsider four generalizations: 

■ The eerebral cortex eontains three kinds of fimetional areas: 
motor areas , sensory areas , and assoeiation areas. As you read 
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about these areas, do not confuse the sensory and motor ar- 
eas of the cortex with sensory and motor neurons. All neu- 
rons in the cortex are interneurons. 

■ Eaeh hemisphere is ehiefly eoneerned with the sensory and 
motor functions of the eontralateral (literally, “opposite”) 
side of the body. 

■ Although largely symmetrieal in structure, the two hemi- 
spheres are not entirely equal in flmetion. Instead, there is 
lateralization (speeialization) of eortieal flmetions. 

■ And finally, keep in mind that our approaeh is a gross over- 
simplifieation. No fimetional area of the cortex aets alone, 
and conscious behavior involves the entire cortex in one way 
or another. 

Motor Areas The following motor areas of the cortex, which 
eontrol vohmtary movement, lie in the posterior part of the frontal 
lobes: primary motor cortex, premotor cortex, Broeas area, and 
the frontal eye field ( : igure 12.6a, dark and light red areas). 

1. Primary motor cortex. The primary (somatie) motor eor- 

tex is loeated in the preeentral gyms of the frontal lobe of 
eaeh hemisphere (Figure 12.6, dark red area). Large neurons, 
ealled pyramidal eells, in these gyri allow us to consciously 
eontrol the preeise or skilled voluntary movements of our 
skeletal muscles. Their long axons, which projeet to the spi- 
nal eord, form the massive vohmtary motor traets ealled py- 
ramidal traets or eortieospinal traets (kor"tí-ko-spi'nal). All 
other deseending motor traets issue from brain stem nuclei 
and eonsist of ehains of two or more neurons. 

The entire body is represented spatially in the primary 
motor cortex of eaeh hemisphere. For example, the py- 
ramidal eells that eontrol foot movements are in one plaee 
and those that eontrol hand movements are in another. 
Such mapping of the body in CNS structures is ealled so- 
matotopy (so"mah-to-to'pe). 

As illustrated in gure 12.7 (p. 435), in somatotopy the 
body is represented upside down—with the head at the in- 
ferolateral part of the preeentral gyrns, and the toes at the 
superomedial end. Most of the neurons in these gyri eon- 
trol muscles in body areas having the most preeise motor 
eontrol—that is, the faee, tongue, and hands. Consequently, 
these regions are disproportionately large in the caricature- 
like motor homunculus (ho-mung'ku-lus; “little man”) 
drawn in Figure 12.7. The motor innervation of the body is 
eontralateral: In other words, the left primary motor gyms 
eontrols muscles on the right side of the body, and viee versa. 

The motor homunculus view of the primary motor eor- 
tex, shown at the left in Figure 12.7, implies a one-to-one 
eorrespondenee between eortieal neurons and the muscles 
they eontrol, but this is somewhat misleading. In faet, a 
given muscle is eontrolled by multiple spots on the cortex, 
and individual eortieal neurons actually send impulses to 
more than one muscle. In other words, individual pyrami- 
dal motor neurons eontrol muscles that work together in a 
synergistie way to perform a given movement. 

For example, reaehing forward with one arm involves 
some muscles aeting at the shoulder and some aeting at 
the elbow. Instead of the diserete map offered by the motor 
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Figure 12.5 Functional neuroimaging (fMRI) of the eerebral 
cortex. Speaking and hearing inerease aetivity (blood flovv, shovvn 
by yellovv and orange areas) in the posterior frontal and superior 
temporal lobes, respeetively. 


homunculus, the primary motor cortex map is an orderly 
but fuzzy map with neurons arranged in useful ways to 
eontrol and eoordinate sets of muscles. Neurons eontrol- 
ling the arm, for instanee, intermingle and overlap with 
those eontrolling the hand and shoulder. However, neu- 
rons eontrolling unrelated movements, such as those eon- 
trolling the arm and those eontrolling body tmnk muscles, 
do not eooperate in motor aetivity. 

Thus, the motor homunculus is useful to show that 
broad areas of the primary cortex are devoted to the leg, 
arm, torso, and head, but neuron organization within those 
broad areas is much more difflise than initially imagined. 

2. Premotor cortex. Just anterior to the preeentral gyms in the 
frontal lobe is the premotor cortex (see Figure 12.6, light 
red area). The premotor cortex helps plan movements. This 
region seleets and sequences basie motor movements into 
more complex tasks, such as playing a musical instrument or 
typing. Using highly proeessed sensory information reeeived 
from other eortieal areas, it ean eontrol vohintary aetions 
that depend on sensory feedbaek, such as moving an arm 
through a maze to grasp a hidden objeet. 

The premotor cortex eoordinates the movement of sev- 
eral muscle groups either simultaneously or sequentially, 
mainly by sending aetivating impulses to the primary mo- 
tor cortex. However, the premotor cortex also influences 
motor aetivity more direetly by supplying about 15% of 
pyramidal traet fibers. Think of this region as the staging 
area for skilled motor aetivities. 

3. Broea's area. Broea’s area (bro'kahz) lies anterior to the 
inferior region of the premotor area. It has long been 
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(a) Lateral view, left eerebral hemisphere 
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(b) Parasagittal view, right eerebral hemisphere 
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gure 12.6 Functional and structural areas of the eerebral cortex. 
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gure 12/ Body maps in the primary motor cortex and somatosensory cortex of 
the eerebmm. The relative amount and loeation of eortieal tissue devoted to eaeh function is 
proportional to the distorted body diagrams (homunculi). 
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eonsidered to be (1) present in one hemisphere only (usu- 
ally the left) and (2) a speeial motor speeeh area that direets 
the muscles involved in speeeh production. However, im- 
aging studies indieate that Broeas area also beeomes aetive 
as we prepare to speak and even as we think about (plan) 
many vohmtary motor aetivities other than speeeh. 

4. Frontal eye field. The frontal eye field is loeated partially 
in and anterior to the premotor cortex and superior to 
Broeas area. This eortieal region eontrols voluntary move- 
ment of the eyes. 



Homeostatie imbalanee 12.1 


Damage to loealized areas of the primary motor cortex (as from 
a stroke) paralyzes the body muscles eontrolled by those areas. 
If the lesion is in the right hemisphere, the left side of the body 
will be paralyzed. Only voluntary eontrol is lost, however, as the 
muscles ean still eontraet reflexively. 

Destmetion of the premotor cortex , or part of it, results in 
loss of the motor skill(s) programmed by that region, but does 


not impair muscle strength and the ability to perform the dis- 
erete individual movements. For example, if the premotor area 
eontrolling the flight of your fingers over a computer keyboard 
were damaged, you couldn t type with your usual speed, but you 
could still make the same movements with your fingers. Repro- 
gramming the skill into another set of premotor neurons would 
require praetiee, just as the initial learning proeess did. + 

Sensory Areas Areas eoneerned with conscious awareness of 
sensation, the sensory areas of the cortex, occur in the parietal, 
insular, temporal, and oeeipital lobes (see Figure 12.6, dark and 
light blue areas). 

1. Primary somatosensory cortex. The primary somatosen- 
sory cortex resides in the posteentral gyrus of the parietal 
lobe, just posterior to the primary motor cortex. Neurons 
in this gyrus reeeive information from the general (so- 
matie) sensory reeeptors in the skin and from proprioeep- 
tors (position sense reeeptors) in skeletal muscles, joints, 
and tendons. The neurons then identify the body region 
being stimulated, an ability ealled spatial diserimination. 
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As with the primary motor cortex, the body is repre- 
sented spatially and upside down aeeording to the site of 
stimulus input, and the right hemisphere reeeives input 
from the left side of the body. The amount of sensory eor- 
tex devoted to a particular body region is related to that re- 
gions sensitivity (that is, to how many reeeptors it has), not 
its size. In humans, the faee (espeeially the lips) and fin- 
gertips are the most sensitive body areas, so these regions 
are the largest parts of the somatosensory homunculus 
(shown in the right half of Figure 12.7). 

2. Somatosensory assoeiation cortex. The somatosensory 
assoeiation cortex lies just posterior to the primary so- 
matosensory cortex and has many eonneetions with it. 
The major fimetion of this area is to integrate sensory in- 
puts (temperature, pressure, and so forth) relayed to it via 
the primary somatosensory cortex to produce an under- 
standing of an objeet being felt: its size, texture, and the 
relationship of its parts. 

For example, when you reaeh into your poeket, your so- 
matosensory assoeiation cortex draws upon stored memo- 
ries of past sensory experiences to pereeive the objeets you 
feel as eoins or keys. Someone with damage to this area 
could not reeognize these objeets without looking at them. 

3. Visual areas. The primary visual (striate) cortex is seen on 
the extreme posterior tip of the oeeipital lobe, but most of it 
is buried deep in the ealearine sulcus in the medial aspeet of 
the oeeipital lobe (Figure 12.6b). The largest eortieal sensory 
area, the primary visual cortex reeeives visual information 
that originates on the retina of the eye. There is a eontralat- 
eral map of visual spaee on the primary visual cortex, analo- 
gous to the body map on the somatosensory cortex. 

The visual assoeiation area surrounds the primary 
visual cortex and eovers much of the oeeipital lobe. Com- 
municating with the primary visual cortex, the visual as- 
soeiation area uses past visual experiences to interpret 
visual stimuli (eolor, form, and movement), enabling us to 
reeognize a flower or a persons faee and to appreeiate what 
we are seeing. We do our “seeing” with these eortieal neu- 
rons. However, complex visual proeessing involves the en- 
tire posterior half of the eerebral hemispheres. Particularly 
important are two visual “streams”—one mnning along 
the top of the brain and handling spatial relationships and 
objeet loeation, the other taking the lower road and focus- 
ing on reeognizing faees, words, and objeets. 

4. Auditory areas. Eaeh primary auditory cortex is loeated 
in the superior margin of the temporal lobe abutting the 
lateral sulcus. Sound energy exciting the hearing reeep- 
tors of the inner ear causes impulses to be transmitted to 
the primary auditory cortex, where they are interpreted as 
piteh, loudness, and loeation. 

The more posterior auditory assoeiation area then 
permits the pereeption of the sound stimulus, which we 
“hear” as speeeh, a seream, music, thunder, noise, and so 
on. Memories of sounds heard in the past appear to be 
stored here for referenee. Wernickes area, which we de- 
seribe later, includes parts of the auditory cortex. 

5. Vestibular (equilibrium) cortex. Imaging studies show that 
the part of the cortex responsible for conscious awareness of 


balanee (the position of the head in spaee) is loeated in the 
posterior part of the insula and adjaeent parietal cortex. 

6. Olfaetory cortex. The primary olfaetory (smell) cortex lies 
on the medial aspeet of the temporal lobe in a small region 
ealled the piriform lobe which is dominated by the hooklike 
uncus (Figure 12.6b). Afferent fibers from smell reeeptors in 
the superior nasal eavities send impulses along the olfaetory 
traets that are ultimately relayed to the olfaetory eortiees. The 
outcome is conscious awareness of different odors. 

The olfaetory cortex is part of the primitive rhinen- 
eephalon (ri"nen-sef ah-lon; cc nose brain”), which in- 
cludes all parts of the eerebmm that reeeive olfaetory 
signals—the orbitofrontal cortex, uncus, and assoeiated 
regions loeated on or in the medial aspeets of the tem- 
poral lobes, and the protmding olfaetory traets and bulbs 
that extend to the nose. During the course of evohition, 
most of the “old” rhineneephalon has taken on new fime- 
tions eoneerned ehiefly with emotions and memory. It has 
beeome part of the “newer” emotional brain, ealled the 
limbie system , which we will eonsider later in this ehapter. 
The only portions of the human rhineneephalon still de- 
voted to smell are the olfaetory bulbs and traets (deseribed 
in Chapter 13) and the greatly reduced olfaetory eortiees. 

7. Gustatory cortex. The gustatory (taste) cortex (gus'tah-tor- 
e), a region involved in pereeiving taste stimuli, is loeated in 
the insula just deep to the temporal lobe (Figure 12.6a). 

8. Viseeral sensory area. The cortex of the insula just pos- 
terior to the gustatory cortex is involved in conscious 
pereeption of viseeral sensations. These include upset 
stomaeh, fiill bladder, and the feeling that your lungs will 
burst when you hold your breath too long. 



Homeostatie imbalanee 12.2 


Damage to the primary visual cortex (Figure 12.6) results in 
fimetional blindness. By eontrast, individuals with a damaged 
visual assoeiation area ean see, but they do not eomprehend 
what they are looking at. + 


Multimodal Assoeiation Areas The assoeiation areas that we have 
eonsidered so far (eolored light red or light blue in Figure 12.6) 
have all been tightly tied to one kind of primary motor or sensory 
cortex (eolored dark red or dark blue). Most of the cortex, though, 
eonsists of complexly eonneeted multimodal assoeiation areas 
(eolored light violet in Figure 12.6) that reeeive inputs from multi- 
ple senses and send outputs to multiple areas. 

In general, information flows from sensory reeeptors to the 
appropriate primary sensory cortex, then to a sensory assoeia- 
tion cortex and then on to the multimodal assoeiation cortex. 
Multimodal assoeiation cortex allows us to give meaning to the 
information that we reeeive, store it in memory, tie it to previ- 
ous experience and knowledge, and deeide what aetion to take. 
Those deeisions are relayed to the premotor cortex, which in 
turn communicates with the motor cortex. The multimodal as- 
soeiation cortex seems to be where sensations, thoughts, and 
emotions beeome conscious. It is what makes us who we are. 

Suppose, for example, you drop a bottle of aeid in the ehem lab 
and it splashes on you. You see the bottle shatter, hear the erash, 
feel your skin burning, and smell the aeid fiimes. These individual 
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pereeptions eome together in the multimodal assoeiation areas. 
Along with feelings of panie, these pereeptions are woven into a 
seamless whole, which (hopefhlly) reealls instmetions about what 
to do in this situation. As a result your premotor and primary mo- 
tor eortiees direet your legs to propel you to the safety shower. 

The imiltimodal assoeiation areas ean be broadly divided 
into three parts: the anterior assoeiation, posterior assoeiation, 
and limbie assoeiation areas. 

1. Anterior assoeiation area. The anterior assoeiation area 

in the frontal lobe, also ealled the prefrontal cortex, is the 
most eomplieated eortieal region of all (Figure 12.6). It is 
involved with intelleet, complex learning abilities (ealled 
eognition), reeall, and personality. It eontains working 
memory, which is neeessary for abstraet ideas, judgment, 
reasoning, persistenee, and planning. These abilities de- 
velop slowly in ehildren, which implies that the prefrontal 
cortex matures slowly and depends heavily on positive and 
negative feedbaek from our soeial environment. 

2. Posterior assoeiation area. The posterior assoeiation area 
is a large region eneompassing parts of the temporal, pari- 
etal, and oeeipital lobes. This area plays a role in reeognizing 
patterns and faees, loealizing us and our surroundings in 
spaee, and binding different sensory inputs into a eoherent 
whole. In the spilled aeid example above, your awareness of 
the entire seene originates from this area. Attention to an 
area of spaee or an area of ones own body is also a ffmetion 
of this part of the brain. Many parts of the posterior assoeia- 
tion area (including Wernickes area, Figure 12.6a) are also 
involved in understanding written and spoken language. 

3. Limbie assoeiation area. The limbie assoeiation area in- 
cludes the cingulate gyrus, parahippoeampal gyrus, and 
hippocampus (see Figures 12.6b and 12.16). Part of the 
limbie system (which we deseribe later), the limbie asso- 
eiation area provides the emotional impaet that makes a 
seene important to us. In our example above, it provides 
the sense of “danger” when the aeid splashes on our legs. 
The hippocampus establishes memories that allow us to 
remember this ineident. More on this later. 



Homeostatie imbalanee 12.3 


Tumors or other lesions of the anterior assoeiation area may cause 
mental and personality disorders including loss of judgment, atten- 
tiveness, and inhibitions. The affeeted individual may be oblivious to 
soeial restraints, perhaps beeoming eareless about personal appear- 
anee, or rashly attaeking a 7-foot opponent rather than mnning. 

Different problems arise for individuals with lesions in the 
part of the posterior assoeiation area that provides awareness of 
self in spaee. They may reffise to wash or dress the side of their 
body opposite to the lesion because “that doesn t belong to me.” + 


Lateralization of Cortical Functioning We use both eerebral 
hemispheres for almost every aetivity, and the hemispheres ap- 
pear nearly identieal. Nonetheless, there is a division of labor, 
and eaeh hemisphere has abilities not eompletely shared by its 
partner. This phenomenon is ealled lateralization. 

Although one eerebral hemisphere or the other “dominates” 
eaeh task, the term eerebral dominanee designates the hemisphere 


that is dominantfor language. In most people (about 90%), the left 
hemisphere has greater eontrol over language abilities, math, and 
logie. This so-ealled dominant hemisphere is working when we 
eompose a sentenee, balanee a eheekbook, and memorize a list. The 
other hemisphere (usually the right) is more free-spirited, more 
involved in visual-spatial skills, intuition, emotion, and artistie and 
musical skills. It is the poetie, ereative, and the “Ah-ha!” (insightffil) 
side of our nature, and in males it is better at reeognizing faees. 

Most individuals with left eerebral dominanee are right- 
handed. In the remaining 10% of people, the roles of the hemi- 
spheres are reversed or the hemispheres share their ffmetions 
equally. Typieally, right-eerebral-dominant people are left- 
handed and male. Some “lefties” who have a eerebral cortex that 
ffmetions bilaterally are ambidextrous. 

The two eerebral hemispheres have almost instantaneous eom- 
munication with eaeh other via eonneeting fiber traets, as well as 
eomplete ffmetional integration. Furthermore, although laterali- 
zation means that eaeh hemisphere is better than the other at eer- 
tain ffmetions, neither hemisphere is better at everything. 


Gerebral White Matter 


The seeond of the three basie regions of eaeh eerebral hemi- 
sphere is the internal eerebral white matter. From what we 
have already deseribed, you know that communication within 
the brain is extensive. The white matter deep to the eortieal gray 
matter is responsible for communication between eerebral areas 
and between the eerebral cortex and lower CNS eenters. 

White matter eonsists largely of myelinated fibers bundled 
into large traets. These fibers and traets are elassified aeeording 
to the direetion in which they run as assoeiation , eommissmal , 
or projeetion Figure 12.8 . 

■ Assoeiation fibers eonneet different parts of the same hemi- 
sphere. Short assoeiation fibers eonneet adjaeent gyri. Long 
assoeiation fibers are bundled into traets and eonneet differ- 
ent eortieal lobes. 


r 


12 
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■ Commissural fibers eonneet eorresponding gray areas of 
the two hemispheres. These commissures (kom'ì-shurz) al- 
low the two hemispheres to fimetion as a eoordinated whole. 
The largest commissure is the corpus callosum (kah-lo'sum; 
“thiekened body”), which lies superior to the lateral ventri- 
eles, deep within the longitudinal fissure. Less prominent 
examples are the anterior and posterior commissures (see 
Figure 12.10, p. 440). 

■ Proj eetion fibers either enter the eerebr al cortex from lower br ain 
or eord eenters or deseend from the cortex to lower areas. Sensory 
information reaehes the eerebral cortex and motor output leaves 
it through these projeetion fibers. They tie the cortex to the rest of 
the nervous system and to the bodys reeeptors and effeetors. In 
eontrast to commissural and assoeiation fibers, which mn hori- 
zontally, projeetion fibers mn vertieally (Figure 12.8a). 

At the top of the brain stem, the projeetion fibers on eaeh 
side form a eompaet band, the internal capsule, that passes 
between the thalamus and some of the basal nuclei. Beyond 
that point, the fibers radiate fanlike through the eerebral 
white matter to the cortex. This distinetive arrangement is 
ealled the eorona radiata (“radiating crown”). 
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Figure 12.8 White fiber traets of the eerebral hemispheres. Commissural, assoeiation, 
and projeetion fibers run vvithin the eerebmm, and betvveen the cerebrum and lovver CNS 
eenters. In all vievvs, notiee the tight band of projeetion fibers, ealled the internal capsule, that 
passes betvveen the thalamus and the basal nuclei, and then fans out as the eorona radiata. 
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Figiire 12.9 Basal nuclei. (a) Three-dimensional vievv of the basal nuclei (basal ganglia), 
shovving their position in the cerebrum. (b) Transverse seetion of cerebrum and dieneephalon 
shovving the relationship of the basal nuclei to the thalamus and the lateral and third ventrieles. 


Basal Nuclei 

Deep within the eerebral white matter is the third basie region of 
eaeh hemisphere, a group of subcortical nuclei ealled the basal 
nuclei or basal ganglia * Although the definition of the preeise 

*Because a nucleus is a eolleetion of nerve eell bodies within the CNS, the term 
basal nuclei is teehnieally eorreet. The more frequently used but misleading 
historieal term basal ganglia is a misnomer and should be abandoned, because 
ganglia are PNS structures. 


structures forming the basal nuclei is eontroversial, most anatomists 
agree eaeh hemispheres basal nuclei include the caudate nucleus 
(kaw'dàt), putamen (pu-ta'men), and globus pallidus (glo'bis 
pal'ì-dus) (Figure 12.9). 

The eomma-shaped caudate nucleus arehes superiorly over 
the dieneephalon. Together with the putamen, it forms the stria- 
tum (stri-a'tum), so ealled because the fibers of the internal eap- 
sule passing through them ereate a striped appearanee. Although 
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Figure 12.10 Midsagittal seetion of the brain. (a) lllustration highlighting the 
dieneephalon (purple) and brain stem (green). (b) Photo of same vievv. 
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the putamen (“pod”) and globus pallidus (“pale globe”) together 
form a lens-shaped mass, sometimes ealled the lentiform nucleus , 
these two nuclei are functionally separate. 

The basal nuclei are functionally assoeiated with the subtha- 
lamie nuclei (loeated in the lateral “floor” of the dieneephalon) 
and the substantia nigra of the midbrain (see Figure 12.14a). 

The basal nuclei reeeive input from the entire eerebral cortex, 
as well as from other subcortical nuclei and eaeh other. Via re- 
lays through the thalamus, the output nucleus of the basal nuclei 
(globus pallidus) and the substantia nigra projeet to the premo- 
tor and prefrontal eortiees and so infhienee muscle movements 
direeted by the primary motor cortex. The basal nuclei have no 
direet aeeess to motor pathways. 

The preeise role of the basal nuclei has been elusive because of 
their inaeeessible loeation and because their motor flinetions over- 
lap with those of the cerebellum. In addition to their motor fline- 
tions, the basal nuclei play a role in eognition and emotion. In all 
of these eases, the basal nuclei seem to filter out ineorreet or inap- 
propriate responses, passing only the best response on to the cortex. 

For example, in motor aetivity, the basal nuclei are particu- 
larly important in starting, stopping, and monitoring the inten- 
sity of movements executed by the cortex, espeeially those that 
are relatively slow or stereotyped, such as arm-swinging during 
walking. Additionally, they inhibit antagonistie or unnecessary 
movements. Disorders of the basal nuclei result in either too 
much movement (as in Fhmtingtons disease) or too little move- 
ment (Parkinsons disease); see p. 464. 



Check Your IJnderstanding 


4. What anatomieal landmark of the eerebral cortex separates 
primary motor areas from somatosensory areas? 

5. Mike, vvho is left-handed, deeided to vvear his favorite T-shirt 
to his anatomy elass. On his T-shirt vvere the vvords "Only 
left-handed people are in their right minds." What does this 
statement mean? 

6. Which type of fiber allovvs the tvvo eerebral hemispheres to 
"talk to eaeh other"? 

7. Name the eomponents of the basal nuclei. 

_ For ansvvers, see Appendix H. 


Dieneephalon 

S Deseribe the loeation of the dieneephalon, and name ìts 
siibdivisions and functions. 

Forming the eentral eore of the forebrain and surrounded by 
the eerebral hemispheres, the dieneephalon eonsists largely of 
three paired structures—the thalamus, hypothalamus, and epi- 
thalamus. These gray matter areas eolleetively enelose the third 
ventriele (Figure 12.10). 

Thalamus 

The thalanms eonsists of bilateral egg-shaped nuclei, which form 
the superolateral walls of the third ventriele (Figures 12.8 and 
12.10). In most people, an interthalamie adhesion (intermedi- 
ate mass) eonneets the nuclei. Thalamus is a Greek word mean- 


ing “inner room,” which well deseribes this deep, well-hidden 
brain region that makes up 80% of the dieneephalon. 

The thalamus is the relay station for information eom- 
ing into the eerebral cortex. Within the thalamus are a large 
number of nuclei, most named aeeording to their loeation 

gure 12.11a). Eaeh nucleus has a functional speeialty, and 
eaeh projeets fibers to and reeeives fibers from a speeifie re- 
gion of the eerebral cortex. 

Afferent impulses from all senses and all parts of the body 
eonverge on the thalamus and synapse with at least one of its 
nuclei. For example, the ventral posterolateral nuclei reeeive 
impulses from the general somatie sensory reeeptors (touch, 
pressure, pain, ete.), and the lateral and medialgeniculate bodies 
(jé-nik'u-làt; “knee shaped”) are important visual and auditory 
relay eenters, respeetively. 

Within the thalamus, information is sorted out and “edited.” 
Impulses having to do with similar fimetions are relayed as a 
group via the internal capsule to the appropriate area of the sen- 
sory cortex as well as to speeifie eortieal assoeiation areas. As 
the afferent impulses reaeh the thalamus, we have a crude ree- 
ognition of the sensation as pleasant or unpleasant. However, 
speeifie stimulus loealization and diserimination occur in the 
eerebral cortex. 

In addition to sensory inputs, virtually all other inputs as- 
eending to the eerebral cortex fimnel through thalamie nuclei. 
These inehide: 


■ Inputs that help regulate emotion and viseeral fimetion from 
the hypothalamus (via the anterior nuclei) 

■ Instructions that help direet the aetivity of the motor eortiees 
from the cerebellum and basal nuclei (via the ventral lateral 
and ventral anterior nuclei, respeetively) 

■ Inputs for memory or sensory integration that are projeeted 
to speeifie assoeiation eortiees (via pulvinar, lateral dorsal, 
and lateral posterior nuclei) 



In summary, the thalamus plays a key role in mediating sen- 
sation, motor aetivities, eortieal arousal, learning, and memory. 
It is tmly the gateway to the eerebral cortex. 


Hypothalamus 

Named for its position below ( hypo ) the thalamus, the hypo- 
thalamus eaps the brain stem and forms the inferolateral walls 
of the third ventriele (Figure 12.10). Merging into the midbrain 
inferiorly, the hypothalamus extends from the optie ehiasma 
(erossover point of the optie nerves) to the posterior margin of 
the mammillary bodies. 

The mammillary bodies (mam'mil-er-e; “little breast”), 
paired pealike nuclei that bulge anteriorly from the hypothala- 
mus, are relay stations in the olfaetory pathvvays. Between the 
optie ehiasma and mammillary bodies is the infundibulum 
(in"fun-dib'u-lum), a stalk of hypothalamie tissue that eonneets 
the pituitary gland to the base of the hypothalamus. Like the 
thalamus, the hypothalamus eontains many functionally im- 
portant nuclei (Figure 12.1 lb). 

Despite its small size, the hypothalamus is the main viseeral 
eontrol eenter of the body and is vitally important to overall 
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(a) The main thalamie nuclei. (The reticular nuclei that “eap” the 
thalamus laterally are depieted as curving translucent structures.) 


(b)The main hypothalamie nuclei. 


Figiire 12.11 Seleeted structures of the dieneephalon. 


body homeostasis. Few tissues in the body eseape its influence. 

Its ehief homeostatie roles are to: 

■ Control the autonomic nervous system. Reeall that the au- 
tonomie nervous system (ANS) is a system of peripheral 
nerves that regulates eardiae and smooth muscle and seere- 
tion by the glands. The hypothalamus regulates ANS aetivity 
by eontrolling the aetivity of eenters in the brain stem and 
spinal eord. In this role, the hypothalamus influences blood 
pressure, rate and foree of heartbeat, digestive traet motility, 
eye pupil size, and many other viseeral aetivities. 

■ Initiate physieal responses to emotions. The hypothalamus 
lies at the “heart” of the limbie system (the emotional part of 
the brain). It eontains nuclei involved in pereeiving pleasure, 
fear, and rage, as well as those involved in biologieal rhythms 
and drives (such as the sex drive). 

The hypothalamus aets through ANS pathways to initiate 
most physieal expressions of emotion. For example, a fear- 
ful person has a pounding heart, high blood pressure, pallor, 
sweating, and a dry mouth. 

■ Regulate body temperature. The bodys thermostat is in the 
hypothalamus. Hypothalamie neurons monitor blood tem- 
perature and reeeive input from other thermoreeeptors in 
the brain and body periphery. Aeeordingly, the hypothala- 
mus initiates eooling (sweating) or heat-generating aetions 
(shivering) as needed to maintain a relatively eonstant body 
temperature (see Figure 24.26, p. 946). 


■ Regulate food intake. In response to ehanging blood levels 
of eertain nutrients (glucose and amino aeids) or hormones 
(eholeeystokinin, ghrelin, and others), the hypothalamus 
regulates feelings of hunger and satiety. 

■ Regulate water balanee and thirst. When body fluids beeome 
too eoneentrated, hypothalamie neurons ealled osmoreeeptors 
are aetivated. Osmoreeeptors excite hypothalamie nuclei that 
trigger the release of antidiuretic hormone (ADH) from the 
posterior pituitary. ADH causes the kidneys to retain water. 
The same eonditions also stimulate hypothalamie neurons in 
the thirst eenter , causing us to feel thirsty and drink more flmds. 

■ Regulate sleep-wake eydes. Aeting with other brain regions, the 
hypothalamus helps regulate sleep. Its suprachiasmatic nucleus 
(our biologieal eloek) sets the timing of the sleep eyele in response 
to daylight-darkness cues reeeived from the visual pathways. 

■ Control endoerine system function. The hypothalaimis aets 
as the helmsman of the endoerine system in two important 
ways. First, its releasing and inhibiting hormones eontrol the 
seeretion of hormones by the anterior pituitary gland. See- 
ond, its supraoptic and paraventricular nuclei produce the 
hormones ADH and oxytocin. 



Homeostatie imbalanee 12.4 


Hypothalamie disturbances cause a number of disorders includ- 
ing severe body wasting, obesity, sleep disturbances, dehydra- 
tion, and emotional imbalanees. For example, the hypothalamus 
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is implieated in failrne to thrive , a eondition eharaeterized by 
delay in growth or development that occurs when a ehild is de- 
prived of a warm, nurturing relationship. + 


Epithalamus 

The most dorsal portion of the dieneephalon, the epithala- 
mus forms the roof of the third ventriele. Extending from its 
posterior border and visible externally is the pineal gland or 
body (pin'e-al; “pine eone shaped”) (see Figures 12.10 and 
12.13c). The pineal gland seeretes the hormone melatonin (a 
sleep-inducing signal and antioxidant; see Chapter 16) and, 
along with hypothalamie nuclei, helps regulate the sleep-wake 
eyele. The posterior eommissme forms the caudal border of the 
epithalamus. 



Check Your LPnderstanding 


From superior to inferior, the brain stem regions are mid- 
brain, pons, and medulla oblongata (Figures 12.10, 12.12, 
and 12.13). Eaeh roughly an ineh long, eolleetively they ae- 
count for only 2.5% of total brain mass. Histologieally, the 
organization of the brain stem is similar (but not identieal) 
to that of the spinal eord—deep gray matter surrounded by 
white matter fiber traets. However, the brain stem has nuclei 
of gray matter embedded in the white matter, a feature not 
found in the spinal eord. 

Brain stem eenters produce the rigidly programmed, auto- 
matie behaviors neeessary for survival. Positioned between the 
eerebmm and the spinal eord, the brain stem also provides a 
pathway for fiber traets mnning between higher and lower neu- 
ral eenters. Additionally, brain stem nuclei are assoeiated with 
10 of the 12 pairs of eranial nerves (which we will deseribe in 
Chapter 13), so it is heavily involved with innervating the head. 


8. Why is the thalamus ealled the "gatevvay to the eerebral cortex"? 

9. The hypothalamus oversees a braneh of the peripheral 
nervous system. Which braneh? 

_ For ansvvers, see Appendix H. 

Braìn Stem 

/ Identify the three major regions of the brain stem, and 
note the fimetions of eaeh area. 


Midbrain 

The midbrain is loeated between the dieneephalon and pons 
( -igure 12.12 and igure 12.13). On its ventral aspeet two 
bulging eerebral peduncles (pé-dung'klz) form vertieal 
pillars that seem to hold up the cerebrum, henee their name 
meaning “little feet of the eerebmm” (Figure 12.13a, b, and 
gure 12.14a). The crus eerebri (“leg of the eerebmm”) of 
eaeh peduncle eontains a large pyramidal (eortieospinal) I 
motor traet deseending toward the spinal eord. The superior 
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Figure 12.12 Inferior view of the brain, 
showing the three parts of the brain stem: 
midbrain, pons, and medulla oblongata. Only 
a small portion of the midbrain is visible in this 
vievv. (For a related image, s ee A BriefAtlas ofthe 
Human Body, Figure 49.) 
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Figure 12.13 Three vievvs of the brain stem (green) and the dieneephalon (purple). 


eerebellar pedimeles , also fiber traets, eonneet the midbrain 
to the eerebelhim dorsally (Figure 12.13b, e). 

Running through the midbrain is the hollow eerebral aq- 
ueducU which eonneets the third and fourth ventrieles (Fig- 
ures 12.10 and 12.14a). It delineates the eerebral peduncles ven- 
trally from the tectum , the midbrains roof. Surrounding the aque- 
duct is the periaqueductal gray matter , which is involved in pain 
suppression and links the fear-pereeiving amygdaloid body and 
ANS pathways that eontrol the “fight-or-flight” response. The 
periaqueductal gray matter also includes nuclei that eontrol two 
eranial nerves, the oculomotor and the troehlear nuclei (trok'le-ar). 

Nuclei are also seattered in the surrounding white mat- 
ter of the midbrain. The eorpora quadrigemina (kor'por-ah 
kwod"rì-jem'ì-nah; cc quadruplets”) 5 the largest midbrain nuclei, 
raise four domelike protrusions on the dorsal midbrain surface 
(Figures 12.10 and 12.13c). The superior pair, the superior eol- 
liculi (kò-lik'u-li), are visual reflex eenters that eoordinate head 


and eye movements when we visually follow a moving objeet, 
even if we are not consciously looking at it. The inferior eol- 
liculi are part of the auditory relay from the hearing reeeptors of 
the ear to the sensory cortex. They also aet in reflexive responses 
to sound, such as the startle reflex which causes you to turn your 
head toward an unexpected noise. 

Also embedded in eaeh side of the midbrain white matter are 
two pigmented nuclei, the substantia nigra and red nucleus. The 
bandlike substantia nigra (sub-stan'she-ah ni'grah) is loeated 
deep to the eerebral peduncle (Figure 12.14a). Its dark ( nigr = 
blaek) eolor refleets a high eontent of melanin pigment, a pre- 
cursor of the neurotransmitter (dopamine) released by these 
neurons. The substantia nigra is functionally linked to the basal 
nuclei (its axons projeet to the putamen), and many authorities 
eonsider it part of the basal mielear complex. Degeneration of 
the dopamine-releasing neurons of the substantia nigra is the 
ultimate cause of Parkinsons disease. 
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igiire 12.1 (continued) 


The oval red nucleus lies deep to the substantia nigra (Fig- 
ure 12.14a). Its reddish hue is due to its rieh blood supply and 
to the presenee of iron pigment in its neurons. The red nuclei 
are relay nuclei in some deseending motor pathways that effeet 
limb flexion, and they are embedded in the retieiilar formation, 
a system of small nuclei seattered through the eore of the brain 
stem (see pp. 450-451). 

Pons 

The pons is the bulging brain stem region wedged between the 
midbrain and the medulla oblongata (see Figures 12.10, 12.12, 
and 12.13). Dorsally, the fourth ventriele separates it from the 
cerebellum. 

As its name suggests ( pons = bridge), the pons is ehiefly 
eomposed of conduction traets. They are oriented in two dif- 
ferent direetions: 

■ The deep projeetion fibers mn longitudinally as part of the 
pathway between higher brain eenters and the spinal eord. 

■ The more superficial ventral fibers are oriented transversely 
and dorsally. They form the middle eerebellar peduncles and 
eonneet the pons bilaterally with the two sides of the eerebel- 
lum dorsally (Figure 12.13). These fibers issue from numer- 
ous pontine nucleU which relay c eonversations” between the 
motor cortex and eerebellmn. 

Several eranial nerve pairs issue from pontine nuclei. They 
include the trigeminal (tri-jem'ì-nal), abducens (ab-du'senz), 
and faeial nerves (Figures 12.13a, b and 12.14b). We discuss the 
eranial nerves and their functions in Chapter 13. 


Other important pontine nuclei are part of the reticular for- 
mation and some help the medulla oblongata maintain the nor- 
mal rhythm of breathing. 



Mediilla Oblongata 

The eonieal medulla oblongata (mé-dul'ah ob'long-gah'tah), 
or simply medulla, is the most inferior part of the brain stem. 
It blends impereeptibly into the spinal eord at the level of the 
foramen magnum of the skull (Figures 12.10 and 12.12; see 
Figure 7.6, p. 206). 

The eentral eanal of the spinal eord continues upward into 
the medulla, where it broadens out to form the eavity of the 
fourth ventriele. Together, the medulla and the pons form the 
ventral wall of the fourth ventriele. [The dorsal ventricular wall 
is formed by a thin eapillary-rieh membrane ealled a ehoroid 
plexus which abuts the eerebellmn dorsally (Figure 12.10).] 


Structures of the Medulla Oblongata Flanking the midline 
on the medullas ventral aspeet are two longitudinal ridges ealled 
pyramids, formed by the large pyramidal (eortieospinal) traets 
deseending from the motor cortex (Figure 12.14c). Just above 
the medulla-spinal eord junction, most of these fibers eross 
over to the opposite side before continuing into the spinal eord. 
This erossover point is ealled the decussation of the pyramids 
(de"kus-sa'shun; cc a erossing”). As a result of this erossover, eaeh 
eerebral hemisphere ehiefly eontrols the vohmtary movements 
of muscles on the opposite side of the body. 

Several other structures are visible externally. The inferior 
eerebellar peduncles are fiber traets that eonneet the medulla 
to the eerebelhim dorsally. Situated lateral to the pyramids, 
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gure 12.14 Cross seetions through different regions of the brain stem. 


the olives are oval swellings (which do resemble olives) (Fig- 
ure 12.13b). These swellings are caused mainly by the wavy 
folds of gray matter of the underlying inferior olivary nuclei 
(Figure 12.14c). These nuclei relay sensory information on the 
degree of streteh in muscles and joints to the cerebellum. The 
rootlets of the hypoglossal nerves emerge from the groove be- 
tween the pyramid and olive on eaeh side of the brain stem. 
Other eranial nerves assoeiated with the medulla are the glos- 
sopharyngeal nerves and vagus nerves. Additionally, the fibers 


of the vestibulocochlear nerves (ves-tib"u-lo-kok'le-ar) synapse 
with the eoehlear nuclei (auditory relays), and with numerous 
vestibular nuclei in both the pons and medulla. The vestibular 
nuclei mediate responses that maintain equilibrium. 

Also housed in the medulla are several nuclei assoeiated with 
aseending sensory traets. The most prominent are the dorsally 
loeated nucleus graeilis (grah-sì'lis) and nucleus cuneatus 
(ku'ne-àt-us), assoeiated with a traet ealled the medial lemnis- 
cus (Figure 12.14). These serve as relay nuclei in a pathway by 
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which general somatie sensory information aseends from the 
spinal eord to the somatosensory cortex. 

Functions of the Medulla Oblongata The small size of the 
medulla belies its erneial role as an autonomic reflex eenter 
involved in maintaining body homeostasis. The medulla eon- 
tains these important functional groups of viseeral motor 
nuclei: 

■ Cardiovascular eenter. This includes the eardiae eenter , 
which adjusts the foree and rate of heart eontraetion to meet 
the body s needs, and the vasomotor eenter , which ehanges 
blood vessel diameter to regulate blood pressure. 

■ Respiratory eenters. These generate the respiratory rhythm 
and (in eoneert with pontine eenters) eontrol the rate and 
depth of breathing. 

■ Various other eenters. Additional eenters regulate such ae- 
tivities as vomiting, hiccuping, swallowing, coughing, and 
sneezing. 

Notiee that many functions listed above are also attributed 
to the hypothalamus (pp. 441-442). The overlap is easily ex- 
plained. The hypothalamus eontrols many viseeral functions by 
relaying its instmetions through medullary reticular eenters, 
which earry them out. 



CheckYour IJnderstanding 


10. What are the pyramids of the medulla? What is the result of 
decussation of the pyramids? 

11. Which region of the brain stem is assoeiated vvith the 
eerebral peduncles and the superior and inferior colliculi? 

_ For ansvvers, see Appendix H. 


Cerebellum 

Deseribe the structure and function of the cerebellum. 

The cauliflower-like eerebelhim (ser"é-bel'um; “small brain”), 
exceeded in size only by the eerebmm, accounts for about 11% 
of total brain mass. The eerebellmn is loeated dorsal to the pons 
and medulla (and to the intervening fourth ventriele). It pro- 
tmdes under the oeeipital lobes of the eerebral hemispheres, 
from which it is separated by the transverse eerebral fissure (see 
Figure 12.4b). 

By proeessing inputs reeeived from the eerebral motor eor- 
tex, various brain stem nuclei, and sensory reeeptors, the eer- 
ebellum provides the preeise timing and appropriate patterns 
of skeletal muscle eontraetion for smooth, eoordinated move- 
ments and agility needed for our daily living—driving, typing, 
and for some of us, playing the tuba. Cerebellar aetivity occurs 
subconsciously—we have no awareness of it. 


fissures subdivide eaeh hemisphere into anterior, posterior, and 
flocculonodular lobes (flok"u-lo-nod'u-lar). The small propeller- 
shaped flocculonodular lobes, situated deep to the vermis and 
posterior lobe, eannot be seen in a smfaee view. 

Like the eerebmm, the cerebellum has a thin outer cortex of 
gray matter, internal white matter, and small, deeply situated, paired 
masses of gray matter, the most familiar of which are the dentate nu- 
elei. Several types of neurons populate the eerebellar cortex, includ- 
ing Purkinje eells (see Table 11.1 on p. 394). These large eells, with 
their extensively branehed dendrites, are the only eortieal neurons 
that send axons through the white matter to synapse with the een- 
tral nuclei of the cerebellum. The distinetive pattern of white matter 
in the cerebellum resembles a branehing tree, a pattern faneifiilly 
ealled the arbor vitae (ar'bor vi'te; “tree of life”) (Figure 12.15a, b). 

The anterior and posterior lobes of the cerebellum, which 
eoordinate body movements, have three sensory maps of the 
entire body as indieated by the homunculi in Figure 12.15d. The 
part of the eerebellar cortex that reeeives sensory input from a 
body region influences motor output to that region. The medial 
portions influence the motor aetivities of the tmnk and girdle 
muscles. The intermediate parts of eaeh hemisphere influence 
the distal parts of the limbs and skilled movements. The lateral- 
most parts of eaeh hemisphere integrate information from the 
assoeiation areas of the eerebral cortex and appear to play a role 
in planning movements rather than executing them. The floe- 
culonodular lobes reeeive inputs from the equilibrium appa- 
ratus of the inner ears, and adjust posture to maintain balanee. 


Gerebellar Peduncles 



As noted earlier, three paired fiber traets—the eerebellar 
peduncles—eonneet the eerebellmn to the brain stem (see Fig- 
ures 12.13 and 12.15b). Unlike the eontralateral fiber distribu- 
tion to and from the eerebral cortex, virtually all fibers entering 
and leaving the eerebellmn are ipsilateral (ipsi = same)—from 
and to the same side of the body. 


■ The superior eerebellar peduncles eonneeting cerebellum 
and midbrain earry instmetions from neurons in the deep 
eerebellar nuclei to the eerebral motor cortex via thalamie re- 
lays. Like the basal nuclei, the eerebelhim has no direet eon- 
neetions to the eerebral cortex. 


■ The middle eerebellar peduncles earry one-way commu- 
nieations from the pons to the eerebelhim, advising the eer- 
ebellum of vohmtary motor aetivities initiated by the motor 
cortex (via relays in the pontine nuclei). 

■ The inferior eerebellar peduncles eonneet medulla and eer- 
ebellum. These peduncles eonvey sensory information to the 
eerebelhim from (1) muscle proprioeeptors throughout the 
body, and (2) the vestibular nuclei of the brain stem, which 
are eoneerned with equilibrium and balanee. 


Cerebellar Anatomy 

The cerebellum is bilaterally symmetrieal. The wormlike ver- 
mis eonneets its two apple-sized eerebellar hemispheres medi- 
ally Figure 12.1! . Its surface is heavily convoluted, with fine, 
transversely oriented pleatlike gyri known as folia (“leaves”). Deep 


Cerebellar Proeessing 

Cerebellar proeessing fine-tunes motor aetivity as follows: 

1. The motor areas of the eerebral cortex, via relay nuclei in 
the brain stem, notify the eerebelhim of their intent to ini- 
tiate voluntary muscle eontraetions. 
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gure 12.15 Cerebellum. (a) Photo of midsagittal seetion. (b) Dravving of parasagittal 
seetion. (e) Photograph of the posterior aspeet of the cerebellum. (d) Three body maps of the 
eerebellar cortex (in the form of homunculi). 


2. At the same time, the cerebellum reeeives information 
from proprioeeptors throughout the body (regarding ten- 
sion in the muscles and tendons, and joint position) and 
from visual and equilibrium pathways. This information 
enables the cerebellum to evaluate body position and 
momentum—where the body is and where it is going. 

3. The eerebellar cortex calculates the best way to eoordinate 
the foree, direetion, and extent of muscle eontraetion to 
prevent overshoot, maintain posture, and ensure smooth, 
eoordinated movements. 


4. Then, via the superior peduncles, the eerebellmn dis- 
patehes to the eerebral motor cortex its cc blueprint” for 
eoordinating movement. Cerebellar fibers also send infor- 
mation to brain stem nuclei, which in turn influence mo- 
tor neurons of the spinal eord. 

Just as an automatic pilot eompares a planes instmment 
readings with the planned course, the cerebellum eontimially 
eompares the body s performanee with the higher brains inten- 
tion and sends out messages to initiate appropriate eorreetive 
measures. Cerebellar injury results in loss of muscle tone and 
clumsy, unsure movements. 
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Figiire 12.16 The limbie system. Lateral vievv of the brain, shovving some of the structures 
of the limbie system, the emotional-viseeral brain. The brain stem is not illustrated. 


Cognitive Functions of the Cerebellum 

Neuroanatomy, imaging studies, and observations of patients 
with eerebellar injuries suggest that the cerebellum also plays 
a role in thinking, language, and emotion. As in the motor sys- 
tem, the eerebellmn may eompare the actual output of these 
systems with the expected output and adjust aeeordingly. Much 
still remains to be diseovered about the preeise role of the eer- 
ebellum in nonmotor functions. 



Check Your Understanding 


12. In vvhat vvays are the cerebellum and the eerebmm similar? 

In vvhat vvays are they different? 

_ For ansvvers, see Appendix H. 


Fiinetional Brain Systems 

Loeate the limbie system and the reticular formation, and 
explain the role of eaeh functional system. 

Functional brain systems are networks of neurons that work 
together but span relatively large distanees in the brain, so 
they eannot be loealized to speeifie regions. The limbie system 
and the retieiilar formation are excellent examples. Table 12.1 
summarizes their functions, as well as those of the eerebral 
hemispheres, dieneephalon, brain stem, and cerebellum. 

The Limbie System 

The limbie system is a group of structures loeated on the medial 
aspeet of eaeh eerebral hemisphere and dieneephalon. Its eerebral 
structures eneirele ( limbus = ring) the upper part of the brain stem 
(Figure 12.16 . The limbie system includes the amygdaloid body 


(ah-mig'dah-loid), an almond-shaped nucleus that sits on the 
tail of the caudate nucleus, and other parts of the rhineneephalon 
(i cingulate gyrus , septal nuclei , the C-shaped hippocampus , dentate 
gyrus , and parahippoeampal gyrus). In the dieneephalon, the main 
limbie structures are the hypothalamus and the anterior thalamie 
nuclei. The fornix ( c areh”) and other fiber traets link these limbie 
system regions together. 

The limbie system is our emotional , or affeetive (feelings), 
brain. The amygdaloid body and the anterior part of the 
cingulate gyrus seem espeeially important in emotions. The 
amygdaloid body is eritieal for responding to pereeived threats 
(such as angry or fearfiil faeial expressions) with fear or aggres- 
sion. The cingulate gyrus plays a role in expressing our emo- 
tions through gestures and in resolving mental eonfliets when 
we are fmstrated. 

Odors often trigger emotional reaetions and memories. 
These responses refleet the origin of much of the limbie system 
in the primitive cc smell brain” (rhineneephalon). Our reaetions 
to odors are rarely neutral (a skunk smells bad and repulses us), 
and odors often reeall memories of emotion-laden events. 

Extensive eonneetions between the limbie system and lower 
and higher brain regions allow the system to integrate and re- 
spond to a variety of environmental stimuli. Most limbie sys- 
tem output is relayed through the hypothalamus. Because the 
hypothalamus is the neural clearinghouse for both autonomic 
(viseeral) fimetion and emotional response, it is not surprising 
that some people under acute or unrelenting emotional stress 
fall prey to viseeral illnesses, such as high blood pressure and 
heartburn. Such emotion-induced illnesses are ealled psyeho- 
somatie illnesses. 

Because the limbie system interaets with the prefrontal lobes, 
there is an intimate relationship between our feelings (mediated 
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Table 12.1 Functions of Major Brain Regions 


REGION FUNCTION 

Cerebral Hemispheres (pp. 430-441) 

Cortical gray matter: 

■ Loealizes and interprets sensory inputs 

■ Controls voluntary and skilled skeletal muscle aetivity 

■ Functions in intellectual and emotional proeessing 
Basal nuclei (ganglia): 

■ Subcortical motor eenters 

■ Help eontrol skeletal muscle movements 

Dieneephalon (pp. 441-443) 





Thalarrms: 

■ Relays sensory impulses to eerebral cortex for interpretation 

■ Relays impulses betvveen eerebral motor cortex and lovver (subcortical) motor eenters, including cerebellum 

■ Involved in memory proeessing 

Hypothalamus: 

■ Chief integration eenter of autonomic (involuntary) nervous system 

■ Regulates body temperature, food intake, vvater balanee, thirst, and biologieal rhythms and drives 

■ Regulates hormonal output of anterior pituitary gland 

■ Aets as an endoerine organ, producing posterior pituitary hormones ADH and oxytocin 



Limbie System (pp. 449-450)—A functional system: 

■ lncludes eerebral and dieneephalon structures (e.g., hypothalamus and anterior thalamie nuclei) 

■ Mediates emotional response 

■ Involved in memory proeessing 


by the emotional brain) and our thoughts (mediated by the 
eognitive brain). As a result, we (1) reaet emotionally to things 
we consciously understand to be happening, and (2) are eon- 
sciously aware of the emotional riehness of our lives. Commu- 
nieation between the eerebral cortex and limbie system explains 
why emotions sometimes override logie and, eonversely, why 
reason ean stop us from expressing our emotions in inappro- 
priate situations. Particular limbie system structures—the hip- 
pocampus and amygdaloid body—also play a role in memory. 

The Retieiilar Formation 

The reticular formation extends through the eentral eore of 
the medulla oblongata, pons, and midbrain Figure 12.1 r . It 
is eomposed of loosely clustered neurons in what is otherwise 
white matter. These neurons form three broad columns along 
the length of the brain stem (Figure 12.14c): (1) the midline 
raphe nuclei (ra'fe; raphe = seam or erease), which are flanked 
laterally by (2) the medial (large eell) group of nuclei and (3) 
the lateral (small eell) group of nuclei. 

The outstanding feature of the reticular neurons is their far- 
flung axonal eonneetions. Individual reticular neurons projeet 


to the hypothalamus, thalamus, eerebral cortex, cerebellum, 
and spinal eord, making reticular neurons ideal for governing 
the arousal of the brain as a whole. 

For example, unless inhibited by other brain areas, the neu- 
rons of the part of the reticular formation known as the re- 
ticular aetivating system (RAS) send a continuous stream of 
impulses to the eerebral cortex, keeping the cortex alert and 
conscious and enhaneing its excitability. Impulses from all the 
great aseending sensory traets synapse with RAS neurons, keep- 
ing them aetive and enhaneing their arousing effeet on the eer- 
ebrum. (This may explain why many students, stimulated by a 
bustling environment, like to study in a crowded eafeteria.) 

The RAS also filters this flood of sensory inputs. Repetitive, 
familiar, or weak signals are filtered out, but unusual, signifi- 
eant, or strong impulses do reaeh consciousness. For example, 
you are probably unaware of your watch eneireling your wrist, 
but would immediately notiee it if the elasp broke. Between 
them, the RAS and the eerebral cortex disregard perhaps 99% of 
all sensory stimuli as unimportant. If this filtering did not occur, 
the sensory overload would drive us erazy. The drug LSD in- 
terferes with these sensory dampers, promoting an often over- 
whelming sensory overload. 
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REGION FUNCTION 

Brain Stem (pp. 443-447) 



Midbrain: 

■ Contains visual (superior colliculi) and auditory (inferior colliculi) reflex eenters 

■ Contains subcortical motor eenters (substantia nigra and red nuclei) 

■ Contains nuclei for eranial nerves III and IV 

■ Contains projeetion fibers (e.g., fibers of the pyramidal traets) 



Pons: 

■ Relays information from the cerebrum to the cerebellum 

■ Cooperates with the medullary respiratory eenters to eontrol respiratory rate and depth 

■ Contains nuclei of eranial nerves V-VII 

■ Contains projeetion fibers 

Medulla oblongata: 

■ Relays aseending sensory pathway impulses from skin and proprioeeptors through nuclei cuneatus and graeilis 

■ Contains viseeral nuclei eontrolling heart rate, blood vessel diameter, respiratory rate, vomiting, coughing, ete. 

■ Relays sensory information to the cerebellum through inferior olivary nuclei 

■ Contains nuclei of eranial nerves VIII—XII 

■ Contains projeetion fibers 

■ Site of decussation of pyramids 

Reticular formation (pp. 450-451)—Afunctional system: 

■ Maintains eerebral eortieal alertness (reticular aetivating system) 

■ Filters out repetitive stimuli 

■ Helps regulate skeletal and viseeral muscle aetivity 


Cerebellum (pp. 447-449) 



Cerebellum: 

■ Proeesses information from eerebral motor cortex, proprioeeptors, and visual and equilibrium pathways 

■ Provides "instructions" to eerebral motor cortex and subcortical motor eenters, resulting in smooth, eoordinated 
skeletal muscle movements 

■ Responsible for proper balanee and posture 


■ Take a moment to beeome aware of all the stimuli in your 
environment. Notiee all the eolors, shapes, odors, sounds, 
and so on. How many of these sensory stimuli are you usu- 
ally aware of? 


retienlospinal traets , and help eontrol skeletal muscles during 
eoarse limb movements. Other reticular motor nuclei, such as 
the vasomotor, eardiae, and respiratory eenters of the medulla, 
are autonomic eenters that regulate viseeral motor functions. 


The RAS is inhibited by sleep eenters loeated in the hypothala- 
mus and other neural regions, and is depressed by aleohol, sleep- 
inducing dmgs, and tranquilizers. Severe injury to this system, as 
might follow a knockout punch that twists the brain stem, results 
in permanent unconsciousness (irreversible eoma). Although the 
RAS is eentral to wakefulness, some of its nuclei are also involved 
in sleep, which we will discuss later in this ehapter. 

The reticular formation also has a motor arm. Some of its 
motor nuclei projeet to motor neurons in the spinal eord via the 



Check Your LPnderstanding 


13. The limbie system is sometimes ealled the emotional-viseeral 
brain. VVhieh part of the limbie system is responsible for the 
viseeral eonneetion? 

14. VVhen Taylor begins to feel drowsy while driving, she opens 
her window, turns up the volume of the ear stereo, and sips 
iee-eold water. How do these aetions keep her awake? 

_ For ansvvers, see Appendix Fi. 
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Figure 12.17 The retieiilar formation. This functional brain 
system extends the length of the brain stem. Part of this formation, 
the reticular aetivating system (RAS), maintains alert wakefulness 
of the eerebral cortex. Aseending blue arrows indieate sensory 
input to the RAS. Purple arrows indieate reticular output (some 
via thalamie relays) to the eerebral cortex. Deseending red arrow 
represents motor output involved in regulating muscle tone. 


Higher Mental Fiinetions 

During the last four deeades, an exciting exploration of our “in- 
ner spaee,” or what we eommonly eall the mind , has been going 
on. But researehers in the field of eognition are still stmggling to 
understand how the minds qualities spring from living tissue and 
eleetrieal impulses. Souls and synapses are hard to reeoneile! 

Because brain waves refleet the eleetrieal aetivity on which 
higher mental fimetions are based, we will eonsider them first, 
along with the related topies of consciousness and sleep. We 
will then examine language and memory, an area of ongoing 
researeh that is of particular interest to our aging population. 


Brain Wave Patterns and the EEG 

✓ Define EEG and distinguish between alpha, beta f theta f 
and delta brain waves. 

Normal brain fiinetion involves continuous eleetrieal aetivity of 
neurons. An eleetroeneephalogram (e-lek"tro-en-sef'ah-lo- 
gram), or EEG, reeords some aspeets of this aetivity. An EEG is 
made by plaeing eleetrodes on the sealp and eonneeting the elee- 
trodes to an apparatus that measures voltage differenees between 
various eortieal areas F ure 12.18a). The patterns of neuronal 
eleetrieal aetivity reeorded, ealled brain waves, are generated by 


synaptie aetivity at the surface of the cortex, rather than by aetion 
potentials in the white matter. 

Eaeh of us has a brain wave pattern that is as unique as our 
fingerprints. For simplieity, however, we ean group brain waves 
into the four frequency elasses shown in Figure 12.18b. Eaeh 
wave is a continuous train of peaks and troughs, and the wave 
frequency, expressed in hertz (Hz), is the mirnber of peaks in 
one seeond. A frequency of 1 Hz means that one peak occurs 
eaeh seeond. 

The amplitude or intensity of any wave is represented by how 
high the wave peaks rise and how low the troughs dip. The am- 
plitude of brain waves refleets the synchronous aetivity of many 
neurons and not the degree of eleetrieal aetivity of individual 
neurons. Usually, brain waves are complex and low amplitude. 
During some stages of sleep, neurons tend to fire synchronously, 
producing similar, high-amplitude brain waves. 

■ Alpha waves (8-13 Hz) are relatively regular and rhythmie, 
low-amplitude, synchronous waves. In most eases, they indieate 
a brain that is “idling”—a ealm, relaxed state of wakefulness. 

■ Beta waves (14-30 Hz) are also rhythmie, but less regular 
than alpha waves and with a higher frequency. Beta waves 
occur when we are mentally alert, as when eoneentrating on 
some problem or visual stimulus. 

■ Theta waves (4-7 Hz) are still more irregular. Though eom- 
mon in ehildren, theta waves are uncommon in awake adults 
but may appear when eoneentrating. 

■ Delta waves (4 Hz or less) are high-amplitude waves seen 
during deep sleep and when the reticular aetivating system 
is damped, such as during anesthesia. In awake adults, they 
indieate brain damage. 

Brain waves ehange with age, sensory stimuli, brain disease, 
and the ehemieal state of the body. EEGs are used for diagnosing 
epilepsy and sleep disorders, and in researeh on brain function. 
Brain waves whose frequency is too high or too low suggest 
problems with eerebral eortieal functions, and unconsciousness 
occurs at both extremes. Because spontaneous brain waves are 
always present, even during unconsciousness and eoma, their 
absenee—a a flat EEG”—is elinieal evidenee of brain death. 
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Almost without warning, a person with epilepsy may lose eon- 
sciousness and fall stiffly to the ground, wracked by uncon- 
trollable jerking. These epileptie seizures refleet a torrent of 
eleetrieal diseharges by groups of brain neurons, and during 
their uncontrolled aetivity no other messages ean get through. 

Epilepsy, manifested by one out of 100 of us, is not assoeiated 
with, nor does it cause, intellectual impairment. Genetie faetors 
induce some eases, but epilepsy ean also result from brain inju- 
ries caused by blows to the head, stroke, infeetions, or tumors. 

Epileptie seizures vary tremendously in their expression and 
severity. 


■ Absenee seizmes , formerly known as petit mal , are mild forms 
in which the expression goes blank for a few seeonds as 
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(a) Sealp eleetrodes are iised to reeord brain wave aetivity. 


1-seeond interval 


\n^/VW / v s/ V\A/^AAAA^VVsMA^nA^^ 

Alpha waves— awake but relaxed 

Beta waves— awake, alert 


Theta waves— eommon in ehildren 



Delta waves— deep sleep 


(b) Brain waves shown in EEGs fall into four general 
elasses. 


gure 12.18 Eleetroeneephalography (EEG) and brain vvaves. 


consciousness disappears. These are typieally seen in young 
ehildren and usually disappear by age 10. 

■ Tonie-donie seizmes , formerly ealled grand mal, are the most 
severe, convulsive form of epileptie seizures. The person 
loses consciousness, often breaking bones during the intense 
convulsions, showing the ineredible strength of these muscle 
eontraetions. Loss of bowel and bladder eontrol and severe 
biting of the tongue are eommon. The seizure lasts for a few 
minutes, then the muscles relax and the person awakens but 
remains disoriented for several minutes. 

Many seizure sufferers experience a sensory hallucination, 
such as a taste, smell, or flashes of light, just before the seizure 
begins. This phenomenon, ealled an aura, is helpffil because it 
gives the person time to lie down and avoid falling to the floor. 

Epilepsy ean usually be eontrolled by anticonvulsive drugs. 
If drags fail to eontrol the seizures, a vagns nerve stimidator or 
deep brain stimulator ean be implanted. These deviees deliver 
pulses to the vagus nerve or direetly to the brain at predeter- 
mined intervals to stabilize the brains eleetrieal aetivity. A cur- 
rent line of researeh seeks to implant eleetrodes in the brain to 
deteet and prevent oneoming seizures. + 


Consciousness 

✓ Deseribe consciousness elinieally. 

Consciousness eneompasses conscious pereeption of sensations, 
voluntary initiation and eontrol of movement, and eapabilities 
assoeiated with higher mental proeessing (memory, logie, judg- 
ment, perseveranee, and so on). Oinieally, consciousness is de- 
fined on a eontinmim that grades behavior in response to stimuli 
as (1) alertness , (2) drowsiness or lethargy (which proeeeds to 
sleep), (3) stupor , and (4) eoma. Alertness is the highest state of 
consciousness and eortieal aetivity, and eoma the most depressed. 


Consciousness is diíffcult to define. And to be frank, reduc- 
ing our response to a Key West sunset to a series of interaetions 
between dendrites, axons, and neurotransmitters does not eap- 
ture what makes that event so speeial. A sleeping person obvi- 
ously laeks something that he or she has when awake, and we 
eall this “something” consciousness. 

Current suppositions about consciousness are as follows: 

■ Consciousness involves simultaneous aetivity of large areas 
of the eerebral cortex. 

■ It is superimposed on other types of neural aetivity. At 

any time, speeifie neurons and neuronal pools are involved 
both in loealized aetivities (such as motor eontrol) and in 
eognition. 

■ It is holistie and totally intereonneeted. Information for 
“thought” ean be elaimed from many loeations in the eer- 
ebram simultaneously. For example, retrieval of a speeifie 
memory ean be triggered by several routes—a smell, a plaee, 
a particular person, and so on. 
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Except during sleep, unconsciousness is always a signal that 
brain ffmetion is impaired. A brief loss of consciousness is 
ealled fainting or syneope (sing'ko-pe; “cut short”). Most often, 
syneope indieates inadequate eerebral blood flow due to low 
blood pressure, as might follow hemorrhage or sudden emo- 
tional stress. 

Signifieant unresponsiveness to sensory stimuli for an ex- 
tended period is ealled eoma. Coma is not deep sleep. During 
sleep, the brain remains aetive and oxygen consumption resem- 
bles that of the waking state. In eoma patients, oxygen use is 
always below normal resting levels. 

Faetors that ean induce eoma include: (1) blows to the head 
that cause widespread eerebral or brain stem trauma, (2) tumors 
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or infeetions that invade the brain stem, (3) metabolie distur- 
banees such as hypoglyeemia (abnormally low blood sugar 
levels), (4) drug overdose, (5) liver or kidney failure. Strokes 
rarely cause eoma unless they are massive and aeeompanied by 
extreme swelling of the brain, or are loeated in the brain stem. 

When the brain has suffered irreparable damage, irreversible 
eoma occurs, even though life-support measures may restore 
vitality to other body organs. The result is brain death, a dead 
brain in an otherwise living body. Because life support ean be 
removed only after death, physieians must determine whether a 
patient in an irreversible eoma is legally alive or dead. + 


Sleep and Sleep-Wake Cycles 

✓ Compare and eontrast the events and importanee of slow- 
wave and REM sleep, and indieate how their patterns 
ehange through life. 



Sleep is defined as a state of partial unconsciousness from which 
a person ean be aroused by stimulation. This distinguishes sleep 
from eoma, a state of unconsciousness from which a person 
eannot be aroused by even the most vigorous stimuli. 

For the most part, eortieal aetivity is depressed during sleep, 
but brain stem functions continue, such as eontrol of respira- 
tion, heart rate, and blood pressure. Even environmental moni- 
toring continues to some extent, as illustrated by the faet that 
strong stimuli (“things that go bump in the nighf’) immediately 
arouse us. In faet, people who sleepwalk ean avoid objeets and 
navigate stairs while tmly asleep. 


I Types of Sleep 

The two major types of sleep, which alternate through most of 
the sleep eyele, are non-rapid eye movement (NREM) sleep and 
rapid eye movement (REM) sleep, defined in terms of their EEG 
patterns cjure 12.19 . During the first 30 to 45 minutes of the 
sleep eyele, we pass through the first two stages of NREM sleep 
and into NREM stages 3 and 4, also ealled slow-wave sleep. As we 
pass through these stages and slip into deeper and deeper sleep, 
the frequency of the EEG waves deelines, but their amplitude in- 
ereases. Blood pressure and heart rate also deerease. 

About 90 minutes aft er sleep begins, aft er reaehing NREM stage 
4, the EEG pattern ehanges abmptly. It beeomes very irregular and 
appears to baektraek quickly through the stages until alpha waves 
(more typieal of the awake state) reappear, indieating the onset of 
REM sleep. This brain wave ehange is coupled with inereases in 
heart rate, respiratory rate, and blood pressure and a deerease in 
gastrointestinal motility. Oxygen use by the brain is tremendous 
during REM—greater than during the awake state. 

Although the eyes move rapidly under the lids during REM, 
most of the body s skeletal muscles are aetively inhibited and go 
limp. This temporary paralysis prevents us from aeting out our 
dreams. Most dreaming occurs during REM sleep, and some 
suggest that the flitting eye movements are following the visual 
imagery of our dreams. (Note, however, that most nightmares 
and night terrors occur during NREM stages 3 and 4.) In ad- 
oleseents and adults, REM episodes are frequently assoeiated 
with ereetion of the penis or engorgement of the elitoris. 







Awake 


REM: Skeletal muscles (except 
ocular muscles and diaphragm) 
are aetively inhibited; most 
dreaming occurs. 


NREM stage 1: Relaxation 
begins; EEG shows alpha waves; 
arousal is easy. 


NREM stage 2: lrregular EEG 
with sleep spindles (short high- 
amplitude bursts); arousal is more 
difficult. 


NREM stage 3: Sleep deepens; 
theta and delta waves appear; 
vital signs deeline. 


NREM stage 4: EEG is 

dominated by delta waves; 
arousal is difficult; bed-wetting, 
night terrors, and sleepwalking 
may occur. 


(a)Typieal EEG patterns 


Awake 


NREM - 


REM 
Stage 1 
Stage 2 
Stage 3 
Stage 4 




Time (hrs) 

(b)Typieal progression of an adult through one night’s sleep stages 


gure 12.19 Types and stages of sleep. The four stages of 
non-rapid eye movement (NREM) sleep and rapid eye movement 
(REM) sleep are shovvn. 


Sleep Patterns 

The alternating eyeles of sleep and wakefulness refleet a natural 
eireadian , or 24-hour, rhythm. The hypothalamus is responsible 
for the timing of the sleep eyele. Its siipraehiasmatie nucleus (a 
biologieal eloek) regulates its preoptie nucleus (a sleep-inducing 
eenter). By inhibiting the brain stem s reticular aetivating system 
(RAS; see Figure 12.17), the preoptie nucleus puts the eerebral 
cortex to sleep. However, sleep is much more than simply turn- 
ing off the arousal system. RAS eenters not only help maintain 
the awake state but also mediate some sleep stages, espeeially 
dreaming sleep. 
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In young and middle-aged adults, a typieal night s sleep starts 
with the four stages of NREM sleep and then alternates between 
REM and NREM sleep with oeeasional partial arousals. Fol- 
lowing eaeh REM episode, the sleeper deseends toward stage 
4 again. REM recurs about every 90 minutes, with eaeh REM 
period getting longer. The first REM of the night lasts 5-10 min- 
utes and the final one 20 to 50 minutes (Figure 12.19b). Conse- 
quently, our longest dreams occur at the end of the sleep period. 
Just before we wake, hypothalamie neurons release peptides 
ealled orexins , which in this situation aet as c< wake-up” ehemi- 
eals. As a result, eertain neurons of the brain stem reticular for- 
mation fire at maximal rates, arousing the sleepy cortex. 

The slow theta and delta waves of deep sleep are the result of 
synehronized firing of thalamie neurons that is normally inhib- 
ited during wakefulness by the RAS of the pons. Some pontine 
neurons of the reticular formation eontrol the transition from 
NREM sleep to REM sleep, and others suppress motor aetivity, 
inducing paralysis. A large number of ehemieal substances in 
the body cause sleepiness, but the relative importanee of these 
various sleep-inducing substances is not known. 

importanee of Sleep 

Why do we sleep? Slow-wave (NREM stages 3 and 4) and REM 
sleep seem to be important in different ways. Slow-wave sleep is 
presumed to be restorative—the time when most neural aetivity ean 
wind down to basal levels. When deprived of sleep, we spend more 
time than usual in slow-wave sleep during the next sleep episode. 

A person persistently deprived of REM sleep beeomes 
moody and depressed, and exhibits various personality dis- 
orders. REM sleep may give the brain an opportunity to ana- 
lyze the day s events and work through emotional problems in 
dream imagery. 

Another idea is that REM sleep is reverse learning. Aeeording 
to this hypothesis, aeeidental, repetitious, and meaningless eom- 
munications continually occur. Dreaming eliminates them from 
our neural networks so the cortex remains a well-behaved and 
eífieient thinking system. In other words, we dream to forget. 

Aleohol and some sleep medieations (barbiturates and oth- 
ers) suppress REM sleep but not slow-wave sleep. On the other 
hand, eertain tranquilizers, such as diazepam (Valium) reduce 
slow-wave sleep much more than REM sleep. 

Whatever its importanee, a persons daily sleep requirement 
deelines steadily from 16 hours or so in infants to approximately 
7Vi to 8 V 2 hours in early adulthood. It then levels oíf before de- 
elining again in old age. Sleep patterns also ehange throughout 
life. REM sleep occupies about half the total sleeping time in 
infants and then deelines until age 10, when it stabilizes at about 
25%. In eontrast, stage 4 sleep deelines steadily from birth and 
often disappears eompletely in those over 60. 
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People with nareolepsy lapse abmptly into REM sleep from the 
awake state. These sleep episodes last about 15 minutes, ean oe- 
cur without warning, and are often triggered by a pleasurable 
event—a good joke, a game of poker. 


In most patients with nareolepsy, an emotionally intense ex- 
perienee ean also trigger cataplexy , a sudden loss of voluntary 
muscle eontrol similar to that seen during REM sleep. During 
eatapleetie attaeks, lasting seeonds to minutes, the patient re- 
mains fully conscious but unable to move. Obviously this ean be 
extremely hazardous if the person is driving a ear or swimming! 

Cells in the hypothalamus that seerete peptides ealled orex- 
ins (the peptides mentioned above as a wake-up ehemieal; also 
ealled hypoeretins) are seleetively destroyed in patients with 
nareolepsy, probably by the patient s own immune system. Re- 
plaeing the orexins may be a key to future treatments. 

Conversely, drugs that bloek the aetions of orexin and pro- 
mote sleep may treat insomnia, a ehronie inability to obtain 
the amount or quality of sleep needed to function adequately 
during the day. Sleep requirements vary from four to nine hours 
a day in healthy people, so there is no way to determine the 
cc right” amount. insomniaes tend to overestimate the extent of 
their sleeplessness, and some eome to rely on hypnoties (sleep 
medieations), which ean exacerbate the problem. 

Tme insomnia often refleets normal age-related ehanges, but 
perhaps the most eommon cause is psyehologieal disturbance. 
We have diíficulty falling asleep when we are anxious or upset, 
and depression is often aeeompanied by early awakening. 

Sleep apnea, a temporary eessation of breathing during 
sleep, is seary. The vietim awakes abmptly due to hypoxia (laek 
of oxygen)—a eondition that may occur several hundred times 
per night. 

Obstmetive sleep apnea, the most eommon form, occurs 
when the loss of muscle tone during sleep allows excess fatty 
tissue or other structural abnormalities to bloek the upper air- 
way. It is assoeiated with obesity and made worse by aleohol and 
other depressants. Aside from weight loss, efiFeetive treatments 
are either a mask that blows air in through the nose, keeping the 
airway open, or surgery to eorreet the problem. + 
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Check Your (Jnderstanding 


15. When would you see delta waves in an EEG? 

16. Which two states of consciousness are between alertness 
and eoma? 

17. During which sleep stage are most skeletal muscles aetively 
inhibited? 

_ For ansvvers, see Appendix H. 


Language 

Language is such an important fiinetion of the brain that it in- 
volves praetieally all of the assoeiation cortex on the left side in 
one way or another. Pioneering studies of patients with aphasias 
(the loss of language abilities due to damage to speeifie areas of 
the brain) pointed to two eritieally important regions, Broeas area 
and Wernickes area (see areas outlined by dashes in Figure 12.6a). 

Patients with lesions involving Broea’s area ean understand 
language but have diíficulty speaking (and sometimes eannot 
write or type or use sign language). On the other hand, patients 
with lesions involving ^ernieke’s area are able to speak but 
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Figure 12.20 Memory proeessing. 


produce a type of nonsense often referred to as “word salad.” 
They also have great difficulty understanding language. 

Reeent imaging studies of the brain indieate that this picture 
is elinieally useful, but oversimplified. In faet, Broeas and Wer- 
niekes areas together with the basal nuclei form a single language 
implementation system that analyzes ineoming and produces 
outgoing word sounds and grammatieal structures. A surround- 
ing set of eortieal areas forms a bridge between this system and 
the regions of cortex that hold eoneepts and ideas, which are dis- 
tributed throughout the remainder of the assoeiation eortiees. 

The eorresponding areas in the right or non-language-dominant 
hemisphere are involved in cc body language”—the nonverbal emo- 
tional (affeetive) eomponents of language. These areas allow the 
lilt or tone of our voiee and our gestures to express our emotions 
when we speak, and permit us to eomprehend the emotional eon- 
tent of what we hear. For example, a soft, melodious response to 
your question eonveys quite a different meaning than a sharp reply. 


Memory 

✓ Compare and eontrast the stages and eategories of 
memory. 

Deseribe the roles of the major brain structures believed to 
be involved in deelarative and procedural memories. 


Memory is the storage and retrieval of information. Memories 
are essential for learning and ineorporating our experiences into 
behavior and are part and pareel of our consciousness. Stored 
somewhere in your 3 pounds of wrinkled brain are zip eodes, 
the faee of your grandfather, and the taste of yesterday s pizza. 
Your memories refleet your lifetime. 

Stages of Memory 

Memory storage involves two distinet stages: short-term mem- 
ory and long-term memory Figure 12.20' . 

Short-term memory (STM), also ealled working memory , 
is the preliminary step, as well as the power that lets you look 
up a telephone number, dial it, and then never think of it again. 
STM is limited to seven or eight chunks of information, such as 
the digits of a telephone number or the sequence of words in an 
elaborate sentenee. 

In eontrast, long-term memory (LTM) seems to have a lim- 
itless eapaeity. Although our STM eannot reeall numbers much 
longer than a telephone number, we ean remember seores of 
telephone numbers by eommitting them to LTM. However, 
long-term memories ean be forgotten, and so our memory bank 
continually ehanges with time. Furthermore, our ability to store 
and retrieve information deelines with aging. 

We do not remember or even consciously notiee much of 
what is going on around us. As sensory inputs flood into our 
eerebral cortex, they are proeessed (yellowbox in Figure 12.20). 
Some 5% of this information is seleeted for transfer to STM 
(light green box in Figure 12.20). STM serves as a temporary 
holding bin for data that we may or may not want to retain. 

Information is then transferred from STM to LTM (dark 
green box in Figure 12.20). Many faetors ean influence this 
transfer, including: 

■ Emotional state. We learn best when we are alert, motivated, 
surprised, and aroused. For example, when we witness shoek- 
ing events, transferral is almost immediate. Norepinephrine, 
a neurotransmitter involved in memory proeessing of emo- 
tionally eharged events, is released when we are excited or 
cc stressed out,” which helps to explain this phenomenon. 

■ Rehearsal. Rehearsing or repeating the material enhanees 
memory. 

■ Assoeiation. Tying cc new” information to cc old” information 
already stored in LTM appears to be important in remem- 
bering faets. 

■ Automatic memory. Not all impressions that beeome part 
of LTM are consciously formed. A student eoneentrating on 
a lecturers speeeh may reeord an automatic memory of the 
pattern of the lecturer s tie. 

Memories transferred to LTM take time to beeome perma- 
nent. The proeess of memory eonsolidation apparently in- 
volves fitting new faets into the eategories of knowledge already 
stored in the eerebral cortex. 

Categories of Memory 

The brain distinguishes between factual knowledge and skills, 
and we proeess and store these two kinds of information in dif- 
ferent ways. 
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(a) Deelarative memory circuits 



(b) Procedural (skills) memory circuits 


Sensory and 
motor inputs 


V 


Assoeiation 

-^ 

Basal 


Thalamus 


Premotor 

cortex 


nuclei 



cortex 


t 


Dopamine released 
by substantia nigra 




Figure 12.21 Proposed memory circuits. 

(a) Information from assoeiation eortiees flows 
to the medial temporal lobe (including the 
hippocampus), which communicates with the 


thalamus and prefrontal cortex. The assoeiation 
eortiees reeeive feedbaek from these structures. 
Aeetyleholine from the basal forebrain is nee- 
essary for this circuit to function. (b) Sensory 


and motor inputs flow through the assoeiation 
eortiees and are relayed to the premotor cortex. 
Dopamine from the substantia nigra is neees- 
sary for this circuit to function. 


Deelarative (faet) memory entails learning explicit informa- 
tion, such as names, faees, words, and dates. It is related to our 
conscious thoughts and our ability to manipulate symbols and 
language. When faet memories are eommitted to LTM, they are 
usually filed with the context in which they were learned. For in- 
stanee, when you think of your new acquaintance Joe, you prob- 
ably picture him at the basketball game where you met him. 

Nondedarative memory is less conscious or even uncon- 
scious learning. Categories of nondeelarative memory are 
procedural (skills) memory (piano playing), motor memory 
(riding a bike), and emotional memory (your pounding heart 
when you hear a rattlesnake nearby). We acquire nondeelara- 
tive memories through experience and usually repetition. They 
do not preserve the circumstances of learning, and in faet, they 


are best remembered in the doing. You do not have to think 
through how to tie your shoes. Onee learned, nondeelarative 
memories are hard to unlearn. 

Brain Structures Involved in Memory 

Speeifie pieees of eaeh memory are thought to be stored near re- 
gions of the brain that need them so new inputs ean be quickly 
assoeiated with the old. Aeeordingly, visual memories are stored 
in the oeeipital cortex, memories of music in the temporal eor- 
tex, and so on. 

But how do we ereate new memories? It seems that differ- 
ent types of memory are ereated in different parts of the brain. 
Figure 12.21a shows a proposed seheme of information flow 
for deelarative memory. 
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When sensory input is proeessed in the assoeiation eorti- 
ees, the eortieal neurons dispateh impulses to the medial tem- 
poral lobe, which inehides the hippocampus and surrounding 
temporal eortieal areas. These temporal lobe areas play a 
major role in memory eonsolidation and memory aeeess by 
communicating with the thalamus and the prefrontal cortex. 
The prefrontal cortex and medial temporal lobe reeeive input 
from aeetyleholine-releasing neurons in the basal forebrain. 
The sprinkling of aeetyleholine (ACh) onto these structures 
is thought to prime them to allow the formation of memories. 
The loss of this ACh input, for example in Alzheimer s dis- 
ease, seems to dismpt both the formation of new memories 
and the retrieval of old ones. Memories are retrieved when the 
same sets of neurons that were initially involved in forming 
the memories are stimulated. 
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Damage to the hippocampus and surrounding medial temporal 
lobe structures on either side results in only slight memory loss, 
but bilateral destruction causes widespread amnesia. Consoli- 
dated memories are not lost, but new sensory inputs eannot be 
assoeiated with old, and the person lives in the here and now 
from that point on. This eondition is ealled anterograde amnesia 
(an'ter-o-gràd")> in eontrast to retrograde amnesia , which is the 
loss of memories formed in the distant past. You could earry on 
an animated eonversation with a person with anterograde am- 
nesia, excuse yourself, return five minutes later, and that person 
would not remember you. + 


Individuals suffering from anterograde amnesia ean still 
learn skills such as drawing, so procedural memory must in- 
volve a diíferent learning circuit. As Figure 12.2lb shows, the 
basal nuclei (pink) are key players for procedural memory. Sen- 
sory and motor inputs pass through the assoeiation cortex to 
the basal nuclei. These inputs are then relayed via the thalamus 
to the premotor cortex. Note that the basal nuclei reeeive in- 
put from dopamine-releasing neurons in the substantia nigra of 
the midbrain. Just as aeetyleholine is neeessary for deelarative 
memory, dopamine appears to be neeessary for this procedural 
memory circuit to fimetion. The loss of this dopamine input, as 
in Parkinsons disease, interferes with procedural memory. 

The two other kinds of nondeelarative memory involve yet 
other brain regions. The cerebellum is involved in motor mem- 
ory, while the amygdaloid body is eraeial for emotional memory 
(see Figure 12.16). We will not deseribe these pathways here. 


Moleeiilar Basis of Memory 

What happens at the molecular level when we form memories? 
Human memory is notoriously diíficult to study. Animal ex- 
perimental studies reveal that during learning: 

■ Neuronal RNA eontent is altered and newly synthesized 
mRNAs are delivered to axons and dendrites. 

■ Dendritie spines ehange shape. 

■ Unique extracellular proteins are deposited at synapses in- 
volved in long-term memory. 


■ The nrnnber and size of presynaptie terminals may inerease. 

■ Presynaptie neurons release more neurotransmitter. 

Eaeh of these ehanges is an aspeet of long-term potentiation 
(LTP), a persistent inerease in synaptie strength that has been 
shown to be eraeial for memory formation. LTP was first iden- 
tified in hippoeampal neurons that use the amino aeid gluta- 
mate as a neurotransmitter. One kind of glutamate reeeptor, the 
NMDA reeeptor , ean aet as a calcium ehannel and initiate the 
cellular ehanges that bring about LTP. 

Normally, NMDA reeeptors are bloeked, preventing calcium 
entry. When glutamate binds to different reeeptors and depolar- 
izes the postsynaptie terminal, as would happen upon the rapid 
arrival of aetion potentials at the synapse, this NMDA bloek is 
removed and calcium flows into the postsynaptie eell. 

Calcium influx aetivates enzymes that earry out two main 
tasks: 

■ The enzymes modify the proteins in the postsynaptie termi- 
nal, and also in the presynaptie terminal via retrograde mes- 
sengers such as nitrie oxide and endoeannabinoids. These 
ehanges strengthen the response to subsequent stimuli. 

■ They aetivate genes in the postsynaptie neurons nucleus, which 
leads to synthesis of synaptie proteins. The molecular messenger 
that alerts the nucleus that more protein is needed is a molecule 
ealled CREB (eAMP response-element binding protein). A 
neurotrophic faetor ealled BDNL (brain-derived neurotrophic 
faetor) is required for the protein synthesis phase of LTP. 

Together, these ehanges ereate long-lasting inereases in synaptie 
strength that are believed to underlie memory. 

The events underlying memory at a cellular level suggest 
several approaehes to enhaneing memory formation. Currently 
several drags to improve memory are undergoing elinieal trials. 
Among these are drags that enhanee CREB production—the 
more CREB, the more protein synthesis and the stronger the 
synapse beeomes. 



Check Your IJnderstanding 


18. Name three faetors that ean enhanee transfer of information 
from STM to LTM. 

19. Which functional areas of the eerebmm are involved in the 
formation of procedural (skills) memory, but not involved in 
deelarative memory? 

_ For ansvvers, see Appendix H. 


Proteetion of the Brain 

Deseribe how meninges, eerebrospinal fluid 7 and the blood 
brain barrier proteet the CNS. 

Explain how eerebrospinal fluid is formed and deseribe its 
circulatory pathway. 

Nervous tissue is soft and delieate, and even slight pressure 
ean injure neurons. However, the brain is proteeted by bone 
(the skull), membranes (the meninges), and a watery cushion 
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Figure 12.22 Meninges: dura mater, araehnoid mater, and pia mater. The meningeal 
dura forms the falx eerebri fold. A dural sinus, the superior sagittal sinus 7 is enelosed by the 
dural membranes superiorly. Araehnoid villi return eerebrospinal fluid to the dural sinus. (Frontal 
seetion.) 


(eerebrospinal fluid). Furthermore, the blood brain barrier pro- 
teets the brain from harmful substances in the blood. We de- 
seribed the cranium, the brains bony eneasement, in Chapter 7. 
Here we will eonsider the other proteetive elements. 

Meninges 

The meninges (mé-nin'jèz; mening = membrane) are three 
eonneetive tissue membranes that lie just external to the CNS 
organs. The meninges: 

■ Cover and proteet the CNS 

■ Proteet blood vessels and enelose venous sinuses 

■ Contain eerebrospinal fluid 

■ Form partitions in the skull 

From external to internal, the meninges (singular: meninx) are 
the dura mater, araehnoid mater, and pia mater igure 12.22] . 


In several plaees, the meningeal dura mater extends inward 
to form flat partitions that subdivide the eranial eavity. These 
dural septa, which limit excessive movement of the brain within 
the cranium, include the following (Figure 12.23a): 

■ Falx eerebri (falks ser'é-bri). A large siekle-shaped (falx = 
siekle) fold that dips into the longitudinal fissure between the 
eerebral hemispheres. Anteriorly, it attaehes to the erista galli 
of the ethmoid bone. 

■ Falx eerebelli (ser"é-bel'i). Continuing inferiorly from the 
posterior falx eerebri, this small midline partition runs along 
the vermis of the eerebellmn. 


r 
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■ Tentorium eerebelli (ten-to're-um; “tent”). Resembling a 
tent over the cerebellum, this nearly horizontal dural fold ex- 
tends into the transverse fissure between the eerebral hemi- 
spheres (which it helps to support) and the cerebellum. 


Araehnoid Mater 


Dura Mater 

The leathery dura mater (du'rah ma'ter), meaning “tough 
mother,” is the strongest meninx. Where it surrounds the brain, 
it is a two-layered sheet of fibrous eonneetive tissue. The more 
superficial periosteal layer attaehes to the inner surface of the 
skull (the periosteum). (There is no dural periosteal layer sur- 
rounding the spinal eord.) The deeper meningeal layer forms 
the tme external eovering of the brain and continues caudally in 
the vertebral eanal as the spinal dura mater. The brains two du- 
ral layers are fused together except in eertain areas, where they 
separate to enelose dural venous simises that eolleet venous 
blood from the brain and direet it into the internal jugular veins 
of the neek (Figure 12.23). 


The middle meninx, the araehnoid mater (ah-rak'noid), forms 
a loose brain eovering, never dipping into the sulci at the eerebral 
surface. It is separated from the dura mater by a narrow serous 
eavity, the subdural spaee, which eontains a film of fluid. Beneath 
the araehnoid membrane is the wide subarachnoid spaee. Spider- 
web-like extensions span this spaee and secure the araehnoid mater 
to the underlying pia mater (araehnida means “spider”). The sub- 
araehnoid spaee is filled with eerebrospinal fluid and also eontains 
the largest blood vessels serving the brain. Because the araehnoid 
mater is fine and elastie, these blood vessels are poorly proteeted. 

Knoblike projeetions of the araehnoid mater ealled araeh- 
noid villi (vil'i) protmde superiorly through the dura mater 
and into the superior sagittal sinus (see Figure 12.22). These villi 
absorb eerebrospinal fhiid into the venous blood of the sinus. 
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Figure 12.23 Dural septa and dural venous sinuses. (a) Dural septa are partitioning folds 
of dura mater in the eranial eavity. (b) Dural venous sinuses (injeeted vvith blue latex) are spaees 
betvveen the periosteal and meningeal dura eontaining venous blood. 


Pia Mater 



The pia mater (pi'ah), meaning “gentle mother” is eomposed 
of delieate eonneetive tissue and riehly invested with tiny blood 
vessels. It is the only meninx that elings tightly to the brain like 
eellophane wrap, following its every convolution. Small arter- 
ies entering the brain tissue earry ragged sheaths of pia mater 
inward with them for short distanees. 




Homeostatie imbalanee 12.9 


MeningitiSy inflammation of the meninges, is a serious threat to 
the brain because a baeterial or viral meningitis may spread to 
the CNS. Brain inflammation is ealled eneephalitis (en-sef'ah- 
li'tis). Meningitis is usually diagnosed by obtaining a sample of 
eerebrospinal fluid via a lumbar tap (see Figure 12.27, p. 466) 
and examining it for mierobes. + 


Gerebrospinal Fluid (CSF) 

Cerebrospinal fluid, found in and around the brain and spinal 
eord, forms a liquid cushion that gives buoyancy to CNS struc- 
tures. By floating the jellylike brain, the CSF effeetively reduces 
brain weight by 97% and prevents the delieate brain from emsh- 
ing under its own weight. CSF also proteets the brain and spinal 
eord from blows and other trauma. Additionally, although the 
brain has a rieh blood supply, CSF helps nourish the brain, and 
there is some evidenee that it earries ehemieal signals (such as 
hormones and sleep- and appetite-inducing molecules) from 
one part of the brain to another. 

CSF is a watery “broth” similar in eomposition to blood 
plasma, from which it is formed. However, it eontains less pro- 
tein than plasma and its ion eoneentrations are different. For 
example, CSF eontains more Na + , Cl _ , and H + than does blood 
plasma, and less Ca 2+ and K + . 


The ehoroid plexuses that hang from the roof of eaeh ventri- 
ele form CSF. These plexuses are frond-shaped clusters of broad, 
thin-walled eapillaries ( plex = interwoven) enelosed first by pia 
mater and then by a layer of ependymal eells lining the ventri- 
eles Figure 12.24b] . These eapillaries are fairlypermeable, and 
tissue fluid filters continuously from the bloodstream. However, 
the ehoroid plexus ependymal eells are joined by tight junc- 
tions, and they have ion pumps that allow them to modify this 
filtrate by aetively transporting only eertain ions aeross their 
membranes into the CSF pool. This careful regulation of CSF 
eomposition is important because CSF mixes with the extracel- 
lular fluid bathing neurons and infhienees the eomposition of 
this fhiid. Ion pumping also sets up ionie gradients that cause 
water to diffiise into the ventrieles. 

In adults, the total CSF volume of about 150 ml (about half 
a cup) is replaeed every 8 hours or so. About 500 ml of CSF is 
formed daily. The ehoroid plexuses also help eleanse the CSF by 
removing waste products and unnecessary solutes. 

Onee produced, CSF moves freely through the ventrieles. 
CSF enters the subarachnoid spaee via the lateral and median 
apertures in the walls of the fourth ventriele (Figure 12.24a). 
The long eilia of the ependymal eells lining the ventrieles help 
keep the CSF in eonstant motion. In the subarachnoid spaee, 
CSF bathes the outer surfaces of the brain and spinal eord 
and then returns to the blood in the dural sinuses via the araeh- 
noid villi. 



Homeostatie imbalanee 12.10 


Ordinarily, CSF is produced and drained at a eonstant rate. 
However, if something (such as a tumor) obstmets its circula- 
tion or drainage, CSF accumulates and exerts pressure on the 
brain. This eondition is ealled hydrocephalus (“water on the 
brain”). 
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(b) CSF formation by ehoroid plexuses 


gure 12.24 Formation, loeation, and circulation of CSF. (a) Loeation and circulatory 
pattern of eerebrospinal fluid (CSF). Arrovvs indieate the direetion of flovv. (b) Eaeh ehoroid 
plexus eonsists of a knot of porous eapillaries surrounded by a single layer of ependymal eells 
joined by tight junctions and bearing long eilia. Fluid leaking from porous eapillaries is proeessed 
by the ependymal eells to form the CSF in the ventrieles. 
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Figure 12.25 Hydrocephalus in a newborn. 



Hydrocephalus enlarges the head of a newborn baby because 
the skull bones have not yet fused Fìgure 12.25]. In adults, 
however, the skull is rigid and hard, and hydrocephalus is likely 
to damage the brain because accumulating fluid eompresses 
blood vessels and erashes the soft nervous tissue. Hydroeepha- 
lus is treated by inserting a shunt into the ventrieles to drain 
excess fluid into the abdominal eavity. + 


w Blood Brain Barrier 


The blood brain barrier is a proteetive meehanism that helps 
maintain a stable environment for the brain. No other body tissue 
is so absolutely dependent on a eonstant internal environment as is 
the brain. In other body regions, the extracellular eoneentrations of 
hormones, amino aeids, and ions are in eonstant flux, particularly 
after eating or exercise. If the brain were exposed to such ehemi- 
eal variations, its neurons would fire uncontrollably, because some 
hormones and amino aeids serve as neurotransmitters and eertain 
ions (particularly K + ) modify the threshold for neuronal firing. 

Bloodborne substances in the brains eapillaries must pass 
through three layers before they reaeh the neurons: (1) the en- 
dothelium of the eapillary wall, (2) a relatively thiek basal lam- 
ina surrounding the external faee of eaeh eapillary, and (3) the 
bulbous “feet” of the astroeytes elinging to the eapillaries. 

Which of these layers constitutes the blood brain barrier? As 
you might expect, the astroeyte “feet” play a role but they are 
not themselves the barrier. Instead, they supply required signals 
to the endothelial eells, causing them to make tight junctions. 
These tight junctions seamlessly join together the endothelial 
eells, forming the blood brain barrier and making these the least 
permeable eapillaries in the body. 

The blood brain barrier is seleetive, not absolute. Nutrients 
such as glucose, essential amino aeids, and some eleetrolytes 


move passively by faeilitated diffhsion through the endothelial 
eell membranes. Bloodborne metabolie wastes, proteins, eer- 
tain toxins, and most drags are denied entry. Small nonessential 
amino aeids and potassium ions not only are prevented from 
entering the brain, but also are aetively pumped from the brain 
aeross the eapillary endothelium. 

The barrier is ineffeetive against fats, fatty aeids, oxygen, ear- 
bon dioxide, and other fat-soluble molecules that diffbse easily 
through all plasma membranes. This explains why bloodborne 
aleohol, nieotine, and anestheties ean affeet the brain. 

The structure of the blood brain barrier is not eompletely uni- 
form. In some brain areas surrounding the third and fourth ventri- 
eles, the barrier is entirely absent and the eapillary endothelimn is 
quite permeable, allowing bloodborne molecules easy aeeess to the 
neural tissue. One such region is the vomiting eenter of the brain 
stem, which monitors the blood for poisonous substances. An- 
other is in the hypothalamus, which regulates water balanee, body 
temperature, and many other metabolie aetivities. Laek of a blood 
brain barrier here is essential to allow the hypothalamus to sample 
the ehemieal eomposition of the blood. The barrier is ineomplete 
in newborn and premature infants, and potentially toxic substances 
ean enter the CNS and cause problems not seen in adults. 

Injury to the brain, whatever the cause, may result in a lo- 
ealized breakdown of the blood brain barrier. Most likely, this 
breakdown refleets some ehange in the eapillary endothelial 
eells or their tight junctions. 


Homeostatie imbalanees 
of the Brain 

✓ Deseribe the cause (if known) and major signs and 

symptoms of cerebrovascular aeeidents, Alzheimer's disease, 
Parkinson's disease # and Hyntington's disease. 

Brain dysfimetions are unbelievably varied and extensive. We 
have mentioned some of them already, but here we will focus on 
traumatic brain injuries, cerebrovascular aeeidents, and degen- 
erative brain disorders. 


Traumatíc Brain lnjuries 

Head injuries are a leading cause of aeeidental death in North 
Ameriea. Consider, for example, what happens if you forget to 
fasten your seat belt and then rear-end another ear. Your head is 
moving and then stops suddenly as it hits the windshield. Brain 
damage is caused not only by loealized injury at the site of the 
blow (the coup injury), but also by the rieoeheting effeet as the 
brain hits the opposite end of the skull (the contrecoup injury). 

A concussion is an alteration in brain fimetion, usually tem- 
porary, following a blow to the head. The vietim may be dizzy 
or lose consciousness. Although typieally mild and short-lived, 
even a seemingly mild concussion ean be damaging, and multi- 
ple concussions over time produce cumulative damage. 

More serious concussions ean braise the brain and cause per- 
manent neurological damage, a eondition ealled a contusion. In 
eortieal contusions, the individual may remain conscious. Severe 
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brain stem contusions always cause eoma, lasting from hours to a 
lifetime because of injury to the reticular aetivating system. 

Following a head blow, death may result from subdural or 
subarachnoid hemorrhage (bleeding from ruptured vessels 
into those spaees). Individuals who are initially lucid and then 
begin to deteriorate neurologically are, in all probability, hem- 
orrhaging intraeranially. Blood accumulating in the skull in- 
ereases intraeranial pressure and eompresses brain tissue. If the 
pressure forees the brain stem inferiorly through the foramen 
magnum, eontrol of blood pressure, heart rate, and respiration 
is lost. intraeranial hemorrhages are treated by surgically re- 
moving the hematoma (loealized blood mass) and repairing the 
ruptured vessels. 

Another consequence of traumatic head injury is eerebral 
edema, swelling of the brain. At best, eerebral edema aggravates 
the injury. At worst, it ean be fatal in and of itself. 


Cerebrovascular Aeeidents (CVAs) 

The single most eommon nervous system disorder and the third 
leading cause of death in North Ameriea are cerebrovascular 
aeeidents (CVAs) (ser"é-bro-vas'ku-lar), also ealled strokes or 
“brain attaeks.” CVAs occur when blood circulation to a brain 
area is bloeked and brain tissue dies. [isehemia (is-ke'me-ah; 
“to hold baek blood”), deprivation of blood supply to any tissue, 
impairs the delivery of oxygen and nutrients to eells.] 

The most eommon cause of CVA is a blood elot that bloeks 
a eerebral artery. A elot ean originate outside the brain (from 
the heart, for example) or form on the roughened interior wall 
of a brain artery narrowed by atheroselerosis. Less frequently, 
strokes are caused by bleeding, which eompresses brain tissue. 

Those who survive a CVA are typieally paralyzed on one side 
of the body (hemiplegia ). Many exhibit sensory defieits or have 
diíficulty understanding or voealizing speeeh. Even so, the pie- 
ture is not hopeless. Some patients reeover at least part of their 
lost faculties, because undamaged neurons sprout new branehes 
that spread into the injured area and take over some lost func- 
tions. Physieal therapy should start as soon as possible to pre- 
vent muscle contractures (abnormally shortened muscles due to 
difiFerenees in strength between opposing muscle groups). 

Not all strokes are “eompleted.” Temporary episodes of re- 
versible eerebral isehemia, ealled transient isehemie attaeks 
(TIAs), are eommon. TIAs last from 5 to 50 mimites and are 
eharaeterized by temporary numbness, paralysis, or impaired 
speeeh. These defieits are not permanent, but TIAs do constitute 
“red flags” that warn of impending, more serious CVAs. 

A CVA is like an undersea earthquake. Its not the initial tem- 
blor that does most of the damage, its the tsunami that floods 
the eoast later. Similarly, the initial vascular bloekage during a 
stroke is not usually disastrous because there are many blood 
vessels in the brain that ean piek up the slaek. Rather, its the 
neuron-killing events outside the initial isehemie zone that 
wreak the most havoe. 

Experimental evidenee indieates that the main culprit is 
glutamate , an excitatory neurotransmitter also involved in 
learning and memory. Normally, glutamate binding to NMDA 
reeeptors opens NMDA ehannels that allow Ca 2+ to enter the 


stimulated neuron. After brain injury, neurons totally deprived 
of oxygen begin to disintegrate, unleashing the cellular equiva- 
lent of “buckets” of glutamate. Under these eonditions, gluta- 
mate aets as an excitotoxin , literally exciting surrounding eells 
to death. 

The initial events in excitotoxicity are identieal to those in 
LTP: Ca 2+ flows in through NMDA reeeptor ehannels (see 
p. 458). In excitotoxicity, however, the amount of Ca 2+ swamps 
the eells ability to eope and Ca 2+ homeostasis breaks down. 
High levels of Ca 2+ kill eells in two ways: 

■ Ca 2+ damages mitoehondria, causing them to produce the 
free radieal superoxide, which damages eells direetly and ean 
also cause programmed eell death (apoptosis). 

■ Ca 2+ turns on the synthesis of eertain proteins. Some of these 
promote apoptosis while others are enzymes that produce 
the free radieal NO and other powerful inflammatory agents. 


Although the NMDA reeeptor and the enzyme that makes 
NO are attraetive targets for dmg therapies to deerease damage 
around the stroke epieenter, elinieal trials so far have all failed. 
At present, the most successful treatment for stroke is tissue 
plasminogen aetivator (tPA), which dissolves blood elots in the 
brain. Alternatively, a meehanieal deviee ean drill into a blood 
elot and pull it from a blood vessel like a eork from a bottle. 

Other approaehes currently under study focus on reeovering 
flinetion after a stroke. One method implants immature neurons 
into stroke-damaged brain regions in the hope that they will take 
on properties of nearby mature neurons. Another tries to coax 
adult brain stem eells to replaee damaged neurons. Miee with 
strokes ean generate new tissue and reeover motor fiinetion when 
treated with a eombination of growth faetors during a eritieal 
time following injury. Hopefiilly, this will be true for humans, too. 
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Degenerative Brain Disorders 

Alzheimer’s Disease 

Alzheimer’s disease (AD) (altz'hi-merz), a progressive de- 
generative disease of the brain, ultimately results in dementia 
(mental deterioration). Alzheimers patients represent nearly 
half of the people living in nursing homes. Between 5 and 15% 
of people over 65 develop this eondition, and for up to half of 
those over 85 it is a major contributing cause in their deaths. 

Its vietims exhibit memory loss (particularly for reeent 
events), shortened attention span, disorientation, and eventual 
language loss. Over a period of several years, formerly good- 
natured people may beeome irritable, moody, and eonfiised. 
Hallucinations may ultimately occur. 

Examinations of brain tissue reveal senile plaques littering 
the brain like shrapnel between the neurons. The plaques eon- 
sist of extracellular aggregations of beta-amyloid peptide , which 
is cut from a normal membrane precursor protein (APP) by 
enzymes. One form of Alzheimer s disease is caused by an in- 
herited mutation in the gene for APP, which suggests that too 
much beta-amyloid may be toxic. New evidenee suggests that 
the beta-amyloid peptide may exert its toxic efiFeet through the 
prion protein, the same protein that (in an altered form) causes 
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mad cow disease. Current elinieal trials focus on using the im- 
mune system to elear away beta-amyloid peptide. 

Another hallmark of Alzheimer s disease is the presenee of 
neurofibrillary tangles inside neurons. These tangles involve a pro- 
tein ealled tau, which functions like railroad ties to bind microtu- 
bule “traeks” together. In the brains of AD vietims, tau abandons 
its microtubule-stabilizing role and grabs onto other tau mole- 
cules, forming spaghetti-like neurofibrillary tangles, which kill 
the neurons by dismpting their transport meehanisms. 

As the brain eells die, the brain shrinks. Particularly vulnerable 
brain areas include the hippocampus and the basal forebrain, re- 
gions involved in thinking and memory (see Figure 12.21). Loss 
of neurons in the basal forebrain is assoeiated with a shortage of 
the neurotransmitter aeetyleholine, and dmgs that inhibit break- 
down of aeetyleholine slightly enhanee eognitive fimetion in AD 
patients. Interestingly, a dmg that bloeks NMDA reeeptors, me- 
mantine, also slightly improves thinking in more advaneed stages 
of AD, suggesting that glutamate excitotoxicity is also involved in 
this disease. 


Parkinson’s Disease 
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Typieally striking people in their 50s and 60s, Parkinsorís dis- 
ease results from a degeneration of the dopamine-releasing neu- 
rons of the substantia nigra. As those neurons deteriorate, the 
dopamine-deprived basal nuclei they target beeome overaetive. 
Aíflieted individuals have a persistent tremor at rest (exhibited 
by “pill-rolling” movements of the fingers and wrist), a forward- 
bent walking posture and shuffling gait, and a stiff faeial expres- 
sion. They are slow initiating and executing movement. 

The cause of Parkinsorís disease is still unknown, but multi- 
ple faetors may interaet to destroy dopamine-releasing neurons. 
Reeent evidenee points to abnormalities in eertain mitoehon- 
drial proteins and protein degradation pathways. The dmg 
L-dopa helps to alleviate some symptoms. It passes through the 
blood brain barrier and is then eonverted into dopamine. 

However, as more and more neurons die off, L-dopa beeomes 
ineffeetive. Mixing L-dopa with dmgs that inhibit the break- 
down of dopamine (for example, deprenyl) ean prolong its ef- 
feetiveness. In addition, deprenyl by itself, early in the disease, 
slows the neurological deterioration to some extent and delays 
the need to administer L-dopa for up to 18 months. 

Deep brain stimulation via implanted eleetrodes shuts down 
abnormal brain aetivity and ean alleviate tremors. This treat- 
ment (for patients who no longer respond to dmg therapy) is 
expensive and risky, but it works. Another possibility is to use 
gene therapy to insert genes into adult brain eells, causing them 
to seerete the inhibitory neurotransmitter GABA. GABA then 
inhibits the abnormal brain aetivity just as the eleetrieal stim- 
ulation does. Replaeing dead or damaged eells by implanting 
stem eells is promising, but results to date are no better than 
more eonventional treatments. 


Hiintington’s Disease 

Huntingtorís disease, a fatal hereditary disorder, strikes during 
middle age. Mutant huntingtin protein accumulates in brain eells 
and the tissue dies, leading to massive degeneration of the basal 


nuclei and later of the eerebral cortex. Its initial symptoms in 
many are wild, jerky, almost continuous “flapping” movements 
ealled ehorea (Greek for “danee”). Although the movements ap- 
pear to be voluntary, they are not. Late in the disease, marked 
mental deterioration occurs. Huntingtorís disease is progressive 
and usually fatal within 15 years of onset of symptoms. 

The hyperkinetie manifestations of Huntingtorís disease are 
essentially the opposite of those of Parkinsorís disease (over- 
stimulation rather than inhibition of the motor drive). Hunt- 
ingtorís is usually treated with drugs that bloek, rather than 
enhanee, dopamines effeets. As with Parkinsorís disease, stem 
eell implants may be a promising treatment in the future. 



Check Your LPnderstanding 


20. VVhat is CSF? VVhere is it produced? VVhat are its fiinetions? 

21. VVhat is a transient isehemie attaek (TIA) and how is it 
different from a stroke? 

22. Mrs. Lee, a neurology patient, seldom smiles, has a shuffling, 
stooped gait, and often spills her eoffee. VVhat degenerative 
brain disorder might she have? 

_ For ansvvers, see Appendix H. 


The Spinal Cord 

Deseribe the gross and mieroseopie structure of the spinal 
eord. 

List the major spinal eord tracts # and elassify eaeh as a 
motor or sensory traet. 


Gross Anatomy and Proteetion 

The spinal eord, enelosed in the vertebral column, extends 
from the foramen magnum of the skull to the first or seeond 
lumbar vertebra, just inferior to the ribs gure 12.26) . About 
42 em (17 inehes) long and 1.8 em (3/4 of an ineh) thiek, the 
glistening-white spinal eord provides a two-way conduction 
pathway to and from the brain. It is a major reflex eenter: Spinal 
reflexes are initiated and eompleted at the spinal eord level. We 
discuss reflex functions and motor aetivity of the eord in subse- 
quent ehapters. In this seetion we focus on the anatomy of the 
spinal eord and its aseending and deseending traets. 

Like the brain, the spinal eord is proteeted by bone, menin- 
ges, and eerebrospinal fluid. The single-layered spinal dura 
mater (Figure 12.26c) is not attaehed to the bony walls of the 
vertebral column. Between the bony vertebrae and the spinal 
dura mater is an epidural spaee filled with a soft padding of 
fat and a network of veins (see Figure 12.28a). Cerebrospinal 
fluid fills the subarachnoid spaee between the araehnoid and pia 
mater meninges. 

Inferiorly, the dural and araehnoid membranes extend to 
the level of S 2 , well beyond the end of the spinal eord. The spi- 
nal eord typieally ends between L x and L 2 (Figure 12.26a). For 
this reason, the subarachnoid spaee within the meningeal sae 
inferior to that point provides a nearly ideal spot for remov- 
ing eerebrospinal fluid for testing, a procedure ealled a lumbar 
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(a)The spinal eord and its nerve roots, with the bony 
vertebral arehes removed.The dura mater and 
araehnoid mater are cut open and refleeted laterally 



Figure 12.26 Gross structure of the spinal eord, dorsal vievv. 

(For related images, see/\ BriefAtlas ofthe Human Body, 

Figures 52, 53, and 55.) 


(d) Inferior end of spinal eord, showing 
conus medullaris, cauda equina, and 
filum terminale. 
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Figure 12.2^ Diagram of a lumbar tap. This procedure removes 
CSF for testing. 



puncture or tap Figure 12.27 . Because the spinal eord is ab- 
sent there and the delieate nerve roots drift away from the point 
of needle insertion, there is little or no danger of damaging the 
eord (or spinal roots) beyond L 3 . 

Inferiorly, the spinal eord terminates in a tapering eone-shaped 
structure ealled the conus medullaris (ko'nus mé"dul-ar'is). The 
filum terminale (fi'lum ter"mí-nah'le; “terminal filament”), a 
fibrous extension of the conus eovered by pia mater, extends 
inferiorly from the conus medullaris to the coccyx, where it 
anehors the spinal eord so it is not jostled by body movements 
(Figure 12.26a, d). Furthermore, saw-toothed shelves of pia 
mater ealled denticulate ligaments (den-tik'u-làt; “toothed”) 
secure the spinal eord to the tough dura mater meninx through- 
out its length (Figure 12.26c). 

In humans, 31 pairs of spinal nerves —part of the peripheral 
nervous system—attaeh to the eord by paired roots. Eaeh nerve 
exits from the vertebral column by passing superior to its eor- 
responding vertebra via the intervertebral foramen, and travels 
to the body region it serves. While eaeh nerve pair defines a seg- 
ment of the eord, the spinal eord is, in faet, continuous through- 
out its length and its internal structure ehanges gradually. 

The spinal eord is about the width of a thumb for most of its 
length, but it has obvious enlargements in the eervieal and lum- 
bosaeral regions, where the nerves serving the upper and lower 
limbs arise. These enlargements are the eervieal and lumbar 
enlargements, respeetively (Figure 12.26a). 

Because the eord does not reaeh the end of the vertebral eol- 
umn, the lumbar and saeral spinal nerve roots angle sharply 
downward and travel inferiorly through the vertebral eanal for 
some distanee before reaehing their intervertebral foramina. 


The eolleetion of nerve roots at the inferior end of the vertebral 
eanal is named the cauda equina (kaw'da e-kwi'nuh) because 
it resembles a horses tail (Figure 12.26a, d). This strange ar- 
rangement refleets the faet that during fetal development, the 
vertebral column grows faster than the spinal eord, foreing the 
lower spinal nerve roots to C chase” their exit points inferiorly 
through the vertebral eanal. 

We will discuss the spinal nerves in more detail in Chapter 13. 

Spinal Cord Cross-Sectional Anatomy 

The spinal eord is somewhat flattened from front to baek and 
two grooves mark its surface: the ventral (anterior) median 
fissure and the shallower dorsal (posterior) median sulcus 

gure 12.28L . These grooves mn the length of the eord and 
partially divide it into right and left halves. The gray matter of 
the eord is loeated in its eore, the white matter outside. 

Gray Matterand Spinal Roots 

In eross seetion the gray matter of the eord looks like the let- 
ter H or like a butterfly (Figure 12.28b). It eonsists of mirror- 
image lateral gray masses eonneeted by a erossbar of gray mat- 
ter, the gray commissure, that eneloses the eentral eanal. The 
two dorsal projeetions of the gray matter are the dorsal (pos- 
terior) horns, and the ventral pair are the ventral (anterior) 
horns. In 3-D, these horns form eohimns of gray matter that 
run the entire length of the spinal eord. The thoraeie and supe- 
rior lumbar segments of the eord have an additional pair of gray 
matter columns, the small lateral horns. 

All neurons whose eell bodies are in the spinal eord gray 
matter are multipolar. The dorsal horns eonsist entirely of in- 
terneurons. The ventral horns have some interneurons but 
mainly house eell bodies of somatie motor neurons. These mo- 
tor neurons send their axons out to the skeletal muscles (their 
effeetor organs) via the ventral rootlets that fuse together to be- 
eome the ventral roots of the spinal eord (Figure 12.28b). 

The amount of ventral gray matter present at a given level 
of the spinal eord refleets the amount of skeletal muscle inner- 
vated at that level. As a result, the ventral horns are largest in the 
limb-innervating eervieal and lumbar regions of the eord and 
are responsible for the eord enlargements seen in those regions. 

The lateral horns eonsist mostly of the eell bodies of autonomic 
(sympathetie division) motor neurons that serve viseeral organs. 
Their axons leave the eord via the ventral root along with those 
of the somatie motor neurons. Because the ventral roots eontain 
both somatie and autonomic efferent fibers, they serve both motor 
divisions of the peripheral nervous system i< iire 12.29' . 

Afferent fibers earrying impulses from peripheral sensory re- 
eeptors form the dorsal roots of the spinal eord that fan out as 
the dorsal rootlets before they enter the spinal eord (Figure 12.28). 
The eell bodies of the assoeiated sensory neurons are found in an 
enlarged region of the dorsal root ealled the dorsal root ganglion 
or spinal ganglion. After entering the eord, the axons of these 
neurons may take a number of routes. Some enter the dorsal 
white matter of the eord direetly and travel to synapse at higher 
eord or brain levels. Others synapse with interneurons in the dor- 
sal horns of the spinal eord gray matter at their entry level. The 
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(b) The spinal eord and its meningeal eoverings 

gure 12.28 Anatomy of the spinal eord. (a) Cross seetion through the spinal eord 
illustrating its relationship to the surrounding vertebral column. (b) Anterior vievv of the spinal 
eord and its meningeal eoverings. 
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Figure 12.29 Organization of the gray matter 
of the spinal eord. The gray matter of the spinal 
eord is divided into a sensory half dorsally and a 
motor half ventrally. Note that the dorsal and ventral 
roots are part of the PNS, not of the spinal eord. 
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dorsal and ventral roots are very short and fuse laterally to form 
the spinal nerves (see Chapter 13). 

The spinal gray matter ean be divided further aeeording to 
its neurons’ relative involvement in innervating the somatie 
and viseeral regions of the body. Spinal gray matter has the 
following four zones (Figure 12.29): somatie sensory (SS), 
viseeral sensory (VS), viseeral (autonomic) motor (VM), so- 
matie motor (SM). 


White Matter 

The white matter of the spinal eord is eomposed of myelinated 
and nonmyelinated nerve fibers that allow communication be- 
tween different parts of the spinal eord and between the eord 
and brain. These fibers mn in three direetions: 


■ Aseending —up to higher eenters (sensory inputs) 

■ Deseending —down to the eord from the brain or within the 
eord to lower levels (motor outputs) 

■ Transverse —aeross from one side of the eord to the other 
(commissural fibers) 


Aseending and deseending traets make up most of the white 
matter. 

The white matter on eaeh side of the eord is divided into 
three white columns, or funiculi (fu-nik'u-li; “long ropes”), 
named aeeording to their position as dorsal (posterior), lat- 
eral, and ventral (anterior) funiculi (Figure 12.28b). Eaeh fu- 
niculus eontains several fiber traets, and eaeh traet is made up 
of axons with similar destinations and fimetions. With a few 
exceptions, the names of the spinal traets reveal both their ori- 
gin and destination. jure 12.30 sehematieally illustrates the 
prineipal aseending and deseending traets of the spinal eord in 
eross-seetional view. 


Neuronal Pathvvays 

All major spinal traets are part of multineuron pathways that 
eonneet the brain to the body periphery. These great aseending 
and deseending pathways eontain not only spinal eord neurons 
but also parts of peripheral neurons and neurons in the brain. 
Before we get speeifie about the individual traets, we will note 
four key generalizations about them and the pathvvays to which 
they contribute: 

■ Decussation. Most pathvvays eross from one side of the CNS 
to the other (decussate) at some point along their journey. 

■ Relay. Most pathvvays eonsist of a ehain of two or three neurons 
(a relay) that contribute to successive traets of the pathvvay. 

■ Somatotopy. Most pathways exhibit somatotopy , a preeise 
spatial relationship among the traet fibers that refleets the 
orderly mapping of the body. For example, in an aseending 
sensory traet, fibers transmitting inputs from sensory reeep- 
tors in superior body regions lie lateral to those eonveying 
sensory information from inferior body regions. 

■ Symmetry. All pathways and traets are paired symmetrieally 
(right and left), with a member of the pair present on eaeh 
side of the spinal eord or brain. 

Aseending Pathways to the Brain 

The aseending pathways conduct sensory impulses upward, typ- 
ieally through ehains ofthree successive neurons (first-, seeond-, 
and third-order neurons) to various areas of the brain. Note that 
both seeond- and third-order neurons are interneurons. 

■ First-order neurons, whose eell bodies reside in a ganglion 
(dorsal root or eranial), conduct impulses from the cutaneous 
reeeptors of the skin and from proprioeeptors to the spinal eord 
or brain stem, where they synapse with seeond-order neurons. 
Impulses from the faeial area are transmitted by eranial nerves, 
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Figure 12.30 Major aseending (sensory) and deseending (motor) traets of the spinal 
eord, eross-seetional view. 


and spinal nerves conduct somatie sensory impulses from the 
rest of the body to the CNS. First-order neurons entering the 
spinal eord are shown at the bottom of gure 12.31 . 

■ The eell bodies of seeond-order neurons (Figure 12.31, mid- 
dle) reside in the dorsal horn of the spinal eord or in medul- 
lary nuclei. They transmit impulses to the thalamus or to the 
cerebellum where they synapse. 

■ Third-order neurons have eell bodies in the thalamus (Fig- 
ure 12.31, top). They relay impulses to the somatosensory 
cortex of the eerebmm. (There are no third-order neurons in 
the eerebelhim.) 

In general, somatosensory information travels along three 
main pathways on eaeh side of the spinal eord. Two of these 
pathways (the dorsal eoliimn-medial lemniseal and spinotha- 
lamie pathways ) transmit impulses via the thalamus to the sen- 
sory cortex for conscious interpretation. Collectively the inputs 
of these sister traets provide diseriminative touch and conscious 
proprioeeption. Both pathways decussate—the first in the me- 
dulla and the seeond in the spinal eord. 

The third pathway, the spinoeerebellarpathway, terminates in 
the cerebellum, and does not contribute to sensory pereeption. 
Lets examine these pathways more elosely. 

1. Dorsal column-medial lemniseal pathways. The dorsal 
column-medial lemniseal pathways (lem-nis'kul; “rib- 
bon”) mediate preeise, straight-through transmission of 
inputs from a single type (or a few related types) of sen- 
sory reeeptor that ean be loealized preeisely on the body 
surface, such as diseriminative touch and vibrations. These 
pathways are formed by the paired traets of the dorsal 
white column of the spinal eord— fasciculus cuneatus 
and fasciculus graeilis —and the medial lemniscus. 

The medial lemniscus arises in the medulla and ter- 
minates in the thalamus (Figure 12.3la and Table 12.2). 


From the thalamus, impulses are forwarded to speeifie ar- 
eas of the somatosensory cortex. 

2. Spinothalamie pathways. The spinothalamie pathways 
reeeive input from many different types of sensory reeep- 
tors and make multiple synapses in the brain stem. These 
pathways eonsist of the lateral and ventral (anterior) 
spinothalamie traets (see Figure 12.3lb and Table 12.2). 
Their fibers eross over in the spinal eord. 

The fibers in these pathways primarily transmit im- 
pulses for pain and temperature, but also for eoarse touch 
and pressure. All are sensations that we are aware of but 
have diíficulty loealizing preeisely on the body surface. 

3. Spinoeerebellar pathways. The third aseending pathway 
eonsists of the ventral and dorsal spinoeerebellar traets. 
They eonvey information about muscle or tendon streteh to 
the eerebelhim, which uses this information to eoordinate 
skeletal muscle aetivity (see Figure 12.3 la and Table 12.2). 
As noted earlier, these pathways do not contribute to eon- 
scious sensation. The fibers of the spinoeerebellar pathways 
either do not decussate or else eross over twice (thus “undo- 
ing” the decussation). 


r 


12 


L 


Deseending Pathways andTraets 

The deseending pathways that deliver efferent impulses from 
the brain to the spinal eord are divided into two groups: (1) the 
direet pathways , equivalent to the pyramidal traets, and (2) the 
indireetpathways, essentially all others. Motor pathways involve 
two neurons, referred to as the upper and lower motor neurons: 

■ Upper motor neurons are the pyramidal eells of the motor eor- 
tex (see p. 433) and the neurons of subcortical motor nuclei. 

■ Lower motor nernons are the ventral horn motor neurons. 
These direetly innervate the skeletal muscles (their effeetors). 

We give a brief overview of these pathways on p. 471. See 
Table 12.3 on p. 473 for more information. 
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Figure 12.31 Pathways of seleeted 
aseending spinal eord traets. Cross seetions 
up to the eerebmm, which is shown in frontal 
seetion. (a) The spinoeerebellar pathway (left) 


transmits proprioeeptive information only to 
the cerebellum, and so is subconscious. The 
dorsal column-medial lemniseal pathway 
transmits diseriminative touch and conscious 


proprioeeption signals to the eerebral cortex. 
(b) The lateral spinothalamie pathway 
transmits pain and temperature. 
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Table 12.2 Major Aseending (Sensory) Pathways and Spinal Cord Traets 


SPINAL CORD TRACT 

LOCATION 

(FUNICULUS) 

ORIGIN 

TERMINATION 

FUNCTION 

Dorsal Column-Medial Lemniseal Pathvvays 




Fasciculus cuneatus and 

Dorsal 

Central axons of sensory (first- 

By synapse with 

Both traets transmit sensory 

fasciculus graeilis (dorsal 


order) neurons enter dorsal root 

seeond-order neurons 

impulses from general 

white column) 


of the spinal eord and braneh. 
Branehes enter dorsal white 
column on same side without 
synapsing. 

in nucleus cuneatus 
and nucleus graeilis 
in medulla. Fibers of 
medullary neurons 
eross over and aseend 
in medial lemniscus 
to thalamus, where 
they synapse 
with third-order 
neurons. Thalamie 
neurons then 
transmit impulses 
to somatosensory 
cortex. 

sensory reeeptors of skin and 
proprioeeptors, which are 
interpreted as diseriminative 
touch, pressure, and "body 
sense" (limb and joint position) 
in opposite somatosensory 
cortex. Cuneatus transmits 
afferent impulses from upper 
limbs, upper trunk, and neek. 
Graeilis earries impulses from 
lower limbs and inferior body 
trunk. 

Spinothalamie Pathvvays 

Lateral spinothalamie 

Lateral 

lnterneurons (seeond-order 
neurons) in dorsal horns. Fibers 
eross to opposite side before 
aseending. 

By synapse with 
third-order neurons 
in thalamus. Thalamie 
neurons then 
eonvey impulses to 
somatosensory cortex. 

Transmits impulses eoneerned 
with pain and temperature 
to opposite side of brain for 
interpretation by somatosensory 
cortex. 

Ventral spinothalamie 

Ventral 

lnterneurons (seeond-order 
neurons) in dorsal horns. Fibers 
eross to opposite side before 
aseending. 

By synapse with 
third-order neurons 
in thalamus. Thalamie 
neurons eventually 
eonvey impulses to 
somatosensory cortex. 

Transmits impulses eoneerned 
with crude touch and pressure 
to opposite side of brain for 
interpretation by somatosensory 
cortex. 

Spinoeerebellar Pathvvays 

Dorsal spinoeerebellar* 

Lateral 

lnterneurons (seeond-order 

By synapse in 

Transmits impulses from trunk 


(dorsal part) 

neurons) in dorsal horn on 
same side of eord. Fibers aseend 
without erossing. 

cerebellum 

and lower limb proprioeeptors 
on one side of body to same side 
of cerebellum for subconscious 
proprioeeption. 

Ventral spinoeerebellar* 

Lateral 

lnterneurons (seeond-order 

By synapse in 

Transmits impulses from the 


(ventral part) 

neurons) of dorsal horn. Contains 
erossed fibers that eross baek to 
the opposite side in the pons. 

cerebellum 

trunk and lower limb on the 
same side of body to cerebellum 
for subconscious proprioeeption. 


*These spinoeerebellar traets earry information from the lower limbs and trunk only. The eorresponding traets for the upper limb and neek (rostral 
spinoeerebellar and others) are beyond the seope of this book. 


Direet (Pyramidal) Pathways The direet pathways originate 
mainly with the pyramidal neurons loeated in the preeentral gyri. 
These neurons send impvilses through the brain stem via the large 
pyramidal (eortieospinal) traets igure 12.32a) . The direet path- 
ways are so ealled because their axons deseend without synapsing 
from the pyramidal neurons to the spinal eord. There they synapse 
either with interneurons or with ventral horn motor neurons. 


Stimulation of the ventral horn neurons aetivates the skel- 
etal muscles with which they are assoeiated. The direet pathway 
primarily regulates fast and fine (or skilled) movements such as 
doing needlework and writing. 

indireet Pathways The indireet pathways include brain 
stem motor nuclei and all motor pathways except the pyramidal 
pathways. These pathways were formerly lumped together as 
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gure 12.32 Three deseending pathvvays by vvhieh the brain influences movement. 

Cross seetions up to the eerebmm, which is shown in frontal seetion. (a) Pyramidal (lateral and 
ventral eortieospinal pathways) are direet pathways that eontrol skilled voluntary movements. 
(b) The mbrospinal traet, one of the indireet pathways, helps regulate muscle tone. 
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Table 12.3 Major Deseending (Motor) Pathways and Spinal Cord Traets 


LOCATION 

SPINAL CORD TRACT (FUNICULUS) ORIGIN TERMINATION FUNCTION 

Direet (Pyramidal) Pathways 

Lateral eortieospinal Lateral Pyramidal neurons of motor 

cortex of the cerebrum. Cross 
over in pyramids of medulla. 


Ventral eortieospinal Ventral Pyramidal neurons of motor 

cortex. Fibers eross over at the 
spinal eord level. 


indireet Pathways 


Teetospinal 

Ventral 

Superior colliculus of midbrain 
of brain stem (fibers eross to 
opposite side of eord). 

Ventral horn 
(as above). 

Turns neek so eyes ean follow a 
moving objeet. 

Vestibulospinal 

Ventral 

Vestibular nuclei in medulla 
of brain stem (fibers deseend 
without erossing). 

Ventral horn 
(as above). 

Transmits motor impulses that 
maintain muscle tone and 
aetivate ipsilateral limb and trunk 
extensor muscles and muscles 
that move head. Helps maintain 
balanee during standing and 
moving. 

Rubrospinal 

Lateral 

Red nucleus of midbrain of brain 
stem (fibers eross to opposite side 
just inferior to the red nucleus). 

Ventral horn 
(as above). 

In experimental animals, 
transmits motor impulses 
eoneerned with muscle tone 
of distal limb muscles (mostly 
flexors) on opposite side of 
body. In humans, functions are 
largely assumed by eortieospinal 
traets. 

Reticulospinal (ventral, 
medial, and lateral) 

Ventral and 
lateral 

Reticular formation of brain stem 
(medial nuclear group of pons 
and medulla). Both erossed and 
uncrossed fibers. 

Ventral horn 
(as above). 

Transmits impulses eoneerned 
with muscle tone and many 
viseeral motor functions. 

May eontrol most unskilled 
movements. 


By synapse with 
ventral horn 
interneurons that 
influence motor 
neurons and 
oeeasionally with 
ventral horn motor 
neurons direetly. 

Ventral horn (as 
above). 


Transmits motor impulses from 
cerebrum to spinal eord motor 
neurons (which aetivate skeletal 
muscles on opposite side of 
body). A voluntary motor traet. 


Same as lateral eortieospina 
traet. 


the extrapyramidal system because their nuclei of origin were 
presumed to be independent of ( c extra to”) the pyramidal traets. 
This term is still widely used elinieally. However, pyramidal traet 
neurons are now known to projeet to and influence the aetivity 
of most c extrapyramidal” nuclei, so modern anatomists prefer 
the term indireet, or multineuronal, pathways, or even just the 
names of the individual motor pathways. 

indireet motor pathways are complex and multisynaptic. 
They are most involved in regulating: 

■ Axial muscles that maintain balanee and posture 

■ Muscles eontrolling eoarse limb movements 

■ Head, neek, and eye movements that follow objeets in the 
visual field 


Many of the aetivities eontrolled by subcortical motor nuclei 
depend heavily on reflex aetivity. Figure 12.32b illustrates one 
of these traets, the mbrospinal traet. 

Overall, the reticulospinal and vestibulospinal traets main- 
tain balanee by varying the tone of postural muscles (Table 12.3). 
The rubrospinal traets eontrol flexor muscles, whereas the tee- 
tospinal traets and the superior colliculi mediate head move- 
ments in response to visual stimuli. 



Check Your LJnderstanding' 


23. VVhat is the explanation for the eervieal and lumbar 
enlargements of the spinal eord? 

24. VVhere are the eell bodies of the first-, seeond-, and third- 
order sensory neurons in the spinothalamie pathway loeated? 

_ For ansvvers, see Appendix Fi. 
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Spinal Cord Traiima and Disorders 

Distinguish between flaeeid and spastie paralysis, and 
between paralysis and paresthesia. 
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Spinal CordTrauma 

The spinal eord is elastie, stretehing with every turn of the head 
or bend of the trunk, but it is exquisitely sensitive to direet pres- 
sure. Any loealized damage to the spinal eord or its roots leads 
to some functional loss, either paralysis (loss of motor function) 
or paresthesias (par"es-the'ze-ahz) (abnormal sensations). 

Severe damage to ventral root or ventral horn eells results in 
flaeeid paralysis (flak'sid) of the skeletal muscles served. Nerve 
impulses do not reaeh these muscles, which consequently ean- 
not move either voluntarily or invohmtarily. Without stimula- 
tion, the muscles atrophy. 

When only the upper motor neurons of the primary mo- 
tor cortex are damaged, spastie paralysis occurs. In this ease, 
the spinal motor neurons remain intaet and spinal reflex aetiv- 
ity continues to stimulate the muscles irregularly. As a result, 
the muscles remain healthy longer, but their movements are no 
longer subject to vohmtary eontrol. In many eases, the muscles 
shorten permanently. 

Transeetion (eross seetioning) of the spinal eord at any level 
results in total motor and sensory loss in body regions inferior 
to the site of damage. 

■ If the transeetion occurs between T x and Lj, both lower limbs 
are affeeted, resulting in paraplegia (par"ah-ple'je-ah; para = 
beside, plegia = ablow). 

■ If the injury occurs in the eervieal region, all four limbs are 
affeeted and the result is quadriplegia. 

Hemiplegia , paralysis of one side of the body, usually refleets 
brain injury rather than spinal eord injury. 

Anyone with a spinal eord transeetion must be watched for 
symptoms of spinal shoek, a transient period of functional loss that 
follows the injury. Spinal shoek immediately depresses all reflex 
aetivity caudal to the lesion site. Bowel and bladder reflexes stop, 
blood pressure falls, and all muscles (somatie and viseeral alike) be- 
low the injury are paralyzed and insensitive. Neural hinetion usu- 
ally returns within a few hours following injury. If function does 
not resume within 48 hours, paralysis is permanent in most eases. 


Poliomyelitis 

Poliomyelitis (po"le-o-mi"é-li'tis; polio = gray matter; myelitis 
= inflammation of the spinal eord) results from the poliovi- 
rus, which typieally enters the body in feees-eontaminated wa- 
ter and destroys ventral horn motor neurons. Early symptoms 
include fever, headaehe, muscle pain and weakness, and loss of 
eertain somatie reflexes. Later, paralysis develops and the mus- 
eles served atrophy. The vietim may die from paralyzed respira- 
tory muscles or from eardiae arrest. Fortunately, vaeeines have 
nearly eliminated this disease and a global effort is ongoing to 
eradieate it eompletely. 

However, many survivors of the great polio epidemie of the 
late 1940s and 1950s have begun to experience extreme lethargy, 
sharp burning pains in their muscles, and progressive muscle 
weakness and atrophy. These disturbing symptoms are referred 


to as postpolio syndrome. The cause of postpolio syndrome 
is not known, but a likely explanation is that its vietims, like 
the rest of us, eontimie to lose neurons throughout life. While 
a healthy nervous system ean reemit nearby neurons to eom- 
pensate, polio survivors have already drawn on that “pool” and 
have few neurons left to take over. ironieally, those who worked 
hardest to overeome their disease are its newest vietims. 

Amyotrophie Lateral Selerosis (ALS) 

Amyotrophie lateral selerosis (ALS) (ah-mi"o-trof'ik), also ealled 
Lou Gehrig s disease, is a devastating neuromuscular eondition 
that progressively destroys ventral horn motor neurons and 
fibers of the pyramidal traets. As the disease progresses, the 
sufferer loses the ability to speak, swallow, and breathe. Death 
typieally occurs within five years. 

Environmental and genetie faetors interaet to cause ALS. In 
10% of eases mutations are inherited; spontaneous mutations 
are probably involved in the rest. Reeently, the mutations have 
been loealized to genes that are involved in RNA proeessing. 
While the exact meehanism is not elear, the presenee of excess 
extracellular glutamate suggests that excitotoxic eell death is in- 
volved. Riluzole, a dmg that interferes with glutamate signaling, 
is the only available life-prolonging treatment. 

Diagnostie Procedures for 
Assessing CNS Dysfunction 

List and explain several techniques used to diagnose brain 

disorders. 

If you have had a routine physieal examination, you are familiar 
with the reflex tests done to assess neural fimetion. A tap with 
a reflex hammer stretehes your quadriceps tendon and your 
anterior thigh imiseles eontraet. This produces the knee-jerk 
response, which shows that your spinal eord and upper brain 
eenters are fimetioning normally. 

Abnormal responses to a reflex test may indieate such serious 
disorders as intraeranial hemorrhage, multiple selerosis, or hy- 
drocephalus. They indieate that more sophistieated neurologi- 
eal tests are needed to identify the problem. 

New imaging techniques have revolutionized the diagnosis 
of brain lesions (see A Closer Look , pp. 18-19). Together, vari- 
ous CT and MRI seanning techniques allow quick identifieation 
of most tumors, intraeranial lesions, imiltiple selerosis plaques, 
and areas of dead brain tissue (infarets). PET seans ean loeal- 
ize brain lesions that generate seizures (epileptie tissue), and 
new radiotraeer dyes that bind to beta-amyloid promise earlier, 
more reliable diagnosis of Alzheimer s disease. 

Take, for example, a patient arriving in the emergeney room 
with a stroke. A raee against time begins to save the affeeted area 
of the patient s brain. The first step is to determine if the stroke 
is due to a elot or a bleed by imaging the brain, most often with 
CT. If the stroke is due to a elot, the clot-busting dmg tPA ean 
be used, but only within the first hours. tPA is usually given 
intravenously, but a longer time window is possible if tPA is ap- 
plied direetly to the elot using a eatheter guided into position. 
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To visualize the loeation of the elot and the eatheter, dye is in- 
jeeted to make arteries stand out in an X ray, a procedure ealled 
eerebral angiography. Cerebral angiography ean also help pa- 
tients who have had a warning stroke, or TIA. 

Another test to assess risk of a CVA uses ultrasound. The 
earotid arteries of the neek, which feed most of the eerebral ves- 
sels, often narrow with age, which ean lead to strokes. Cheaper 
and less invasive than angiography, ultrasound ean be used to 
quickly examine the earotid arteries and even measure blood 
flow through them. 



Check Your IJnderstanding 


25. Roy vvas taekled vvhile playing football. After hitting the 
ground, he vvas unable to move his lovver limbs. What is 
a loss of motor function ealled? What level of his spinal 
eord do you think vvas injured (eervieal, thoraeie, lumbar, 
or saeral)? Is this a permanent injury? What diagnostie 
procedures might be helpful? 

_ For ansvvers, see Appendix H. 


Developmental Aspeets 
of the Central Nervous System 

Deseribe the development of the brain and spinal eord. 

indieate several maternal faetors that ean impair 

development of the nervous system in an embryo. 

Explain the effeets of aging on the brain. 

Figure 12.33 shows the earliest phase of CNS development. 
Starting in the three-week-old embryo: 

@ The eetoderm (eell layer at the dorsal surface) thiekens 
along the dorsal midline axis of the embryo to form the 
neural plate. The neural plate invaginates, forming a neu- 
ral groove flanked by neural folds. 

@ Small groups of neural fold eells migrate laterally from be- 
tween the surface eetoderm and the neural groove, forming 
the neural erest. Neural erest eells give rise (among other 
things) to some neurons destined to reside in ganglia. 

@ As the neural groove deepens, the superior edges of the neu- 
ral folds fuse, forming the neural tube, which soon detaehes 
from the surface eetoderm and sinks to a deeper position. 

The neural tube, formed by the fourth week of pregnaney, 
differentiates rapidly into the CNS. The brain forms rostrally, as 
we deseribed on p. 429, and the spinal eord develops from the 
caudal portion of the neural tube. 

By the sixth week, eaeh side of the developing spinal eord has 
two reeognizable clusters of neuroblasts that have migrated out- 
ward from the original neural tube: a dorsal alar plate (a'lar) and a 
ventral basal plate igure 12.34) . Alar plate neuroblasts beeome 
interneurons. Basal plate neuroblasts develop into motor neurons 
and sprout axons that grow out to the effeetor organs. Axons that 
emerge from alar plate eells (and some basal plate eells) form the 
white matter of the eord. As development progresses, these plates 



Neural fold 

forming Surface 


eetoderm 



Neural plate 


@ The neural plate forms from surface eetoderm. It then invaginates, 
forming the neural groove flanked by neural folds. 



Neural erest 



Neural 
g roove 


@ Neural fold eells migrate to form the neural erest, which will form 
much of the PNS and many other structures. 



Surface 

eetoderm 



@The neural groove beeomes the neural tube, which will form CNS 
structures. 
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Figure 12.33 Development of the neural tube from 
embryonie eetoderm. Left: Dorsal surface vievvs of the embryo. 
Right: Transverse seetions at days 17, 20, and 22. 


expand dorsally and ventrally to produce the H-shaped eentral 
mass of gray matter in the adult spinal eord. 

Neural erest eells that eome to lie alongside the eord form the 
dorsal root ganglia eontaining sensory neuron eell bodies. These 
sensory neurons send their axons into the dorsal aspeet of the eord. 

As the brain and spinal eord grow and mature throughout the 
prenatal period, gender-speeifie areas appear. For example, eer- 
tain hypothalamie nuclei eoneerned with regulating typieal male 
sexual behavior and clusters of neurons in the spinal eord that 
serve the external genitals are much larger in males. Females have 
a larger corpus callosum, and gender differenees are seen in the 
language and auditory areas of the eerebral cortex. The key to CNS 
gender-speeifie development is whether or not the fetus is seeret- 
ing testosterone. If it is, the male pattern develops. 
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Dorsal root ganglion: sensory 
neurons from neural erest 



Neural tube Central 

eells eavity 



Figure 12.3 Newborn with a lumbar myelomeningoeele. 
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gure 12.34 Structure of the embryonie spinal eord. At six 

vveeks of development, aggregations of gray matter ealled the alar 
plates (future interneurons) and basal plates (future motor neurons) 
have formed. Dorsal root ganglia (future sensory neurons) have 
arisen from neural erest eells. 


Maternal exposure to radiation, various drugs (aleohol, opi- 
ates, and others), and infeetions ean harm a developing infants 
nervous system, particularly during the initial formative stages. 
For example, mbella (German measles) often leads to deafness 
and other types of CNS damage in the newborn. Smoking de- 
ereases the amount of oxygen in the blood, and laek of oxygen 
for even a few minutes destroys neurons. A mother who smokes 
may sentenee her infant to some degree of brain damage. 



Homeostatie imbalanee 12.11 


Cerebral palsy is a neuromuscular disability in which the vol- 
untary muscles are poorly eontrolled or paralyzed as a result of 
brain damage. It may be caused by temporary laek of oxygen 
during a difhcult delivery, or by any of the faetors listed above. 

In addition to spastieity, speeeh difhculties, and other motor 
impairments, about half of eerebral palsy vietims have seizures, 
half are mentally retarded, and about a third have some degree 
of deafness. Visual impairments are also eommon. Cerebral 
palsy does not get worse over time, but its deSeits are irreversi- 
ble. It is the largest single cause of physieal disability in ehildren, 
affeeting three out of every 1000 births. 

The CNS is plagued by a number of other eongenital malfor- 
mations triggered by genetie or environmental faetors during 
early development. The most serious are eongenital hydroeeph- 
alus (discussed previously), aneneephaly, and spina biSda. 

In aneneephaly (an"en-sef'ah-le; “without brain”), the eer- 
ebrum and part of the brain stem never develop because the 
neural folds fail to fuse rostrally. The ehild is totally vegetative, 
unable to see, hear, or proeess sensory inputs. Muscles are Sae- 
eid, and no vohmtary movement is possible. Mental life as we 
know it does not exist. Mercifully, death occurs soon aSer birth. 


Spina bifida (spi'nah bif'í-dah; “forked spine”) results from 
ineomplete formation of the vertebral arehes and typieally in- 
volves the lumbosacral region. The teehnieal definition is that 
laminae and spinous proeesses are missing on at least one verte- 
bra. If the eondition is severe, neural defieits occur as well. 

Spina bifida occulta , the least serious type, involves one or 
only a few vertebrae and causes no neural problems. Other than 
a small dimple or tuft of hair over the site of nonfusion, it has no 
external manifestations. 

In spina bifida eystiea , the more eommon and severe form, 
a saelike eyst protmdes dorsally from the ehilds spine. The 
eyst may eontain meninges and eerebrospinal fluid [a menin- 
goeele (mé-ning'go-sél)], or even portions of the spinal eord 
and spinal nerve roots (a myelomeningoeele , “spinal eord in 
a meningeal sae,” gure 12.3Í ). The larger the eyst and the 
more neural structures it eontains, the greater the neurological 
impairment. In the worst ease, where the inferior spinal eord 
is functionless, the infant experiences bowel ineontinenee, 
bladder muscle paralysis (which promotes urinary traet infee- 
tion and kidney failure), and lower limb paralysis. infeetions 
occur continually because the eyst wall is thin and porous and 
tends to rupture or leak. Hydrocephalus aeeompanies spina 
bifida eystiea in 90% of eases. 

In the past, up to 70% of eases of spina bifida were caused by 
inadequate amounts of the B vitamin folie aeid in the maternal 
diet. The ineidenee of spina bifida has dropped signifieantly in 
countries (such as the U.S.) that have introduced mandatory sup- 
plementation of folie aeid in bread, flour, and pasta products. + 

One of the last CNS areas to mature is the hypothalamus. 
Sinee the hypothalamus eontains body temperature regulatory 
eenters, premature babies have problems eontrolling their loss 
of body heat and must be kept in temperature-controlled envi- 
ronments. PET seans reveal that the thalamus and somatosen- 
sory cortex are aetive in a 5-day-old baby, but the visual cortex 
is not. This explains why infants of this age respond to touch but 
have poor vision. By 11 weeks, more of the cortex is aetive, and 
the baby ean reaeh for a rattle. By 8 months, the cortex is very 
aetive and the ehild ean think about what he or she sees. 
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Growth and maturation of the nervous system continue 
throughout ehildhood and largely refleet progressive myelina- 
tion. As deseribed in Chapter 9, neuromuscular eoordination 
progresses in a superior-to-inferior direetion and in a proximal- 
to-distal direetion, and we know that myelination also occurs in 
this sequence. 

The brain reaehes its maximum weight in the young adult. 
Over the next 60 years or so, neurons are damaged and die, and 
brain weight and volume steadily deeline. However, the number 
of neurons lost over the deeades is normally only a small per- 
eentage of the total, and the remaining neurons ean ehange 
their synaptie eonneetions, providing for continued learning 
throughout life. 

Although age brings some eognitive deelines in spatial abil- 
ity, speed of pereeption, deeision making, reaetion time, and 
working memory, these losses are not signifieant in the healthy 
individual until after the seventh deeade. Then the brain be- 
eomes inereasingly fragile, presumably due to less effieient eal- 
cium elearanee in aging neurons (as we have seen, elevated Ca 2+ 
levels are neurotoxic). A fairly rapid deeline occurs in some, but 
not all, of these abilities. 

However, mathematieal skills, verbal fluency, and the abil- 
ity to build on experience do not deeline with age, and many 
people continue to enjoy intellectual lives and work at mentally 
demanding tasks their entire life. Fewer people over 65 than you 
might think demonstrate tme dementia. Sadly, many eases of 
“reversible dementia” are caused by preseription dmg side ef- 
feets, low blood pressure, poor nutrition, hormone imbalanees, 
depression, and/or dehydration that go undiagnosed. The best 
way to maintain your mental abilities in old age may be to seek 
regular medieal checkups throughout life. 


Although eventual shrinking of the brain is normal and ae- 
eelerates in old age, aleoholies and professional boxers hasten 
the proeess. Whether a boxer wins the mateh or not, the likeli- 
hood of brain damage and atrophy inereases with every blow. 
And everyone reeognizes that aleohol profoundly affeets both 
the mind and the body. CT seans of aleoholies reveal reduced 
brain size and density starting at a fairly early age. Both boxers 
and aleoholies exhibit signs of mental deterioration unrelated to 
the aging proeess. 



Check Your IJnderstanding 


26. What functional type of neuron is derived from the alar 
plate? From the basal plate? 

27. Premature babies have problems eontrolling their body 
temperature. Why? 

28. List several causes of reversible dementia in the elderly. 

_ For ansvvers, see Appendix H. 


The human eerebral hemispheres—our “thinking eaps”— 
are awesome in their complexity. But no less amazing are the 
brain regions that oversee our subconscious, autonomic body 
functions—the dieneephalon and brain stem—particularly 
when you eonsider their relatively insignifieant size. The spi- 
nal eord, which aets as a reflex eenter and a eomimmieation 
link between the brain and body periphery, is equally impor- 
tant to body homeostasis. 

We have introduced a good deal of new terminology in this 
ehapter, and much of it will eome up again in the remaining 
nervous system ehapters. Chapter 13, your next ehallenge, eon- 
siders the structures of the peripheral nervous system that work 
hand in hand with the CNS to keep it informed and deliver its 
orders to the effeetors of the body. 
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3. As a result of eephalization, the dieneephalon and superior brain 
stem are enveloped by the eerebral hemispheres. 

Regions and Organization (p. 430) 

4. In a widely used system, the adult brain is divided into the 
eerebral hemispheres, dieneephalon, brain stem, and eerebellmn. 

5. The eerebral hemispheres and cerebellum have gray matter nuclei 
surrounded by white matter and an outer cortex of gray matter. 
The dieneephalon and brain stem laek a cortex. 

Ventrieles (p. 430) 


The Brain (pp. 429-452) 

1. The brain provides for voluntary movements, interpretation and 
integration of sensation, consciousness, and eognitive flmetion. 


6. The brain eontains four ventrieles filled with eerebrospinal fluid. 
The lateral ventrieles are in the eerebral hemispheres; the third 
ventriele is in the dieneephalon; the fourth ventriele is between 
the brain stem and the eerebellmn and eonneets with the eentral 
eanal of the spinal eord. 


Embryonie Development (pp. 429-430) 

2. Early brain development yields the three primary brain vesieles: 
the proseneephalon (eerebral hemispheres and dieneephalon), 
meseneephalon (midbrain), and rhombeneephalon (pons, 
medulla oblongata, and cerebellum). 


Cerebral Hemispheres (pp. 430-441) 

7. The two eerebral hemispheres exhibit gyri, sulci, and fissures. The 
longitudinal fissure partially separates the hemispheres; other 
fissures or sulci subdivide eaeh hemisphere into lobes. 

8. Eaeh eerebral hemisphere eonsists of the eerebral cortex, the 
eerebral white matter, and basal nuclei (ganglia). 
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9. Eaeh eerebral hemisphere reeeives sensory impulses from, and 
dispatehes motor impulses to, the opposite side of the body. The 
body is represented in an upside-down fashion in the sensory and 
motor eortiees. 

10. Functional areas of the eerebral cortex include (1) motor areas: 
primary motor and premotor eortiees of the frontal lobe, 

the frontal eye field, and Broeas area in the frontal lobe of 
one hemisphere (usually the left); (2) sensory areas: primary 
somatosensory cortex and somatosensory assoeiation cortex 
in the parietal lobe; visual areas in the oeeipital lobe; olfaetory 
and auditory areas in the temporal lobe; gustatory, viseeral, 
and vestibular areas in the insula; (3) assoeiation areas: anterior 
assoeiation area in the frontal lobe, and posterior and limbie 
assoeiation areas spanning several lobes. 

11. The eerebral hemispheres show lateralization of eortieal fimetion. 
In most people, the left hemisphere is dominant (i.e., speeialized 
for language and mathematieal skills); the right hemisphere is 
more eoneerned with visual-spatial skills and ereative endeavors. 

12. Fiber traets of the eerebral white matter include commissures, 
assoeiation fibers, and projeetion fibers. 

13. The paired basal nuclei (also ealled basal ganglia) include the 
globus pallidus, putamen, and caudate nucleus. The basal nuclei 
are subcortical nuclei that help eontrol movements. Functionally 
they are elosely assoeiated with the substantia nigra of the 
midbrain. 

Dieneephalon (pp. 441-443) 

14. The dieneephalon includes the thalamus, hypothalamus, and 
epithalamus and eneloses the third ventriele. 

15. The thalamus is the major relay station for (1) sensory impulses 
aseending to the sensory cortex, (2) inputs from subcortical 
motor nuclei and the cerebellum traveling to the eerebral motor 
cortex, and (3) impulses traveling to assoeiation eortiees from 
lower eenters. 

16. The hypothalamus is an important eontrol eenter of the 
autonomic nervous system and a pivotal part of the limbie 
system. It maintains water balanee and regulates thirst, eating 
behavior, gastrointestinal aetivity, body temperature, and the 
aetivity of the anterior pituitary gland. 

17. The epithalamus includes the pineal gland, which seeretes the 
hormone melatonin. 

Brain Stem (pp. 443-447) 

18. The brain stem includes the midbrain, pons, and medulla 
oblongata. 

19. The midbrain eontains the eorpora quadrigemina (visual and 
auditory reflex eenters), the red nucleus (subcortical motor 
eenters), and the substantia nigra. The periaqueductal gray matter 
is involved in pain suppression and eontains the motor nuclei of 
eranial nerves III and IV. The eerebral peduncles on its ventral 
faee house the pyramidal fiber traets. The midbrain surrounds the 
eerebral aqueduct. 

20. The pons is mainly a conduction area. Its nuclei contribute to 
regulating respiration and eranial nerves V-VII. 

21. The pyramids (deseending eortieospinal traets) form the 
ventral faee of the medulla oblongata. These fibers eross over 
(decussation of the pyramids) before entering the spinal eord. 
Important nuclei in the medulla regulate respiratory rhythm, 
heart rate, and blood pressure and serve eranial nerves VIII-XII. 
The olivary nuclei and cough, sneezing, swallowing, and vomiting 
eenters are also in the medulla. 


Cerebellum (pp. 447-449) 

22. The cerebellum eonsists of two hemispheres, marked by 
eonvohitions and separated by the vermis. It is eonneeted to the 
brain stem by superior, middle, and inferior peduncles. 

23. The eerebelhim proeesses and interprets impulses from the motor 
cortex and sensory pathways and eoordinates motor aetivity so 
that smooth, well-timed movements occur. It also plays a poorly 
understood role in eognition. 

Functional Brain Systems (pp. 449-452) 

24. The limbie system eonsists of numerous structures that eneirele 
the brain stem. It is the c emotional-viseeral brain.” It also plays a 
role in memory. 

25. The reticular formation is a diífiise network of neurons and nuclei 
spanning the length of the brain stem. It maintains the alert state 
of the eerebral cortex (RAS), and its motor nuclei serve both 
somatie and viseeral motor aetivities. 

Higher Mental Functions (pp. 452-458) 

Brain Wave Patterns and the EEG (pp. 452-453) 

1. Patterns of eleetrieal aetivity of the brain are ealled brain waves; 
a reeord of this aetivity is an eleetroeneephalogram (EEG). Brain 
wave patterns, identified by their frequencies, include alpha, beta, 
theta, and delta waves. 

2. Epilepsy results from abnormal eleetrieal aetivity of brain 
neurons. Involuntary muscle eontraetions and sensory auras are 
typieal during some epileptie seizures. 

Consciousness (pp. 453-454) 

3. Consciousness is deseribed elinieally on a continuum from 
alertness to drowsiness to stupor and finally to eoma. 

4. Human consciousness is thought to involve holistie information 
proeessing, which is (1) not loealizable, (2) superimposed on 
other types of neural aetivity, and (3) totally intereonneeted. 

5. Fainting (syneope) is a temporary loss of consciousness that 
usually refleets inadequate blood delivery to the brain. Coma 
is loss of consciousness in which the vietim is unresponsive to 
stimuli. 

Sleep and Sleep-Wake Cycles (pp. 454-455) 

6. Sleep is a state of partial consciousness from which a person ean 
be aroused by sthmdation. The two major types of sleep are non- 
rapid eye movement (NREM) sleep and rapid eye movement 
(REM) sleep. 

7. During stages 1-4 of NREM sleep, brain wave frequency 
deereases and amplitude inereases until delta wave sleep (stage 
4) is aehieved. REM sleep is indieated by a return to alpha waves 
on the EEG. During REM, the eyes move rapidly under the lids. 
NREM and REM sleep alternate throughout the night. 

8. Slow-wave sleep (stages 3 and 4 of NREM) appears to be 
restorative. REM sleep is important for emotional stability. 

9. REM occupies half of an infants sleep time and then deelines to 
about 25% of sleep time by age 10. Time spent in slow-wave sleep 
deelines steadily throughout life. 

10. Nareolepsy is involuntary lapses into REM sleep that occur 
without warning during waking periods. Insomnia is a ehronie 
inability to obtain the amount or quality of sleep needed to 
fimetion adequately. A person with sleep apnea stops breathing 
temporarily during sleep, causing hypoxia. 
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Language (pp. 455-456) 

11. In most people the leít hemisphere eontrols language. The 
language implementation system, which includes Broeas and 
Wernickes areas and the basal nuclei, analyzes ineoming and 
produces outgoing language. The opposite hemisphere deals with 
the emotional eontent of language. 

Memory (pp. 456-458) 

12. Memory is the storage and retrieval of information. It is essential 
for learning and is part of consciousness. 

13. Memory storage has two stages: short-term memory (STM) and 
long-term memory (LTM). Transfer of information from STM to 
LTM takes minutes to hours, but more time is required for LTM 
eonsolidation. 

14. Deelarative memory is the ability to learn and consciously 
remember information. Procedural memory is the learning of 
motor skills, which are then performed without conscious thought. 

15. Deelarative memory appears to involve the medial temporal lobe 
(hippocampus and surrounding temporal eortieal areas), thalamus, 
basal forebrain, and prefrontal cortex. Procedural memory (a type 
of nondeelarative memory) relies on the basal nuclei. 

16. The nature of memory formation at the molecular level is not 
fully known, but NMDA reeeptors (essentially calcium ehannels), 
aetivated by depolarization and glutamate binding, play a major 
role in long-term potentiation (LTP). The ealeimn influx that 
follows NMDA reeeptor aetivation mobilizes enzymes that 
mediate events neeessary for memory formation. 

Proteetion of the Brain (pp. 458-462) 

1. The delieate brain is proteeted by bone, meninges, eerebrospinal 
fluid, and the blood brain barrier. 

Meninges (pp. 459-460) 

2. The meninges from superficial to deep are the dura mater, 
araehnoid mater, and pia mater. They enelose the brain and spinal 
eord and their blood vessels. Inward folds of the inner layer of the 
dura mater secure the brain to the skull. 

Cerebrospinal Fluid (pp. 460-462) 

3. Cerebrospinal fluid (CSF), formed by the ehoroid plexuses from 
blood plasma, circulates through the ventrieles and into the 
subarachnoid spaee. It returns to the dural venous sinuses via the 
araehnoid villi. CSF supports and cushions the brain and eord 
and helps to nourish them. 

Blood Brain Barrier (p. 462) 

4. The blood brain barrier refleets the relative impermeability of the 
epithelimn of eapillaries of the brain. It allows water, respiratory 
gases, essential nutrients, and fat-soluble molecules to enter the 
neural tissue, but bloeks other, water-soluble, potentially harmful 
substances. 

Homeostatie imbalanees of the Brain (pp. 462-464) 

Traumatic Brain lnjuries (pp. 462-463) 

1. Head trauma may cause brain injuries ealled concussions or, in 
severe eases, contusions (bmising). When the brain stem is affeeted, 
unconsciousness (temporary or permanent) occurs. Trauma- 
induced brain injuries may be aggravated by intraeranial hemorrhage 
or eerebral edema, both of which eompress brain tissue. 


Cerebrovascular Aeeidents (CVAs) (p. 463) 

2. Cerebrovascular aeeidents (strokes) result when blood circulation 
to brain neurons is impaired and brain tissue dies. The result may 
be hemiplegia, sensory defieits, or speeeh impairment. 

Degenerative Brain Disorders (pp. 463-464) 

3. Alzheimer s disease is a degenerative brain disease in which 
beta-amyloid peptide deposits and neurofibrillary tangles appear. 
Marked by a defieit of ACh, it results in slow, progressive loss of 
memory and motor eontrol and inereasing dementia. 

4. Parkinsons disease and Huntingtons disease are 
neurodegenerative disorders of the basal nuclei. Both involve 
abnormalities of the neurotransmitter dopamine (too little or too 
much seereted) and are eharaeterized by abnormal movements. 

The Spinal Cord (pp. 464-474) 

Gross Anatomy and Proteetion (pp. 464-466) 

1. The spinal eord, a two-way impulse conduction pathway and a 
reflex eenter, resides within the vertebral column and is proteeted 
by meninges and eerebrospinal fluid. It extends from the foramen 
magnum to the end of the first lumbar vertebra. 

2. Thirty-one pairs of spinal nerves issue from the eord. The eord is 
enlarged in the eervieal and lumbar regions, where spinal nerves 
serving the limbs arise. 

Spinal Cord Cross-Sectional Anatomy (pp. 466-468) 

3. The eentral gray matter of the eord is H shaped. Ventral horns mainly 
eontain somatie motor neurons. Lateral horns eontain viseeral 
(autonomic) motor neurons. Dorsal horns eontain interneurons. 

4. Axons of neurons of the lateral and ventral horns emerge in 
eommon from the eord via the ventral roots. Axons of sensory 
neurons (with eell bodies loeated in the dorsal root ganglion) 
form the dorsal roots and enter the dorsal aspeet of the eord. The 
ventral and dorsal roots eombine to form the spinal nerves. 

5. Eaeh side of the white matter of the eord has dorsal, lateral, and 
ventral columns (funiculi), and eaeh funiculus eontains a number 
of aseending and deseending traets. All traets are paired and most 
decussate. 

Neuronal Pathways (pp. 468-473) 

6. Aseending (sensory) traets include the fasciculi graeilis and 
cuneatus, spinothalamie traets, and spinoeerebellar traets. 

7. The dorsal column-medial lemniseal pathway eonsists of the 
dorsal white column (fasciculus cuneatus, fasciculus graeilis) 
and the medial lemniscus, which are eoneerned with straight- 
through, preeise transmission of one or a few related types 

of sensory input. The spinothalamie patfivvays transmit pain, 
temperature, and eoarse touch, and permit brain stem proeessing 
of aseending impulses. The spinoeerebellar traets, which 
terminate in the eerebellmn, serve muscle sense, not conscious 
sensory pereeption. 

8. Deseending traets include the pyramidal traets (ventral and 
lateral eortieospinal traets) and a number of motor traets 
originating from subcortical motor nuclei. These deseending 
fibers issue from the brain stem motor areas [indireet system] and 
eortieal motor areas [direet (pyramidal) system]. 

Spinal Cord Trauma and Disorders (p. 474) 

9. Injury to the ventral horn neurons or the ventral roots results in 
flaeeid paralysis. (Injury to the upper motor neurons in the brain 
results in spastie paralysis.) If the dorsal roots or sensory traets 
are damaged, paresthesias occur. 
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10. Poliomyelitis results from inflammation and destmetion of the 
ventral horn neurons by the poliovims. Paralysis and muscle 
atrophy ensue. 

11. Amyotrophie lateral selerosis (ALS) results from destmetion of 
the ventral horn neurons and the pyramidal traets. The vietim 
eventually loses the ability to swallow, speak, and breathe. Death 
generally occurs within five years. 

Diagnostie Procedures for Assessing CNS 

Dysfunction (pp. 474-475) 

1. Diagnostie procedures used to assess neurological eondition 
and fimetion range from routine reflex testing to sophistieated 
techniques such as eerebral angiography, CT seans, MRI seans, 
and PET seans. 

Developmental Aspeets of the Central Nervous 

System (pp. 475-477) 

1. The CNS develops from the embryonie neural tube—the brain 
from the rostral part and the spinal eord from the caudal part. 


2. The gray matter of the spinal eord forms from the alar and basal 
plates. Fiber traets form the outer white matter. The neural erest 
forms the sensory (dorsal root) ganglia. 

3. Maternal and environmental faetors may impair embryonie brain 
development, and oxygen deprivation destroys brain eells. Severe 
eongenital brain disorders include eerebral palsy, aneneephaly, 
hydrocephalus, and spina bifida. 

4. Premature babies have trouble regulating body temperature because 
the hypothalamus is one of the last brain areas to mature prenatally. 

5. Development of motor eontrol indieates progressive myelination 
and maturation of a ehilds nervous system. 

6. Brain growth ends in young adulthood. Neurons die throughout 
life and most are not replaeed; brain weight and volume deeline 
with age. 

7. Healthy elders maintain nearly optimal intellectual fimetion. 
Disease—particularly cardiovascular disease—is the major cause 
of deelining mental fimetion with age. 


Review Questions 




Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. The primary motor cortex, Broeas area, and the premotor cortex 
are loeated in which lobe? (a) frontal, (b) parietal, (e) temporal, 
(d) oeeipital. 

2. The innermost layer of the meninges, delieate and elosely 
apposed to the brain tissue, is the (a) dura mater, (b) corpus 
callosum, (e) araehnoid mater, (d) pia mater. 

3. Cerebrospinal fluid is formed by (a) araehnoid villi, (b) dura 
mater, (e) ehoroid plexuses, (d) all of these. 

4. A patient has suffered a eerebral hemorrhage that has caused 
dysfimetion of the preeentral gyms of his right eerebral cortex. 

As a result, (a) he eannot vohmtarily move his left arm or leg, 

(b) he feels no sensation on the left side of his body, (e) he feels 
no sensation on his right side. 

5. Choose the eorreet term from the key to respond to the 
statements deseribing various brain areas. 

Key: 

(a) cerebellum (d) striatum (g) midbrain 

(b) eorpora quadrigemina (e) hypothalamus (h) pons 

(e) corpus callosum (f) medulla (i) thalamus 

_(1) basal nuclei involved in fine eontrol of motor aetivities 

_(2) region where there is a gross erossover of fibers of 

deseending pyramidal traets 

_(3) eontrol of temperature, autonomic nervous system 

reflexes, hunger, and water balanee 

_(4) houses the substantia nigra and eerebral aqueduct 

_(5) relay stations for visual and auditory stimuli input; 

found in midbrain 

_(6) houses vital eenters for eontrol of the heart, respiration, 

and blood pressure 

_(7) brain area through which all the sensory input is 

relayed to get to the eerebral cortex 

_(8) brain area most eoneerned with equilibrium, body 

posture, and eoordination of motor aetivity 


6. Which of the following traets eonvey vibration and other 
speeifie sensations that ean be preeisely loealized? (a) pyramidal 
traet, (b) medial lemniscus, (e) lateral spinothalamie traet, 

(d) reticulospinal traet. 

7. Destmetion of the ventral horn eells of the spinal eord results 
in loss of (a) integrating impulses, (b) sensory impulses, 

(e) voluntary motor impulses, (d) all of these. 

8. Fiber traets that allow neurons within the same eerebral 
hemisphere to communicate are (a) assoeiation fibers, 

(b) commissures, (e) projeetion fibers. 

9. A number of brain structures are listed below. If an area is 
primarily gray matter, write a in the answer blank; if mostly white 
matter, respond with b. 

_(1) eerebral cortex 

_(2) corpus callosum and eorona radiata 

_(3) red nucleus 

_(4) medial and lateral nuclear groups 

_(5) medial lemniscus 

_(6) eranial nerve nuclei 

_(7) spinothalamie traet 

_(8) fornix 

_(9) cingulate and preeentral gyri 

10. A professor unexpectedly blew a loud horn in his anatomy and 
physiology elass. The students looked up, startled. The reflexive 
movements of their eyes were mediated by the (a) eerebral cortex, 
(b) inferior olives, (e) raphe nuclei, (d) superior colliculi, 

(e) nucleus graeilis. 

11. Identify the stage of sleep deseribed by using ehoiees from the 
key. (Note that responses a-d refer to NREM sleep.) 

Key: (a) stage 1 (b) stage 2 (e) stage 3 (d) stage 4 (e) REM 

_(1) the stage when blood pressure and heart rate reaeh 

their lowest levels 

_(2) indieated by movement of the eyes under the lids; 

dreaming occurs 

_(3) when nightmares are likely to occur 

_(4) when the sleeper is very easily awakened; EEG shows 

alpha waves 
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12. All of the following deseriptions refer to dorsal column- 
medial lemniseal aseending pathways except one: (a) they 
inehide the fasciculus graeilis and fasciculus cuneatus; 

(b) they include a ehain of three neurons; (e) their eonneetions 
are diífuse and poorly loealized; (d) they are eoneerned with 
preeise transmission of one or a few related types of sensory 
input. 

Short Ansvver Essay Questions 

13. Make a diagram showing the three primary (embryonie) brain 
vesieles. Name eaeh and then use elinieal terminology to name 
the resulting adult brain regions. 

14. (a) What is the advantage of having a eerebram that is highly 
convoluted? (b) What term is used to indieate its grooves? Its 
outward folds? (e) Which groove divides the cerebrum into two 
hemispheres? (d) What divides the parietal from the frontal lobe? 
The parietal from the temporal lobe? 

15. (a) Make a rough drawing of the lateral aspeet of the leff eerebral 
hemisphere. (b) You may be thinking, “But I just eant draw!” So, 
name the hemisphere involved with most peoples ability to draw. 
(e) On your drawing, loeate the following areas and provide the 
major function of eaeh: primary motor cortex, premotor cortex, 
somatosensory assoeiation cortex, primary somatosensory 
cortex, visual and auditory areas, prefrontal cortex, Wernickes 
and Broeas areas. 

16. (a) What does lateralization of eortieal functioning mean? (b) 
Why is the term eerebral dominanee a misnomer? 

17. (a) What is the fhnetion of the basal nuclei? (b) Which basal nuclei 
form the striatum? (e) Which arehes over the dieneephalon? 

18. Explain how the eerebellmn is physieally eonneeted to the brain 
stem. 

19. Deseribe the role of the cerebellum in maintaining smooth, 
eoordinated skeletal muscle aetivity. 

20. (a) Where is the limbie system loeated? (b) Which structures 
make up this system? (e) How is the limbie system important in 
behavior? 

21. (a) Loealize the reticular formation in the brain. (b) What does 
RAS mean, and what is its function? 

22. What is an aura? 

23. How do sleep patterns, extent of sleeping time, and amount of 
time spent in REM and NREM sleep ehange through life? 

24. Compare and eontrast short-term memory (STM) and long-term 
memory (LTM) relative to storage eapaeity and duration of the 
memory. 

25. Define memory eonsolidation. 

26. Compare and eontrast deelarative and procedural memory 
relative to the types of things remembered and the importanee of 
conscious retrieval. 

27. List four ways in which the CNS is proteeted. 

28. (a) How is eerebrospinal fluid formed and drained? Deseribe its 
pathway within and around the brain. (b) What happens if CSF 
does not drain properly? Why is this consequence more harmful 
in adults? 

29. What constitutes the blood brain barrier? 

30. A brain surgeon is about to make an ineision. Name all the tissue 
layers that she cuts through from the skin to the brain. 

31. (a) Define concussion and contusion. (b) Why does severe brain 
stem injury result in unconsciousness? 

32. Deseribe the spinal eord, depieting its extent, its eomposition of 
gray and white matter, and its spinal roots. 

33. How do the types of motor aetivity eontrolled by the direet 
(pyramidal) and indireet systems differ? 


34. Deseribe the fimetional problems that would be experienced 
by a person in which these fiber traets have been cut: (a) lateral 
spinothalamie, (b) ventral and dorsal spinoeerebellar, (e) teetospinal. 

35. Differentiate between spastie and flaeeid paralysis. 

36. How do the eonditions paraplegia, hemiplegia, and quadriplegia 
differ? 

37. (a) Define cerebrovascular aeeident or CVA. (b) Deseribe its 
possible causes and consequences. 

38. (a) What faetors account for brain growth affer birth? (b) List 
some structural brain ehanges observed with aging. 

' ,1 Ci tieal Thinking 

and Oinieal Applieation 
'oZY Questions 

1. A 10-month-old infant has an enlarging head circumference 
and delayed overall development. She has a bulging anterior 
fontanelle and her CSF pressure is elevated. Based on these 
findings, answer the following questions: (a) What are the 
possible cause(s) of an enlarged head? (b) Which tests might be 
helpfiil in obtaining information about this infants problem? (e) 
Assuming the tests conducted showed the eerebral aqueduct to 
be eonstrieted, which ventrieles or CSF-containing areas would 
you expect to be enlarged? Which would likely not be visible? 
Respond to the same questions based on a finding of obstraeted 
araehnoid villi. 

2. Mrs. Jones has had a progressive deeline in her mental eapabilities 
in the last five or six years. At first her family attributed her 
oeeasional memory lapses, eonfiision, and agitation to grief over 
her husbands death six years earlier. When examined, Mrs. Jones 
was aware of her eognitive problems and was shown to have an 
IQ seore approximately 30 points less than would be predieted by 
her work history. A CT sean showed diffiise eerebral atrophy. The 
physieian preseribed an aeetyleholinesterase inhibitor and Mrs. 
Jones showed slight improvement. What is Mrs. Joness problem? 
Why did the aeetyleholinesterase inhibitor help? 

3. Robert, a brilliant computer analyst, suffered a blow to his 
anterior skull from a falling roek while mountain elimbing. 
Shortly thereaffer, it was obvious to his coworkers that his 
behavior had undergone a dramatie ehange. Although previously 
a smart dresser, he was now unkempt. One morning, he was 
observed defeeating into the wastebasket. His supervisor ordered 
Robert to report to the eompany s doetor immediately. Which 
region of Roberts brain was affeeted by the eranial blow? 

4. Mrs. Adams is ready to deliver her first baby. Unfortunately, the 
baby appears to have a myelomeningoeele. Would a vaginal or 
surgical (C-section) delivery be more appropriate and why? 

5. The medieal ehart of a 68-year-old man includes the following 
notes: “Slight tremor of right hand at rest; stony faeial expression; 
difficulty in initiating movements.” (a) Based on your present 
knowledge, what is the diagnosis? (b) What brain areas are most 
likely involved in this mans disorder, and what is the defieieney? 
(e) How is this eondition currently treated? 

6. Cynthia, a 16-year-old girl, was rashed to the hospital affer 
taking a bad spill off the parallel bars. After she had a eomplete 
neurological workup, her family was told that she would be 
permanently paralyzed from the waist down. The neurologist 
then outlined for Cynthias parents the importanee of preventing 
eomplieations in such eases. Common eomplieations include 
urinary infeetion, bed sores, and muscular spasms. Using your 
knowledge of neuroanatomy, explain the underlying reasons for 
these eomplieations. 
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7. Five-year-old Amy wakes her parents up at 3 am erying and 
eomplaining of a sore neek, severe headaehe, and feeling siek to 
her stomaeh. She has a temperature of 40°C (104°F) and hides 
her eyes, saying that the lights are too bright. The emergeney 


physieian suspects meningitis and performs a lumbar tap. Using 
your knowledge of neuroanatomy, explain into which spaee and 
at what level of the vertebral column the needle will be inserted to 
perform this test. Which fluid is being obtained and why? 


AT THE e L I N I e 

L A 


Related eiinieal Terms 


Autism A complex developmental neurological disorder, typieally 
appearing in the fìrst three years of life, eharaeterized by 
difhculty in eommmheating, forming relationships with others, 
and responding appropriately to the environment. A wide 
variety of mutations in functionally related genes ean give rise to 
autism and its related disorders. Occurs in about two per 1000 
people, and early behavioral intervention is benefieial. 

Cordotomy (kor-dot'o-me) A procedure in which a traet in 
the spinal eord is severed surgically; usually done to relieve 
unremitting pain. 

Dyslexia A learning disability in 5 to 15% of the population that 
speeifieally affeets the ability of otherwise intelligent people 
to read. This defieit in visual symbol and language proeessing 
is thought to result from errors arising in one hemisphere. 
Several genes that predispose ehildren to dyslexia have been 
identified, but dyslexia ean also be acquired by brain injury or 
degeneration. 

Eneephalopathy (en-sef'ah-lop'ah-the; eneeph = brain;pat/z = 
disease) Any disease or disorder of the brain. 

Hypersomnia (hyper = excess; somnus = sleep) A eondition in 
which affeeted individuals sleep as much as 15 hours daily. 

Mieroeephaly (mi"kro-sef'ah-le; miero = small) Congenital 

eondition involving the formation of a small brain, as evideneed 


by reduced skull size; most mieroeephalie ehildren are mentally 
retarded. 

Myelitis (mi"é-li'tis; myel = spinal eord; itis = inflammation) 
Inflammation of the spinal eord. 

Myelogram (gram = reeording) X ray of the spinal eord after 
injeetion of a eontrast medium. 

Myoclonus (mi"o-klo'nus; myo = muscle; elon = violent motion, 
tumult) Sudden eontraetion of a muscle or muscle part, usually 
involving muscles of the limbs. Myoelonal jerks ean occur in 
normal individuals as they are falling asleep; others may be due 
to diseases of the reticular formation or eerebelhim. 

Neuroses (nu-ro'sès) A less debilitating elass of mental illness; 
examples include severe anxiety (panie attaeks), phobias 
(irrational fears), and obsessive-compulsive behaviors (e.g., 
washing one s hands every few minutes). However, the affeeted 
individual retains eontaet with reality. 

Psyehoses (si-ko'sès) A elass of severe mental illness in which 

affeeted individuals lose touch with reality and exhibit bizarre 
behaviors; the legal word for psyehotie behavior is insanity. 
Psyehoses include sehizophrenia (skit-so-fre'ne-ah), bipolar 
disorder, and some forms of depression. 





Case Study 


Central Nervous System 


Margaret Bryans, a 39-year-old 
female, was a passenger on the bus 
that erashed on Route 91. When 
paramedies arrived on the seene, she 
was unconscious, with cuts on her arms, faee, and sealp. She 
regained consciousness en route to the hospital and appeared 
agitated and eombative. Paramedies observed that she had a right 
hemiparesis (muscle weakness), with a near eomplete paresis of 
her right upper extremity and a partial paresis of the right lower 
extremity. A head CT sean revealed an acute subdural hematoma 
and an extensive subarachnoid hemorrhage. Doetors noted that 
she was able to follow eommands from medieal personnel. With 
difficulty, she could speak haltingly, using only simple words. 

Surgery to remove large elots from the subarachnoid spaee was 
performed immediately. Two weeks after the surgery, she showed 
signifieant improvement in her speeeh and motor function. 


1. The adult brain ean be broken down into four functional 
regions (see Table 12.1). Based on the observed signs in this 
ease, which of these four brain regions is involved? What 
evidenee did you use to determine this? 

2. Which side of the brain is involved in Mrs. Bryans's injury? What 
evidenee did you use to determine this? 

3. What speeifie parts of the region of the brain you identified in 
question 1 are being affeeted by the injury to cause the muscle 
weakness and language problems? 

4. What are the three membranes that make up the meninges? 
Deseribe their positions relative to the brain. 

5. Relative to the meninges, deseribe the loeation of the bleeding 


revealed on the CT sean. 


(Ansvvers in Appendix H) 


























part i Sensory Reeeptors 
and Sensation 

Sensory Reeeptors (pp. 484-487) 

Sensory Integration: From Sensation 
to Pereeption (pp. 487-490) 

part 2 Transmission Lines: 
Nerves and Their Structure 
and Repair 

Nerves and Assoeiated Ganglia (pp. 490-492) 
Cranial Nerves (pp. 492-501) 

Spinal Nerves (pp. 501-511) 


part 3 Motor Endings 
and Motor Aetivity 

Peripheral Motor Endings (p. 511) 

Motor Integration: From Intention 
to Effeet (pp. 511-513) 


part 4 Reflex Aetivity 

The Reflex Are (p. 513) 

Spinal Reflexes (pp. 513-519) 

Developmental Aspeets of the Peripheral 
Nervous System (p. 519) 


s Define peripheral nervous system and list its eomponents. 

T he human brain, for all its sophistieation, would be useless with- 

out its links to the outside world. Consider one experiment that illustrates this 
point. Volunteers who were deprived of sensory input by being blindfolded and 
suspended in warm water in a sensory deprivation tank hallucinated. One saw eharging 
pink and purple elephants. Another heard a ehoms, still others had taste halhieinations. 
Our very sanity depends on a continuous flow of information from the outside. 

Equally important to our well-being are the orders sent from the CNS to voluntary 
muscles and other eífeetors of the body, which allow us to move and take eare of our own 
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gure 13.1 Plaee of the PNS in the structural organization of the nervous system. 
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needs. The peripheral nervous system (PNS) provides these 
links from and to the world outside our bodies. Ghostly white 
nerves thread through virtually every part of the body, enabling 
the CNS to reeeive information and earry out its deeisions. 

The PNS includes all neural structures outside the brain and 
spinal eord, that is, the sensory reeeptors , peripheral nerves and 
their assoeiated ganglia, and efferent motor endings. gure 13.1 
diagrams its basie eomponents. 

In the fìrst portion of this ehapter we deal with the func- 
tional anatomy of eaeh PNS element. Then we eonsider the 
eomponents of reflex ares and some important somatie reflexes, 
played out almost entirely in PNS structures, that help maintain 
homeostasis. 


PART 1 

Sensory Reeeptors 

and Sensation 


Sensory Reeeptors 

Gassify general sensory reeeptors by structure # stimulus 
deteeted, and body loeation. 

Sensory reeeptors are speeialized to respond to ehanges in 
their environment, which are ealled stimuli. Typieally, aetiva- 
tion of a sensory reeeptor by an adequate stimulus results in 
graded potentials that in turn trigger nerve impulses along the 
afferent PNS fìbers coursing to the CNS. Sensation (awareness 
of the stimulus) and pereeption (interpretation of the meaning 
of the stimulus) occur in the brain. But we are getting ahead of 
ourselves here. 

For now, lets just examine how sensory reeeptors are elassi- 
fied. Basieally, there are three ways to elassify sensory reeeptors: 
(1) by the type of stimulus they deteet; (2) by their body loea- 
tion; and (3) by their structural complexity. 


dassifìeation by StimulusType 

These eategories are easy to remember because the name usu- 

ally indieates the stimulus that aetivates the reeeptor. 

■ Meehanoreeeptors respond to meehanieal foree such as 
touch, pressure (including blood pressure), vibration, and 
streteh. 

■ Thermoreeeptors respond to temperature ehanges. 

■ Photoreeeptors, such as those of the retina of the eye, re- 
spond to light. 

■ Chemoreceptors respond to ehemieals in solution (mol- 
ecules smelled or tasted, or ehanges in blood or interstitial 
fluid ehemistry). 

■ Noeieeptors (no"se-sep'torz; noei = harm) respond to po- 
tentially damaging stimuli that result in pain. For example, 
searing heat, extreme eold, excessive pressure, and inflam- 
matory ehemieals are all interpreted as painful. These signals 
stimulate subtypes of thermoreeeptors, meehanoreeeptors, 
and ehemoreeeptors. 

eiassifìeation by Loeation 

Reeeptors ean be grouped into three reeeptor elasses aeeording 

to either their loeation or the loeation of the aetivating stimulus: 

exteroceptors, interoeeptors, and proprioeeptors. 

■ Exteroceptors (ek"ster-o-sep'torz) are sensitive to stimuli 
arising outside the body ( extero = outside), so most extero- 
eeptors are near or at the body surface. They include touch, 
pressure, pain, and temperature reeeptors in the skin and 
most reeeptors of the speeial senses (vision, hearing, equilib- 
rium, taste, smell). 

■ interoeeptors (in"ter-o-sep'torz), also ealled viseeroeeptors , 
respond to stimuli within the body ( intero = inside), such 
as from the internal viseera and blood vessels. interoeeptors 
monitor a variety of stimuli, including ehemieal ehanges, 
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Table 13.1 General Sensory Reeeptors dassified by Structure and Function 


FUNCTIONAL CLASSES 
ACCORDING TO LOCATION (L) 

STRUCTURAL CLASS ILLUSTRATION AND STIMULUS TYPE (S) BODY LOCATION 

Nonencapsulated 


Free nerve endings of sensory 
neurons 



Modified free nerve endings: 
Taetile (Merkel) dises 


Hair folliele reeeptors 



Taetile 

eell 

Taetile 

dise 



L: Exteroceptors, interoeeptors, 
and proprioeeptors 
S: Thermoreeeptors (warm and 
eool), ehemoreeeptors (iteh, 
pH, ete.), meehanoreeeptors 
(pressure), noeieeptors 
(pain, hot, eold, pineh, and 
ehemieals) 

L: Exteroceptors 
S: Meehanoreeeptors (light 
pressure); slowly adapting 


Most body tissues; most dense 
in eonneetive tissues (ligaments, 
tendons, dermis, joint capsules, 
periostea) and epithelia 
(epidermis, eornea, mucosae, 
and glands) 


Basal layer of epidermis 


L: Exteroceptors In and surrounding hair follieles 

S: Meehanoreeeptors (hair 
defleetion); rapidly adapting 



tissue streteh, and temperature. Sometimes their aetivity 
causes us to feel pain, diseomfort, hunger, or thirst. However, 
we are usually unaware of their workings. 

■ Proprioeeptors (pro"pre-o-sep'torz), like interoeeptors, re- 
spond to internal stimuli. However, their loeation is much 
more restrieted. Proprioeeptors occur in skeletal muscles, 
tendons, joints, and ligaments and in eonneetive tissue eov- 
erings of bones and muscles. (Some authorities include the 
equilibrium reeeptors of the inner ear in this elass.) Proprio- 
eeptors eonstantly advise the brain of our body movements 
(propria = ones own) by monitoring how much the organs 
eontaining these reeeptors are stretehed. 

dassifìeation by Reeeptor Stmetnre 

The overwhelming majority of sensory reeeptors belong to the 
general senses and are simply the modified dendritie endings 
of sensory neurons. They are found throughout the body and 
monitor most types of general sensory information. 

Reeeptors for the speeial senses (vision, hearing, equilib- 
rium, smell, and taste) are housed in complex sense organs. For 
example, the sense organ we know as the eye is eomposed not 
only of sensory neurons but also of nonneural eells that form its 
supporting wall, lens, and other assoeiated structures. 

Though the speeial senses are most familiar to us, the simple 
sensory reeeptors assoeiated with the general senses are no less 


important, and we will eoneentrate on their structure and func- 
tion in this ehapter. The speeial senses are the topie of Chapter 15. 

Simple Reeeptors of the General Senses 

The widely distributed general sensory reeeptors are involved in 
taetile sensation (a mix of touch, pressure, streteh, and vibration), 
temperature monitoring, and pain, as well as the C< muscle sense” 
provided by proprioeeptors. As you read about these reeeptors, 
notiee that there is no perfeet c one-receptor-one-function” re- 
lationship. Instead, one type of reeeptor ean respond to several 
difiFerent kinds of stimuli. Likewise, different types of reeeptors 
ean respond to similar stimuli. Anatomieally, general sensory 
reeeptors are nerve endings that are either noneneapsidated ( free) 
or eneapsnlated. Table 13.1 illustrates the general sensory reeep- 
tors. You may find it helpfiil to refer to this table throughout the 
discussion that follows. 

Nonencapsulated (Free) Nerve Endings Present nearly every- 
where in the body, nonencapsulated (free) nerve endings of 
sensory neurons are particularly abundant in epithelia and eon- 
neetive tissues. Most of these sensory fibers are nonmyelinated, 
small-diameter group C fibers, and their distal endings (the sen- 
sory terminals) usually have small knoblike swellings. 

Free nerve endings respond ehiefly to temperature and 
painful stimuli, but some respond to tissue movements 
caused by pressure as well. Nerve endings that respond to 
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Table 13.1 


General Sensory Reeeptors eiassified by Structure and Function 


f continued) 


STRUCTURAL CLASS 


ILLUSTRATION 


FUNCTIONAL CLASSES 
ACCORDING TO LOCATION (L) 
AND STIMULUS TYPE (S) 


BODY LOCATION 


Encapsulated 


Taetile (Meissner's) corpuscles 


Lamellar (Paeinian) corpuscles 



Bulbous corpuscles 
(Ruffini endings) 


Muscle spindles 


13 


I Tendon organs 



lntrafusal 




Joint kinesthetie reeeptors 


L: Exteroceptors 
S: Meehanoreeeptors (light 
pressure, diseriminative touch, 
vibration of lovv frequency); 
rapidly adapting 

L: Exteroceptors, interoeeptors, 
and some proprioeeptors 
S: Meehanoreeeptors (deep 
pressure, streteh, vibration 
of high frequency); rapidly 
adapting 

L: Exteroceptors and 
proprioeeptors 
S: Meehanoreeeptors (deep 
pressure and streteh); slovvly or 
nonadapting 

L: Proprioeeptors 
S: Meehanoreeeptors (muscle 
streteh, length) 


L: Proprioeeptors 
S: Meehanoreeeptors (tendon 
streteh, tension) 


L: Proprioeeptors 

S: Meehanoreeeptors and 

noeieeptors 


Dermal papillae of hairless skin, 
particularly nipples, external 
genitalia, fingertips, soles of 
feet, eyelids 


Dermis and hypodermis; 
periostea, mesentery, tendons, 
ligaments, joint capsules; most 
abundant on fingers, soles of 
feet, external genitalia, nipples 

Deep in dermis, hypodermis, 
and joint capsules 


Skeletal muscles, particularly in 
the extremities 


Tendons 


Joint capsules of synovial joints 


eold (10-40°C, or 50-104°F) are loeated in the superficial 
dermis. Those responding to heat (32-48°C, or 90-120°F) are 
deeper in the dermis. 

Heat or eold outside the range of thermoreeeptors aetivates 
noeieeptors and is pereeived as painful. Noeieeptors also re- 
spond to pineh and ehemieals released from damaged tissue. 
A key player in deteeting painfiil stimuli is a plasma membrane 
protein ealled the vanilloid reeeptor. This protein is an ion ehan- 
nel that is opened by heat, low pH, and various ehemieals in- 
cluding eapsaiein, the substance found in red peppers. 

Another sensation mediated by free nerve endings is iteh. 
Loeated in the dermis, the iteh reeeptor eseaped deteetion for 
years because of its thin diameter. A number of ehemieals— 
notably histamine—present at inflamed sites aetivate these 
nerve endings. 


Other nonencapsulated nerve endings include: 

■ Taetile (Merkel) dises, which lie in the deepest layer of the 
epidermis, fimetion as light touch reeeptors. Certain free 
nerve endings assoeiate with enlarged, dise-shaped epider- 
mal eells (taetile or Merkel eells) to form taetile dises. 

■ Hair folliele reeeptors, free nerve endings that wrap basket- 
like around hair follieles, are light touch reeeptors that deteet 
bending of hairs. The tiekle of a mosquito landing on your 
skin is mediated by hair folliele reeeptors. 

Eneapsiilated Nerve Endings All encapsulated nerve end- 
ings eonsist of one or more fiber terminals of sensory neurons 
enelosed in a eonneetive tissue capsule. Virtually all encapsu- 
lated reeeptors are meehanoreeeptors, but they vary greatly in 
shape, size, and distribution in the body. They include taetile 
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corpuscles, lamellar corpuscles, bulbous corpuscles, muscle 

spindles, tendon organs, and joint kinesthetie reeeptors. 

■ Taetile corpuscles or Meissners corpuscles are small reeep- 
tors in which a few spiraling sensory terminals are sur- 
rounded by Schwann eells and then by a thin egg-shaped 
eonneetive tissue capsule. Taetile corpuscles are found just 
beneath the epidermis in the dermal papillae and are espe- 
eially numerous in sensitive and hairless skin areas such as 
the nipples, fmgertips, and soles of the feet. They are reeep- 
tors for diseriminative touch, and apparently play the same 
role in sensing light touch in hairless skin that hair folliele 
reeeptors do in hairy skin. 

■ Lamellar corpuscles, also ealled Paeinian eorpnseles , are 
seattered deep in the dermis, and in subcutaneous tissue 
underlying the skin. Although they are meehanoreeeptors 
stimulated by deep pressure, they respond only when the 
pressure is first applied, and thus are best suited to monitor- 
ing vibration (an <c on/oíf” pressure stimulus). They are the 
largest corpuscular reeeptors. Some are over 3 mm long and 
half as wide and are visible to the naked eye as white, egg- 
shaped bodies. In seetion, a lamellar corpuscle resembles a 
cut onion. Its single dendrite is surrounded by a capsule eon- 
taining up to 60 layers of eollagen fibers and flattened sup- 
porting eells. 

■ Bulbous corpuscles or Ruffini endings , which lie in the der- 
mis, subcutaneous tissue, and joint capsules, eontain a spray 
of reeeptor endings enelosed by a flattened capsule. They 
bear a striking resemblanee to tendon organs (which moni- 
tor tendon streteh) and probably play a similar role in other 
dense eonneetive tissues where they respond to deep and 
continuous pressure. 

■ Muscle spindles are fusiform (spindle-shaped) proprioeep- 
tors found throughout the perimysium of a skeletal muscle. 
Eaeh muscle spindle eonsists of a bundle of modified skel- 
etal muscle fibers, ealled intraffisal fibers (in"trah-fu'zal), 
enelosed in a eonneetive tissue capsule (Table 13.1). Muscle 
spindles deteet muscle streteh and initiate a reflex that resists 
the streteh. We will eonsider the details of their innervation 
later when we deseribe the streteh reflex (see p. 515). 

■ Tendon organs are proprioeeptors loeated in tendons, elose 
to the skeletal muscle insertion. They eonsist of small bun- 
dles of tendon (eollagen) fibers enelosed in a layered capsule, 
with sensory terminals eoiling between and around the fi- 
bers. When muscle eontraetion stretehes the tendon fibers, 
the resulting eompression of the nerve fibers aetivates the 
tendon organs. This initiates a reflex that causes the eontraet- 
ing muscle to relax. 

■ Joint kinesthetie reeeptors (kin"es-thet'ik) are proprioeep- 
tors that monitor streteh in the articular capsules that enelose 
synovial joints. This reeeptor eategory eontains at least four 
reeeptor types: lamellar corpuscles, bulbous corpuscles, free 
nerve endings, and reeeptors resembling tendon organs. To- 
gether these reeeptors provide information on joint position 
and motion ( kines = movement), a sensation of which we are 
highly conscious. 


Close your eyes and flex and extend your fingers—you ean 
feel exactly which joints are moving. 



Check Your IJnderstanding 


1. Your PNS mostly eonsists of nerves. What else belongs to 
your PNS? 

2. You've cut your finger on a broken beaker in your A&P lab. 
Using stimulus type, loeation, and reeeptor structure, elassify 
the sensory reeeptors that allovv you to feel the pain. 

_ For ansvvers , see Appendix Fi. 


Sensory Integration: 

From Sensation to Pereeption 

s Outline the events that lead to sensation and pereeption. 

Deseribe reeeptor and generator potentials and sensory 
adaptation. 

Deseribe the main aspeets of sensory pereeption. 

Our survival depends not only on sensation (awareness of 
ehanges in the internal and external environments) but also on 
pereeption (conscious interpretation of those stimuli). For ex- 
ample, a pebble in your shoe causes the sensation of loealized 
deep pressure, but your pereeption of it is an awareness of dis- 
eomfort. Pereeption in turn determines how we will respond: In 
this ease, you take off your shoe to get rid of the pesky pebble. 

General Organization 

of the Somatosensory System 

The somatosensory system —the part of the sensory system 
serving the body wall and limbs—reeeives inputs from extero- 
eeptors, proprioeeptors, and interoeeptors. Consequently, it 
transmits information about several different sensory modali- 
ties, or types of sensation. 

Three main levels of neural integration operate in the so- 
matosensory (or any sensory) system Figure 13.2] : 

@ Reeeptor level: sensory reeeptors 
@ Circuit level: proeessing in aseending pathways 
@ Perceptual level: proeessing in eortieal sensory areas 

Sensory input is generally relayed toward the head, but note that 
it is also proeessed along the way. 

Lets examine the events that must occur at eaeh level along 
the pathway. 

Proeessing atthe Reeeptor Level 

For sensation to occur, a stimulus must excite a reeeptor and 
aetion potentials must reaeh the CNS (Figure 13.2, @). For this 
to happen: 

■ The stimulus energy must mateh the speeifieity of the reeep- 
tor. For example, a touch reeeptor may be sensitive to me- 
ehanieal pressure, streteh, and vibration, but not to light 
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Perceptual level (proeessing in eortieal sensory eenters) 


©Circuit level 

(proeessing in 



aseending pathvvays) 


Free nerve 
endings (pain, 
eold, vvarmth) 


spindle 


(J) Reeeptor level 

(sensory reeeption and 
transmission to CNS) 


kinesthetie 

reeeptor 


gure 13.2 Three basie levels of neural integration in 
sensory systems. 


energy (which is the provinee of reeeptors in the eye). The 
more complex the sensory reeeptor, the more speeifie it is. 

■ The stimulus must be applied within a sensory reeeptor s re- 
eeptive field —the area the reeeptor monitors. Typieally, the 
smaller the reeeptive field, the greater the ability of the brain 
to accurately loealize the stimulus site. 

■ The stimulus energy must be eonverted into the energy of a 
graded potential, a proeess ealled transduction. This graded 
potential may be depolarizing or hyperpolarizing, similar to 
the EPSPs or IPSPs generated at postsynaptie membranes 
in response to neurotransmitter binding (see Chapter 11, 
p. 411). 

Reeeptors ean produce one of two types of graded poten- 
tials. When the reeeptor region is part of a sensory neuron 


(as with free dendrites or the encapsulated reeeptors of most 
general sense reeeptors), the graded potential is ealled a gen- 
erator potential because it generates aetion potentials in a 
sensory neuron. 

When the reeeptor is a separate eell (as in most speeial 
senses), the graded potential is ealled a reeeptor potential 
because it occurs in a separate reeeptor eell. The reeeptor po- 
tential ehanges the amount of neurotransmitter released by 
the reeeptor eell onto the sensory neuron. The neurotransmit- 
ters then generate graded potentials in the sensory neuron. 

■ Graded potentials in the first-order sensory neuron must 
reaeh threshold so that voltage-gated sodium ehannels on 
the axon are opened and nerve impulses are generated and 
propagated to the CNS. 

Adaptation Information about a stimulus—its strength, 
duration, and pattern—is eneoded in the frequency of nerve 
impulses: the greater the frequency, the stronger the stimulus. 
Many but not all sensory reeeptors exhibit adaptation, a ehange 
in sensitivity (and nerve impulse generation) in the presenee 
of a eonstant stimulus. For example, when you step into bright 
sunlight from a darkened room, your eyes are initially dazzled, 
but your photoreeeptors rapidly adapt, allowing you to see both 
bright areas and dark areas in the seene. 

Phasie reeeptors ar efast adapting ., often giving bursts of im- 
pulses at the beginning and the end of the stimulus. Phasie re- 
eeptors report ehanges in the internal or external environment. 
Examples are lamellar and taetile corpuscles. 

Tonie reeeptors provide a sustained response with little 
or no adaptation. Noeieeptors and most proprioeeptors are 
tonie reeeptors because of the proteetive importanee of their 
information. 

Proeessing atthe Circuit Level 

At the seeond level of integration, the circuit level, the task is to 
deliver impulses to the appropriate region of the eerebral cortex 
for loealization and pereeption of the stimulus (Figure 13.2, ©). 

Reeall from Chapter 12 that aseending sensory pathways typ- 
ieally eonsist of a ehain of three neurons ealled first-, seeond-, 
and third-order sensory neurons. The axons of first-order sen- 
sory neurons, whose eell bodies are in the dorsal root or eranial 
ganglia, link the reeeptor and circuit levels of proeessing. Central 
proeesses of first-order neurons braneh diffhsely when they en- 
ter the spinal eord. Some branehes take part in loeal spinal eord 
reflexes. Others synapse with seeond-order sensory neurons, 
which then synapse with the third-order sensory neurons that 
take the message to the cortex of the eerebmm. 

As we saw in Chapter 12, the different aseending pathways 
(spinothalamie, dorsal column-medial lemniseal, and spino- 
eerebellar) earry various types of information to different des- 
tinations in the brain. You may wish to review this information 
on p. 469. 

Proeessing atthe Perceptual Level 

Sensory input is interpreted in the eerebral cortex (Figure 13.2, 
@). The ability to identify and appreeiate sensations depends 
on the loeation of the target neurons in the sensory cortex, not 
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on the nature of the message (which is, after all, just an aetion 
potential). Eaeh sensory fiber is analogous to a “labeled line” 
that tells the brain “who” is ealling—a taste bud or a pressure 
reeeptor—and from “where.” The brain always interprets the 
aetivity of a speeifie sensory reeeptor (“who”) as a speeifie sensa- 
tion, no matter how it is aetivated. 

For example, pressing on your eyeball aetivates photoreeep- 
tors, but what you “see” is light. The exact point in the cortex 
that is aetivated always refers to the same “where,” regardless of 
how it is aetivated, a phenomenon ealled projeetion. Eleetri- 
eally stimulating a particular spot in the visual cortex causes you 
to “see” light in a particular plaee. 

Lets examine the major features of sensory pereeption. 

■ Perceptual deteetion is the ability to deteet that a stimulus 
has occurred. This is the simplest level of pereeption. As a 
general rule, inputs from several reeeptors must be summed 
for perceptual deteetion to occur. 

■ Magnitude estimation is the ability to deteet how intense the 
stimulus is. Pereeived intensity inereases as stimulus inten- 
sity inereases because of frequency eoding (see Figure 11.13). 

■ Spatial diserimination allows us to identify the site or pat- 
tern of stimulation. A eommon tool for studying this quality 
in the laboratory is the two-point diserimination test. The 
test determines how elose together two points on the skin 
ean be and still be pereeived as two points rather than as one. 
This test provides a emde map of the density of taetile reeep- 
tors in the various regions of the skin. The distanee between 
pereeived points varies from less than 5 mm on highly sensi- 
tive body areas (tip of the tongue) to more than 50 mm on 
less sensitive areas (the baek). 

■ Feature abstraetion is the meehanism by which a neuron or 
circuit is tuned to one feature, or property, of a stimulus in 
preferenee to others. Sensation usually involves an interplay 
of several stimulus features. 

For example, one touch tells us that velvet is warm, eompress- 
ible, and smooth but not eompletely continuous, eaeh a feature 
that contributes to our pereeption of “velvet.” Feature abstrae- 
tion enables us to identify more complex aspeets of a sensation. 

■ Quality diserimination is the ability to diíferentiate the sub- 
modalities of a particular sensation. Eaeh sensory modality has 
several qualities, or submodalities. For example, taste is a sen- 
sory modality and its submodalities inehide sweet and bitter. 

■ Pattern reeognition is the ability to take in the seene around 
us and reeognize a familiar pattern, an unfamiliar one, or one 
that has speeial signifieanee for us. For example, we ean look 
at an image made of dots and reeognize it as the portrait of a 
familiar faee. We ean listen to music and hear a melody, not 
just a string of notes. 

Pereeption of Pain 

Everyone has suffered pain—the cruel persistenee of a head- 
aehe, the smart of a bee sting or a cut finger. Although we may 
not appreeiate it at the time, pain is invahiable because it warns 
us of actual or impending tissue damage and strongly motivates 
us to take proteetive aetion. Managing a patients pain ean be 


difficult because pain is an intensely personal experience that 
eannot be measured objeetively. 

Pain reeeptors are aetivated by extremes of pressure and tem- 
perature as well as a veritable soup of ehemieals released from 
injured tissue. Histamine, K + , ATP, aeids, and bradykinin are 
among the most potent pain-producing ehemieals. All of these 
ehemieals aet on small-diameter fibers. 

When you cut your finger, you may have notieed that you 
first felt a sharp pain followed some time later by burning or 
aehing. Sharp pain is earried by the smallest of the myelinated 
sensory fibers, the A delta fibers, while burning pain is ear- 
ried more slowly by small nonmyelinated C fibers. Both types 
of fibers release the neurotransmitters glutamate and substance 
P, which aetivate seeond-order sensory neurons. Axons from 
these seeond-order neurons aseend to the brain via the spino- 
thalamie traet and other pathways. 

If you cut your finger while fighting off an attaeker, you might 
not notiee the cut at all. How ean that be? The brain has its own 
pain-suppressing analgesie systems in which the endogenous 
opioids such as endorphins and enkephalins (p. 417) play a key 
role. Various nuclei in the brain stem, including the periaque- 
ductal gray matter of the midbrain, relay deseending eortieal 
and hypothalamie pain-suppressing signals. Deseending fibers 
aetivate interneurons in the spinal eord, which release enkepha- 
lins. Enkephalins are inhibitory neurotransmitters that quash 
the pain signals generated by noeieeptors. 


PainToleranee 

We all have the same pain threshold —that is, we begin to per- 
eeive pain at roughly the same stimulus intensity. However, our 
toleranee to pain varies widely. When we say that someone is 
“sensitive” to pain, we mean that the person has a low pain toler- 
anee rather than a low pain threshold. 

A number of genes help determine a persons pain toleranee 
and response to pain medieations. The geneties of pain is cur- 
rently an area of intense researeh, aimed at allowing an indi- 
viduals genes to determine the best pain treatment. 




Homeostatie imbalanee 13.1 


Normally the body maintains a steady state that eorrelates in- 
jury and pain. Long-lasting or very intense pain inputs, such 
as limb amputation, ean dismpt this system, leading to hyper- 
algesia (pain amplifieation), ehronie pain, and phantom limb 
pain. Intense or long-lasting pain aetivates NMDA reeeptors , 
the same reeeptors that strengthen neural eonneetions during 
eertain kinds of learning. Essentially, the spinal eord learns hy- 
peralgesia. In light of this, it is emeial that health professionals 
effeetively manage pain early to prevent ehronie pain from be- 
eoming established. 

Phantom limbpain (pain pereeived in tissue that is no longer 
present) is a curious example of hyperalgesia. Until reeently, 
surgical limb amputations were conducted under general an- 
esthesia only and the spinal eord still experienced the pain of 
amputation. Epidural anestheties bloek neurotransmission in 
the spinal eord, and using them during surgery greatly reduces 
the ineidenee of phantom limb pain. + 
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Í igure 13.3 Map of referred pain. This map shovvs the anterior 
skin areas to vvhieh pain is referred from eertain viseeral organs. 



Viseeral and Referred Pain 

Viseeral pain results from noxious stimulation of reeeptors in 
the organs of the thorax and abdominal eavity. Like deep so- 
matie pain, it is usually a vague sensation of dull aehing, gnaw- 
ing, or burning. Important stimuli for viseeral pain are extreme 
stretehing of tissue, isehemia (low blood flow), irritating ehemi- 
eals, and muscle spasms. 

The faet that viseeral pain afferents travel along the same 
pathways as somatie pain fìbers helps explain the phenomenon 
of referred pain, in which pain stimuli arising in one part of the 
body are pereeived as eoming from another part. For example, 
a person experiencing a heart attaek may feel pain that radi- 
ates along the medial aspeet of the left arm. Because the same 
spinal segments (T^-T^) innervate both the heart and arm, the 
brain interprets these inputs as eoming from the more eommon 
somatie pathway. : igure 13.3 shows cutaneous areas to which 
viseeral pain is eommonly referred. 



Check Your Llnderstanding: 


3. VVhat are the three levels of sensory integration? 

4. VVhat is the key differenee betvveen tonie and phasie 
reeeptors? VVhy are pain reeeptors tonie? 

5. Your cortex deeodes ineoming aetion potentials from sensory 
pathvvays. Hovv does it tell the differenee betvveen hot and 
eold? Betvveen eool and eold? Betvveen iee on your finger 
and iee on your foot? 

_ For ansvvers; see Appendix H. 


PART 2 

Transmission Lines: 

Nerves and Their 
Structure and Repair 

Nerves and Assoeiated Ganglia 

Define ganglion and indieate the general body loeation of 
ganglia. 

s Deseribe the general structure of a nerve. 

Follovvthe proeess of nerve regeneration. 

Structure and Classífìcatíon 

A nerve is a eordlike organ that is part of the peripheral nervous 
system. Nerves vary in size, but every nerve eonsists of parallel 
bundles of peripheral axons (some myelinated and some not) en- 
elosed by successive wrappings of eonneetive tissue Figure 13.4 : 

■ Eaeh axon is surrounded by endoneurium (en"do-nu're- 
um), a delieate layer of loose eonneetive tissue that also en- 
eloses the fiber s assoeiated Schwann eells. 

■ A eoarser eonneetive tissue wrapping, the perineurium, 
binds groups of fibers into bundles ealled faseieles. 

■ A tough fibrous sheath, the epineurium, eneloses all the fas- 
eieles to form the nerve. 

Axons constitute only a small fraetion of a nerves bulk. The bal- 
anee eonsists ehiefly of myelin, the proteetive eonneetive tissue 
wrappings, blood vessels, and lymphatie vessels. 

Reeall that the PNS is divided into sensory (afferent) and mo- 
tor (efferent) divisions. Nerves are also elassified aeeording to 
the direetion in which they transmit impulses: 

■ Mixed nerves eontain both sensory and motor fibers and 
transmit impulses both to and from the eentral nervous system. 

■ Sensory (afferent) nerves earry impulses only toward the CNS. 

■ Motor (efferent) nerves earry impulses only away from 
the CNS. 

Most nerves are mixed. Pure sensory or motor nerves are rare. 

Because mixed nerves often earry both somatie and auto- 
nomie (viseeral) nervous system fibers, the fibers in them may 
be elassified aeeording to the region they innervate as somatie 
afferent , somatie efferent , viseeral afferent , and viseeral efferent. 

For eonvenienee, the peripheral nerves are elassified as era- 
nial or spinal depending on whether they arise from the brain or 
spinal eord. Although we mention autonomic efferents of era- 
nial nerves, in this ehapter we will focus on somatie functions. 
We will defer the discussion of the autonomic nervous system 
and its viseeral functions to Chapter 14. 

Reeall from Chapter 11 that ganglia are eolleetions of neuron 
eell bodies assoeiated with nerves in the PNS, whereas nuclei are 
eolleetions of neuron eell bodies in the CNS. Ganglia assoeiated 
with afferent nerve fibers eontain eell bodies of sensory neurons. 
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Endoneurium 


Perineurium 



Nerve 

fibers 


Blood 

vessel 


Faseiele 


Epineurium 



Axon 


Myelin sheath 


Endoneurium 


Perineurium 


Epineurium 



Faseiele 


Blood 

vessels 


(b) 

gure 13.4 Structure of a nerve. (a) Seanning eleetron 
mierograph of a eross seetion of a portion of a nerve (90x). 
(b) Three-dimensional vievv of a portion of a nerve, shovving 
eonneetive tissue vvrappings. 


(These are the dorsal rootganglia deseribed in Chapter 12.) Gan- 
glia assoeiated with efferent nerve fìbers mostly eontain eell bod- 
ies of autonomic motor neurons. We will deseribe these more 
eomplieated ganglia in Chapter 14. 


Regeneration of Nerve Fibers 

Damage to nervous tissue is serious because, as a rule, mature 
neurons do not divide. If the damage is severe or elose to the 
eell body, the entire neuron may die, and other neurons that are 
normally stimulated by its axon may die as well. However, if the 
eell body remains intaet, cut or eompressed axons of peripheral 
nerves ean regenerate successfully. 


PNS Fibers 


What happens if a peripheral axon is severed or emshed? As 

shown in Figure 13.5: 

(ff) The axon fragments. Almost immediately, the separated 
ends seal themselves off and then swell as substances be- 
ing transported along the axon accumulate in the sealed 
ends. Within a few hours, the axon and its myelin sheath 
distal to the injury site begin to disintegrate because they 
eannot reeeive nutrients from the eell body. This proeess, 
Wallerian degeneration, spreads distally from the injury 
site, fragmenting the distal part of the axon. 

(2) Maerophages dean out the dead axon. Within a week, mae- 
rophages generally degrade the entire axon distal to the injury, 
disposing of the debris. However, the myelin sheath remains 
intaet within the endoneurium. The maerophages also release 
ehemieals that stimulate the Schwann eells to divide. 

(5) Axon filaments grow through a regeneration tube. Sur- 
viving Schwann eells proliferate in response to the mitosis- 
stimulating ehemieals, and migrate into the injury site. Onee 
there, they release growth faetors and begin to express eell 
adhesion molecules (CAMs) that encourage axonal growth. 
Additionally, they form a regeneration tube , a system of eel- 
lular eords that guide the regenerating axon cc sprouts” aeross 
the gap to their original eontaets. 

(5) The axon regenerates and a new myelin sheath forms. The 

same Schwann eells proteet, support, and remyelinate the 
regenerating axons. 


r 


13 


L 


Changes also occur in the neuronal eell body after the axon 
has been destroyed. Within two days, its rough endoplasmie 
reticulum breaks apart, and then the eell body swells as protein 
synthesis revs up to support regeneration of its axon. 

Axons regenerate at the approximate rate of 1.5 mm a day. The 
greater the distanee between the severed ends, the less the ehanee 
of reeovery because adjaeent tissues bloek growth by protrading 
into the gaps, and axonal sprouts fail to fìnd the regeneration tube. 
Neurosurgeons align cut nerve ends surgically to promote success- 
ful regeneration, and seaffolding deviees ean help guide the axons. 

Whatever the measures taken, post-trauma axon regrowth 
never exactly matehes what existed before the injury. Patients 
must often cc retrain” the nervous system to respond appropri- 
ately so that stimulus and response are eoordinated. 
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Endoneurium 


Schwann eells 


Droplets of 



KD The axon 
beeomes 
fragmented at 
the injury site. 



Schwann eell Maerophage 





Aligning Schwann eells form 
regeneration tube 


I 



©Maerophages 
elean out the dead 
axon distal to the 
i n j u ry. 


©Axon sprouts, 
or filaments, grow 
through a 
regeneration tube 
formed by 
Schwann eells. 


K±) The axon 
regenerates and a 
new myelin sheath 
forms. 


CNS Fibers 

Unlike peripheral nerve fibers, most CNS fibers never regen- 
erate. Consequently, damage to the brain or spinal eord has 
been viewed as irreversible. This difiFerenee in regenerative ea- 
paeity seems to have less to do with the neurons themselves 
than with the “eompany they keep”—oligodendroeytes, their 
supporting eells. 

Oligodendroeytes are studded with growth-inhibiting pro- 
teins. Consequently, the neuronal growth eone eollapses and 
the fiber fails to regrow. Moreover, astroeytes at the site of in- 
jury form sear tissue rieh in ehondroitin sulfate (see p. 127) that 
bloeks axonal regrowth. 

For the elinieian treating spinal eord injury, this means that 
multiple inhibitory proeesses need to be bloeked simultaneously 
to promote axon regrowth. To date, experimentally neutralizing 
the myelin-bound growth inhibitors, bloeking the reeeptors for 
the inhibitory proteins, or enzymatieally destroying ehondroi- 
tin sulfate have yielded promising results. 



Check Your IJnderstanding 


6. What are ganglia? 

7. What is in a nerve besides axons? 

8. Bill's femoral nerve was crushed while elinieians tried to eontrol 
bleeding from his femoral artery. This resulted in loss of function 
and sensation in his leg, which gradually returned over the 
course of a year. Which eells were important in his reeovery? 

_ For ansvvers, see Appendix H. 


Cranial Nerves 

s Name the 12 pairs of eranial nerves; indieate the body 

region and structures ìnnervated by eaeh. 

Twelve pairs of eranial nerves are assoeiated with the brain 
(Figure 13.6] . The first two pairs attaeh to the forebrain, and 
the rest are assoeiated with the brain stem. Other than the vagus 
nerves, which extend into the abdomen, eranial nerves serve 
only head and neek structures. 

In most eases, the names of the eranial nerves reveal either 
the structures they serve or their functions. The nerves are also 
numbered (using Roman numerals) from the most rostral to 
the most caudal. 

We will begin with a brief overview of eaeh eranial nerve 
and then deseribe the eomposition of all eranial nerves (p. 501). 
After that, you will be ready to taekle able 13.2 (p. 494), which 
provides detailed deseriptions of the eranial nerves. Notiee that 
it deseribes the pathways of the purely or mostly sensory nerves 
(I, II, and VIII) from the reeeptors to the brain, and the path- 
ways of the other nerves in the oppositive direetion (from the 
brain distally). 


An Overvíevv 


Figure 13.! Regeneration of a nerve fiber in a peripheral 
nerve. 


I. Olfaetory. These are the tiny sensory nerves (filaments) of 
smell, which mn from the nasal mucosa to synapse with the ol- 
faetory bulbs. Note that the olfaetory bulbs and traets, shown in 
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Filaments of 
olfaetory nerve (I) 

Olfaetory bulb 


Olfaetory traet 


Optie nerve (II) 


Optie ehiasma 


Optie traet 


Oeiilomotor 
nerve (III) 


Troehlear 
nerve (IV) 


Trigeminal 
nerve (V) 


Abducens 
nerve (VI) 


Cerebellum 


Medulla oblongata 



(a) 


Frontal lobe 


Temporal lobe 


lnfundibulum 

Faeial nerve (VII) 

Vestibulocochlear 
nerve (VIII) 


Glossopharyngeal 
nerve (IX) 

Vagus nerve (X) 
Aeeessory nerve (XI) 

Hypoglossal nerve (XII) 


Cranial nerves 

VII-XII 

Sensory 

function 

Motor 

function 

PS* 

fibers 

VII Faeial 

Yes (taste) 

Yes 

Yes 

VIII Vestibulocochlear 

Yes (hearing 

Some 

No 


and balanee) 



IX Glossopharyngeal 

Yes (taste) 

Yes 

Yes 

X Vagus 

Yes (taste) 

Yes 

Yes 

XI Aeeessory 

No 

Yes 

No 

XII Hypoglossal 

No 

Yes 

No 


Cranial nerves 
l-VI 

Sensory 

function 

Motor 

function 

PS* 

fibers 

1 Olfaetory 

Yes (smell) 

No 

No 

II Optie 

Yes (vision) 

No 

No 

III Oculomotor 

No 

Yes 

Yes 

IV Troehlear 

No 

Yes 

No 

V Trigeminal 

Yes (general 
sensation) 

Yes 

No 

VI Abducens 

No 

Yes 

No 


(b> PS = parasympathetie 


Figure 13.6 Loeation and function of 
eranial nerves. (a) Ventral vievv of the 
human brain, shovving the eranial nerves. 
(b) Summary of eranial nerves by function. 


Tvvo eranial nerves (I and II) have sensory 
function only, no motor function. Four nerves 
(III, VII, IX, and X) earry parasympathetie 
fibers that serve viseeral muscles and glands. 


All eranial nerves that innervate muscles also 
earry afferent fibers from proprioeeptors in 
the muscles served. Only sensory functions 
otherthan proprioeeption are indieated. 


Figure 13.6a, are brain structures and not part of eranial nerve I. 
(See Table 13.2 art for the olfaetory nerve filaments.) 

II. Optie. Because this sensory nerve of vision develops as an 
outgrowth of the brain, it is really a brain traet. 

III. Oculomotor. The name oculomotor means cc eye mover.” 
This nerve supplies four of the six extrinsic muscles that move 
the eyeball in the orbit. 

IV. Troehlear. The term troehlear means cc pulley” and it inner- 
vates an extrinsic eye muscle that loops through a pulley-shaped 
ligament in the orbit. 


V. Trigeminal. Three ( tri ) branehes spring from this, the larg- 
est eranial nerve. It supplies sensory fibers to the faee and motor 
fibers to the chewing muscles. 

VI. Abducens. This nerve eontrols the extrinsic eye muscle 
that abducts the eyeball (turns it laterally). 

VII. Faeial. A large nerve that innervates muscles of faeial ex- 
pression (among other things). 

VIII. Vestibulocochlear. This mostly sensory nerve for hear- 
ing and balanee was formerly ealled the auditory nerve. 


(Text continues onp. 500.) 
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UNIT 3 Regulation and Integration of the Body 


Table 13.2 Cranial Nerves 


I Olfaetory Nerves (ol-fak'to-re) 



Origin and course: Olfaetory nerve fibers arise from 
olfaetory sensory neurons loeated in olfaetory epithelium 
of nasal eavity and pass through eribriform plate of 
ethmoid bone to synapse in olfaetory bulb. Fibers of 
olfaetory bulb neurons extend posteriorly as olfaetory 
traet, vvhieh runs beneath frontal lobe to enter eerebral 
hemispheres and terminates in primary olfaetory cortex. 
See also Figure 15.20. 

Function: Purely sensory; earry afferent impulses for 
sense of smell. 


eiinieal testing: Ask subject to sniff and identify aromatie 
substances, such as oil of eloves and vanilla. 


Homeostatie imbalanee Fractureof 
ethmoid bone or lesions of olfaetory fibers may result 
in partial or total loss of smell, a eondition knovvn as 
anosmia (an-oz'me-ah). + 




Frontal lobe 
of eerebral 
hemisphere 

Olfaetory bulb 

Olfaetory 

traet 

Oribriform 
plate of 
ethmoid bone 

Filaments of 
olfaetory 
nerve (I) 

Nasal mucosa 


II Optie Nerves 

Origin and course: Fibers arise from retina of eye to form 
optie nerve, vvhieh passes through optie eanal of orbit. 
The optie nerves eonverge to form the optie ehiasma 
(ki-az'mah) vvhere fibers partially eross over, continue 
on as optie traets, enter thalamus, and synapse there. 
Thalamie fibers run (as the optie radiation) to oeeipital 
(visual) cortex, vvhere visual interpretation occurs. See 
also Figure 15.19. 

Function: Purely sensory; earry afferent impulses for 
vision. 


eiinieal testing: Assess vision and visual field vvith eye 
ehart and by testing the point at vvhieh the person first 
sees an objeet (finger) moving into the visual field. 
View fundus of eye vvith ophthalmoseope to deteet 
papilledema (svvelling of optie dise, the site vvhere the 
optie nerve leaves the eyeball) and examine optie dise 
and retinal blood vessels. 


Homeostatie imbalanee Damageto 
optie nerve results in blindness in eye served by nerve. 
Damage to visual pathvvay beyond the optie ehiasma 
results in partial visual losses. Visual defeets are ealled 
anopsias (ah-nop'se-ahz). + 



Eyeball 


Retina 


Optie nerve (II) 

Optie ehiasma 


Optie traet 


Lateral 
geniculate 
nucleus of 
thalamus 


Optie 

radiation 

Visual 

cortex 
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III Oeiilomotor Nerves (ok"u-lo-mo'tor) 


Origin and course: Fibers extend from ventral midbrain (near its 
junction vvith pons) and pass through bony orbit, via superior orbital 
fissure, to eye. 

Function: ehiefly motor nerves (oculomotor = motor to the eye); 
eontain a few proprioeeptive afferents. Eaeh nerve includes the 
following: 

■ Somatie motor fibers to four of the six extrinsic eye muscles 
(inferior oblique and superior, inferior, and medial rectus 
muscles) that help direet eyeball, and to levator palpebrae 
superioris muscle, which raises upper eyelid. 

■ Parasympathetie (autonomic) motor fibers to sphineter pupillae 
(circular muscles of iris), which cause pupil to eonstriet, and to 
eiliary muscle, eontrolling lens shape for visual focusing. Some 
parasympathetie eell bodies are in the eiliary ganglia. 

■ Sensory (proprioeeptor) afferents, which run from same four 
extrinsic eye muscles to midbrain. 


eiinieal testing: Examine pupils for size, shape, and equality. 

Test pupillary reflex with penlight (pupils should eonstriet when 
illuminated). Test eonvergenee for near vision and subject's ability to 
follow objeets with the eyes. 


Homeostatie imbalanee In oculomotor nerve 
paralysis, eye eannot be moved up, down, or inward. At rest, eye 
rotates laterally [external strabismus (strah-biz'mus)] because the 
aetions of the two extrinsic eye muscles not served by eranial nerves 
are unopposed. Llpper eyelid droops {ptosis ), and the person has 
double vision and trouble focusing on elose objeets. + 



Medial rectus 
muscle 

Superior 
rectus 
muscle 

Levator 
palpebrae 
muscle 


Inferior 



Superior 
orbital fissure 



Ciliary 
ganglion 

Inferior 
rectus muscle 


Parasympathetie Oculomotor 
motor fibers nerve (III) 


IV Troehlear Nerves (trok le-ar) 


Origin and course: Fibers emerge from dorsal midbrain and course 
ventrally around midbrain to enter orbit through superior orbital 
fissure along with oculomotor nerves. 

Function: Primarily motor nerves; supply somatie motor fibers to (and 
earry proprioeeptor fibers from) one of the extrinsic eye muscles, the 
superior oblique muscle, which passes through the pulley-shaped 
troehlea. 


eiinieal testing: Test with eranial nerve III (oculomotor). 


Homeostatie imbalanee Damage to a troehlear 
nerve results in double vision and impairs ability to rotate eye 
inferolaterally. + 


Troehlea 


Superior 

oblique 

muscle 




Superior 
orbital fissure 




Troehlear 
nerve (IV) 
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Table 13.2 Cranial Nerves 




continued) 


VTrigeminal Nerves 


Largest eranial nerves; fibers extend from pons to faee, and form 
three divisions ( trigemina = threefold): ophthalmie, maxillary, 
and mandibular divisions. As main general sensory nerves of faee, 
transmit afferent impulses from touch, temperature, and pain 
reeeptors. Cell bodies of sensory neurons of all three divisions are 
loeated in large trigeminal ganglion. 


The mandibular division also eontains motor fibers that innervate 
ehevving muscles. 

Dentists desensitize upper and lovver javvs by injeeting loeal 
anesthetie (such as Novoeain) into alveolar branehes of maxillary and 
mandibular divisions, respeetively. Sinee this bloeks pain-transmitting 
fibers of teeth, the surrounding tissues beeome numb. 


Origin and course 
Function 


eiinieal testing 


Ophthalmie division (V^) 

Fibers run from faee to pons 
via superior orbital fissure. 

Conveys sensory impulses 
from skin of anterior sealp, 
upper eyelid, and nose, and 
from nasal eavity mucosa, 
eornea, and laerimal gland. 

Corneal reflex test: Touching 
eornea with wisp of eotton 
should elieit blinking. 


Maxillary division (V 2 ) 

Fibers run from faee to pons via 
foramen rotundum. 

Conveys sensory impulses from nasal 
eavity mucosa, palate, upper teeth, skin 
of eheek, upper lip, lower eyelid. 


Test sensations of pain, touch, and 
temperature with safety pin and hot 
and eold objeets. 


Mandibular division (V 3 ) 

Fibers pass through skull via foramen 
ovale. 

Conveys sensory impulses from anterior 
tongue (except taste buds), lower teeth, 
skin of ehin, temporal region of sealp. 
Supplies motor fibers to, and earries 
proprioeeptor fibers from, muscles of 
mastieation. 

Assess motor braneh by asking person 
to eleneh his teeth, open mouth against 
resistanee, and move jaw side to side. 


Homeostatie imbalanee Trigeminal neuralgia (nu-ral'je-ah), or tie 
douloureux (tik doo"loo-roo'; tie = twitch, douloureux = painful), caused by inflammation of 
trigeminal nerve, is widely eonsidered to produce most excruciating pain known. The stabbing 
pain lasts for a few seeonds to a minute, but it ean be relentless, occurring a hundred times 
a day. Usually provoked by some sensory stimulus, such as brushing teeth or even a passing 
breeze hitting the faee. Thought to be caused by a loop of artery or vein that eompresses 
the trigeminal nerve near its exit from the brain stem. Analgesies and earbamazepine (an 
anticonvulsant) are only partially effeetive. In severe eases, surgery relieves the agony—either 
by moving the eompressing vessel or by destroying the nerve. Nerve destmetion results in loss 
of sensation on that side of faee. + 


Supraorbital 

foramen 


Infraorbital 

foramen 


Infraorbital 

nerve 


Superior 

alveolar 

nerves 


Lingual 

nerve 




- Superior orbital fissure 


- Ophthalmie division (V-,) 


- Trigeminal ganglion 


- Trigeminal nerve (V) 

- Pons 

- Maxillary division (V 2 ) 

- Mandibiilar division (V 3 ) 


Foramen rotundum 

Foramen ovale 

Anterior trunk to 
ehevving muscles 

Mandibular foramen 

Inferior alveolar 
nerve 


Mental foramen 



(b) Distribiition of sensory 
fibers of eaeh division 


Anterior 
trunk of 
mandibular 
division (V ? ) 

Temporalis 
muscle 

Lateral 
pterygoid 
muscle 


Medial 
pterygoid 
muscle 


Masseter 

muscle 



Anterior belly of 
digastrie muscle 


(a) Distribiition of the trigeminal nerve 


(e) Motor branehes of the 
mandibiilar division (V 3 ) 
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VI Abducens Nerves (ab-du'senz) 


Origin and course: Fibers leave inferior pons and enter orbit via 
superior orbital fissure to run to eye. 

Function: Primarily motor; supply somatie motor fibers to lateral rectus 
muscle, an extrinsic muscle of the eye. Convey proprioeeptor impulses 
from same muscle to brain. 

eiinieal testing: Test in eommon vvith eranial nerve III (oculomotor). 


Homeostatie imbalanee In abducens nerve 
paralysis, eye eannot be moved laterally. At rest, eyeball rotates 
medially (internal strabismus). + 


Lateral 

rectus 

muscle 


Abducens 
nerve (VI) 




Superior 
orbital fissure 



Pons 


VII Faeial Nerves 


Origin and course: Fibers issue from pons, just lateral to abducens nerves 
(see Figure 13.6), enter temporal bone via internal acoustic meatus, and 
run vvithin bone (and through inner ear eavity) before emerging through 
stylomastoid foramen. Nerve then courses to lateral aspeet of faee. 

Function: Mixed nerves that are the ehief motor nerves of faee. Five 
major branehes: temporal, zygomatie, buccal, mandibular, and eervieal 
(see e on next page). 

■ Convey motor impulses to skeletal rrmseles of faee (muscles 
of faeial expression), except for ehevving muscles served by 
trigeminal nerves, and transmit proprioeeptor impulses from 
same musdes to pons (see b). 

■ Transmit parasympathetie (autonomic) motor impulses to 
laerimal (tear) glands, nasal and palatine glands, and 
submandibular and sublingual salivary glands. Some of the 
eell bodies of these parasympathetie motor neurons are in 


Laerimal gland 


Parasympathetie 
nerve fibers 


Chorda tympani 
braneh (taste) 

Stylomastoid 
foramen 

Submandibular 
ganglion 

Parasympathetie 
nerve fibers 


Sublingual gland 


Submandibular 


gland 


Geniculate 

ganglion 


Internal 

acoustic 

meatus 


Pterygopalatine 

ganglion 


Faeial 

nerve 



Motor braneh to muscles of 
faeial expression—see part (b) 


pterygopalatine (ter"eh-go-pal'ah-tin) and submandibular 
ganglia on the trigeminal nerve (see a). 

■ Convey sensory impulses from taste buds of anterior two-thirds 
of tongue; eell bodies of these sensory neurons are in 
geniculate ganglion (see a). 


eiinieal testing: Test anterior two-thirds of tongue for ability to taste 
sweet (sugar), salty, sour (vinegar), and bitter (quinine) substances. 
Check symmetry of faee. Ask subject to elose eyes, smile, whistle, and 
so on. Assess tearing with ammonia fumes. 


Homeostatie imbalanee Bell'spalsyìs 
eharaeterized by paralysis of faeial muscles on affeeted side and 
partial loss of taste sensation. May develop rapidly (often overnight). 
Caused by inflamed and swollen faeial nerve, possibly due to herpes 
simplex 1 viral infeetion. Lower eyelid droops, eorner of mouth sags 
(making it difficult to eat or speak normally), tears drip continuously 
from eye and eye eannot be eompletely elosed (eonversely, dry-eye 
syndrome may occur). Treated with eortieosteroids. Reeovery is 
eomplete in 70% of eases. + 



Temporal 


Zygomatie 

Buccal 

Mandibular 

Cervical 


(a) Parasympathetie efferents and sensory afferents 


(b) Motor branehes to miiseles of faeial expression and sealp 
muscles (see pp. 329-331) 
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continued) 


VII Faeial Nerves (continued) 



(e) A simple way to remember the courses of the five 
major branehes of the faeial nerve 


VIII Vestibulocochlear Nerves (ves-tib"u-lo-kok1e-ar) 


Origin and course: Fibers arise from 
hearing and equilibrium apparatus 
loeated vvithin inner ear of temporal 
bone and pass through internal 
acoustic meatus to enter brain stem 
at pons-medulla border. Afferent 
fibers from hearing reeeptors in 
eoehlea form the eoehlear divisiorr, 
those from equilibrium reeeptors 
in semicircular eanals and vestibule 
form the vestibular division 
(vestibular nerve). The tvvo divisions 
merge to form vestibulocochlear 
nerve. See also Figure 15.26. 

Function: Mostly sensory. Vestibular 
braneh transmits afferent impulses 
for sense of equilibrium, and sensory 
nerve eell bodies are loeated in 
vestibular ganglia. Cochlear braneh 
transmits afferent impulses for sense of 
hearing, and sensory nerve eell bodies 
are loeated in spiral ganglion vvithin 
eoehlea. Small motor eomponent 
adjusts the sensitivity of sensory 
reeeptors. See also Figure 15.27. 


Vestibular 


J 


Semicircular 

eanals 


Vestibular nerve 
Internal acoustic 



(eontaining 
spiral ganglion) 


Vestibulocochlear nerve (VIII) 


eiinieal testing: Check hearing by air 
and bone conduction using tuning 
fork. 


Homeostatie 
imbalanee Lesions of eoehlear 
nerve or eoehlear reeeptors result in 
eentral, or nerve, deafness. Damage to 
vestibular division produces dizziness, 
rapid involuntary eye movements, loss 
balanee, nausea, and vomiting. + 




















IX Glossopharyngeal Nerves (glos'o-fah-rin'je-al) 


Origin and course: Fibers emerge from mediilla and leave skull via 
jugular foramen to run to throat. 

Function: Mixed nerves that innervate part of tongue and pharynx. 
Provide somatie motor fibers to, and earry proprioeeptor fibers from, 
a superior pharyngeal muscle ealled the stylopharyngeus, vvhieh 
elevates the pharynx in svvallovving. Provide parasympathetie motor 
fibers to parotid salivary glands (some of the nerve eell bodies of 
these parasympathetie motor neurons are loeated in otie ganglion). 

Sensory fibers conduct taste and general sensory (touch, pressure, pain) 
impulses from pharynx and posterior tongue, from ehemoreeeptors in 
the earotid body (vvhieh monitor 0 2 and C0 2 levels in the blood and help 
regulate respiratory rate and depth), and from baroreeeptors of earotid 
sinus (vvhieh monitor blood pressure). Sensory neuron eell bodies are 
loeated in superior and inferior ganglia. 

eiinieal testing: Check position of uvula; eheek gag and svvallovving 
reflexes. Ask subject to speak and cough. Test posterior third of 
tongue for taste. 

Homeostatie imbalanee lnjured or inflamed 
glossopharyngeal nerves impair svvallovving and taste. + 



Parotid gland 

Parasympathetie 

fibers 

Glossopharyngeal 
nerve (IX) 

Jugular foramen 

Superior ganglion 
Inferior ganglion 

Otie ganglion 
Stylopharyngeus 

To earotid sinus and 
body 

Pharyngeal 

mucosa 

Oommon earotid 
artery 


X Vagus Nerves (va'gus) 


Origin and course: The only eranial nerves to extend beyond head 
and neek region. Fibers emerge from medulla, pass through skull via 
jugular foramen, and deseend through neek region into thorax and 
abdomen. See also Figure 14.4. 

Function: Mixed nerves. Nearly all motor fibers are parasympathetie 
efferents, except those serving skeletal muscles of pharynx and 
larynx (involved in svvallovving). Parasympathetie motor fibers supply 
heart, lungs, and abdominal viseera and are involved in regulating 
heart rate, breathing, and digestive system aetivity. Transmit sensory 
impulses from thoraeie and abdominal viseera, from the aortie areh 
baroreeeptors (for blood pressure) and the earotid and aortie bodies 
(ehemoreeeptors for respiration), and taste buds on the epiglottis. 
Carry proprioeeptor fibers from muscles of larynx and pharynx. 


eiinieal testing: As for eranial nerve IX (glossopharyngeal; IX and X 
are tested in eommon, sinee they both innervate muscles of throat 
and mouth). 


Homeostatie imbalanee Sinee laryngeal branehes 
of the vagus innervate nearly all muscles of the larynx ("voiee 
box"), vagal nerve paralysis ean lead to hoarseness or loss of voiee. 
Other symptoms are difficulty svvallovving and impaired digestive 
system motility. These parasympathetie nerves are important for 
maintaining the normal state of viseeral organ aetivity. Without their 
influence, the sympathetie nerves, vvhieh mobilize and aeeelerate 
vital body proeesses (and shut dovvn digestion), would dominate. + 


Pons 


Vagus nerve (X) 


Medulla 
oblongata 

Jugular foramen 

Ganglia (inferior 
and superior) 


Pharyngeal nerve braneh 

Oarotid sinus 
and body 


Laryngeal branehes 


Aortie areh baroreeeptor 
and aortie body 

Lung 



Heart 
Spleen 


Gallbladder 


Liver 


Stomaeh 


1 



j 




Kidney 


Small intestine 



Colon 
(proximal portion) 











































500 
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Table 13.2 Cranial Nerves 


{ continued) 


XI Aeeessory Nerves 


Origin and course: Unique in that they form from rootlets that emerge 
from the spinal eord, not the brain stem. These rootlets arise laterally 
from superior region {C-\-C 5 ) of spinal eord, pass upward along spinal 
eord, and enter the skull as the aeeessory nerves via foramen magnum. 
The aeeessory nerves exit from skull through jugular foramen together 
with the vagus nerves, and supply two large neek muscles. 

Until reeently, was eonsidered to have both a eranial and spinal portion, 
but the eranial rootlets are actually part of the vagus nerves. This raises 
an interesting question: Should the aeeessory nerves still be eonsidered 
eranial nerves? Some anatomists say "no" because they don't arise 
from the brain. Others say "yes" because their origin is different from a 
typieal spinal nerve and they pass through the skull. Stay tuned! 

Function: Mixed nerves, but primarily motor in function. Supply motor 
fibers to trapezius and sternoeleidomastoid muscles, which together 
move head and neek, and eonvey proprioeeptor impulses from same 
muscles. 

eiinieal testing: Check strength of sternoeleidomastoid and trapezius 
muscles by asking person to rotate head and shrug shoulders against 
resistanee. 



Jugular foramen 
Foramen magnum 


Aeeessory nerve (XI) 

Sternoeleidomastoid 

muscle 

Rootlets of aeeessory 
nerve emerging from 
spinal eord (e^—C 5 ) 

Trapezius muscle 


Homeostatie imbalanee lnjury to one aeeessory 
nerve causes head to turn toward injury side as result of sterno- 
eleidomastoid muscle paralysis. Shrugging that shoulder (role of 
trapezius muscle) beeomes difficult. + 


XII Hypoglossal Nerves (hi 'po-glos al) 


Origin and course: As their name implies (hypo = below; glossal = 
tongue), hypoglossal nerves mainly serve the tongue. Fibers arise by a 
series of roots from medulla and exit from skull via hypoglossal eanal 
to travel to tongue. See also Figure 13.6. 

Function: Mixed nerves, but primarily motor in function. Carry 
somatie motor fibers to intrinsie and extrinsic muscles of tongue, and 
proprioeeptor fibers from same muscles to brain stem. Hypoglossal 
nerve eontrol allows tongue movements that mix and manipulate 
food during chewing, and contribute to swallowing and speeeh. 


eiinieal testing: Ask subject to protrude and retraet tongue. Note any 
deviations in position. 


Homeostatie imbalanee Damage to hypoglossal 
nerves causes difficulties in speeeh and swallowing. If both nerves 
are impaired, the person eannot protrude tongue. If only one side is 
affeeted, tongue deviates (points) toward affeeted side; eventually 
paralyzed side begins to atrophy. + 


Medulla oblongata 


intrinsie muscles 
of the tongue 


Hypoglossal 

eanal 


Hypoglossal 
nerve (XII) 


Extrinsic muscles 
of the tongue 



IX. Glossopharyngeal. The name glossopharyngeal means 
a tongue and pharynx” the structures that this nerve helps to 
innervate. 

X. Vagus. This nerves name means cc wanderer” or “vagabond” 
and it is the only eranial nerve to extend beyond the head and 
neek to the thorax and abdomen. 

XI. Aeeessory. Considered an aeeessory part of the vagus 
nerve, this nerve was formerly ealled the spinal aeeessory nerve. 


XII. Hypoglossal. The name hypoglossal means under the 
tongue. This nerve runs inferior to the tongue and innervates 
the tongue muscles. 

You might make up your own saying to remember the first 
letters of the eranial nerves in order, or use the following mem- 
ory jog sent by a student: cc On oeeasion, our trusty truck aets 
funny—very good vehiele anyhow.” 
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Composition of Cranial Nerves 

In the last ehapter, we deseribed how ventral (motor) and dorsal 
(sensory) roots fuse to form spinal nerves. Cranial nerves, on 
the other hand, vary markedly in their eomposition. 

Most eranial nerves are mixed nerves, as shown in Figure 13.6b. 
However, two nerve pairs (the olfaetory and optie) assoeiated with 
speeial sense organs are generally eonsidered purely sensory. The 
eell bodies of the sensory neurons in the olfaetory and optie nerves 
are loeated within their respeetive speeial sense organs. In other 
sensory neurons contributing to eranial nerves (V, VII, IX, and X), 
the eell bodies are loeated in eranial sensory ganglia just outside 
the brain. Some eranial nerves have a single sensory ganglion, oth- 
ers have several, and still others have none. 

Several of the mixed eranial nerves eontain both somatie and 
autonomic motor fibers and henee serve both skeletal muscles 
and viseeral organs. Except for some autonomic motor neurons 
loeated in ganglia, the eell bodies of motor neurons contribut- 
ing to the eranial nerves are loeated in the ventral gray matter 
regions (nuclei) of the brain stem. 

Remembering the primary fiinetions of the eranial nerves 
(as sensory, motor, or both) ean be a ehallenge. This sentenee 
might help: “Some say marry money, but my brother believes 
(its) bad business (to) marry money.” 



Check Your Understanding 


9. Name the eranial nerve(s) most involved in eaeh of the follovving: 
moving your eyeball; stieking out your tongue; eontrolling your 
heart rate and digestive aetivity; shmgging your shoulders. 

_ For ansvvers, see Appendix H. 


Spinal Nerves 

Deseribe the general structure of a spinal nerve and the 
general distribution of its rami. 

s Define plexus. Name the major plexuses and deseribe the 
distribution and function of the peripheral nerves arising from 
eaeh plexus. 
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Saeral plexus 
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l-i - L5 


Saeral 

nerves 

Si - 
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Ci _ c 8 
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gure 13. ì Spinal nerves. (Posterior vievv.) The spinal nerves are 
shovvn at right; their ventral rami are shovvn at left. Most ventral 
rami form nerve plexuses (eervieal, braehial, lumbar, and saeral). 


Thirty-one pairs of spinal nerves, eaeh eontaining thousands of 
nerve fibers, arise from the spinal eord and supply all parts of the body 
except the head and some areas of the neek. All are mixed nerves. 

Spinal nerves are named aeeording to where they issue from 
the spinal eord igure 13.7 . The spinal nerves include: 

■ 8 pairs of eervieal spinal nerves (e^-Og) 

■ 12 pairs of thoraeie nerves (Tj-T 12 ) 

■ 5 pairs of lumbar nerves (L^-L^) 

■ 5 pairs of saeral nerves (S^-S^) 

■ 1 pair oftiny eoeeygeal nerves (eoj 

Notiee that there are eight pairs of eervieal nerves but only 
seven eervieal vertebrae. This “diserepaney” is easily explained. 
The first seven pairs exit the vertebral eanal superior to the ver- 
tebrae for which they are named, but C 8 emerges inferior to the 
seventh eervieal vertebra (between C 7 and T : ). Below the eervieal 


level, eaeh spinal nerve leaves the vertebral column inferior to the 
same-numbered vertebra. 

As we mentioned in Chapter 12, eaeh spinal nerve eonneets to 
the spinal eord by a dorsal root and a ventral root : i jure 13.8! • 
Eaeh root forms from a series of rootlets that attaeh along the 
length of the eorresponding spinal eord segment (Figure 13.8a). 

■ Ventral roots eontain motor (efiFerent) fibers that arise from 
ventral horn motor neurons and extend to and innervate the 
skeletal muscles. (In Chapter 14, we deseribe autonomic ner- 
vous system efferents that are also eontained in the ventral roots.) 

■ Dorsal roots eontain sensory (afferent) fibers that arise from 
sensory neurons in the dorsal root ganglia and conduct im- 
pulses from peripheral reeeptors to the spinal eord. 

The spinal roots pass laterally from the eord and unite just 
distal to the dorsal root ganglion to form a spinal nerve be- 
fore emerging from the vertebral column via their respeetive 
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gure 13.8 Formation of spinal 
nerves and rami distribution. Notiee 
the dorsal and ventral roots and rami. 

In the thorax, eaeh ventral ramus 
continues as an intereostal nerve. 

(The small meningeal braneh is not 
illustrated.) 


Gray matter 
White matter 


Dorsal and ventral 
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Spinal nerve 


Rami communicantes 
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(a) Anterior view showing spinal eord, assoeiated nerves, and vertebrae. The dorsal 
and ventral roots arise medially as rootlets and join laterally to form the spinal nerve. 
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(b) Cross seetion of thorax showing the main roots and branehes of a spinal nerve. 


intervertebral foramina. Because motor and sensory fibers min- 
gle in a spinal nerve, it eontains both eíferent and aíferent fibers. 

The spinal roots beeome progressively longer from the supe- 
rior to the inferior aspeet of the eord. In the eervieal region, the 


roots are short and mn horizontally, but the roots of the lumbar 
and saeral nerves extend inferiorly for some distanee through 
the lower vertebral eanal as the eaiida equina before exiting the 
vertebral column (Figure 13.7). 
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A spinal nerve is quite short (only 1-2 em). Almost im- 
mediately after emerging from its foramen, it divides into 
a small dorsal ramus (ra'mus; “braneh”), a larger ventral 
ramus, and a tiny meningeal braneh (mé-nin'je-al) that 
reenters the vertebral eanal to innervate the meninges and 
blood vessels within. Eaeh ramus, like the spinal nerve itself, 
is mixed. 

Speeial rami ealled rami communicantes, which eontain au- 
tonomie (viseeral) nerve fibers, attaeh to the base of the ventral 
rami of the thoraeie spinal nerves (Figure 13.8). 

Innervation of Speeifìe Body Regions 

The spinal nerve rami and their main branehes supply the entire 
somatie region of the body (skeletal muscles and skin) from the 
neek down. The dorsal rami supply the posterior body trank. The 
thieker ventral rami supply the rest of the trank and the limbs. 

To be elear, let s review the differenee between roots and rami: 

■ Roots lie medial to and form the spinal nerves. Eaeh root is 

strietly sensory or motor. 

■ Rami lie distal to and are lateral branehes of the spinal nerves. 

Like spinal nerves, rami earry both sensory and motor fibers. 

Before we get into the speeifies of how the body is inner- 
vated, it is important for you to understand some points about 
the ventral rami of the spinal nerves. Except for T 2 -T 12 , all ven- 
tral rami braneh and join one another lateral to the vertebral 
column, forming eomplieated interlaeing nerve networks ealled 
nerve plexuses (Figure 13.7). Nerve plexuses occur in the eervi- 
eal, braehial, lumbar, and saeral regions and primarily serve the 
limbs. Notiee that only ventral rami form plexuses. 

Within a plexus, fibers from the various ventral rami eriss- 
eross one another and beeome redistributed so that (1) eaeh re- 
sulting braneh of the plexus eontains fibers from several spinal 
nerves and (2) fibers from eaeh ventral ramus travel to the body 
periphery via several routes. As a result, eaeh muscle in a limb 
reeeives its nerve supply from more than one spinal nerve. An 
advantage of this fiber regrouping is that damage to one spinal 
segment or root eannot eompletely paralyze any limb muscle. 
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gure 13.9 The eervieal plexus. The nerves eolored gray 
eonneet to the plexus but do not belong to it. See Table 13.3 for 
structures served. (Posterior vievv.) 


In the rest of this seetion, we summarize the major groups 
of skeletal muscles served. For more speeifie information on 
muscle innervations, see Tables 10.1-10.17. 

Cervical Plexus and the Neek 

Buried deep in the neek under the sternoeleidomastoid mus- 
ele, the ventral rami of the first four eervieal nerves form the 
looping eervieal plexus Figure 13.9). Most of its branehes 
are cutaneous nerves that supply only the skin (Table 13.3). 


Table 13.3 


NERVES 


Branehes of the Cervical Plexus 


(See Figure 13.9) 



VENTRAL RAMI 


STRUCTURES SERVED 


Cutaneous Branehes (Superficial) 


Lesser oeeipital 
Greater auricular 
Transverse eervieal 

Supraclavicular (medial, intermediate, and lateral) 


C 2 (C 3 ) 

C 2 , C 3 

C 2 , c 3 

C 3 , e4 


Skin on posterolateral aspeet of head and neek 
Skin of ear, skin over parotid gland 
Skin on anterior and lateral aspeet of neek 
Skin of shoulder and davicular region 


Motor Branehes (Deep) 


Ansa eerviealis (superior and inferior roots) 
Segmental and other muscular branehes 


Phrenie 


Ci-C 

Ci-C 


G-C 


Infrahyoid muscles of neek (omohyoid, sternohyoid, and sternothyroid) 

Deep muscles of neek (geniohyoid and thyrohyoid) and portions of 
sealenes, levator scapulae, trapezius, and sternoeleidomastoid muscles 

Diaphragm (sole motor nerve supply) 
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(b) Flowchart summarizing relationships within the braehial plexus 


(c)The major nerves of the upper limb 
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(d) Cadaver photo 


Figiire 13.10 The braehial plexus. (Anterior vievv.) 
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Table 13.4 Branehes of the Braehial Plexus 

(See Figure 13.10 and Appendix G) 

NERVES 

CORD AND VENTRAL RAMI 

STRUCTURES SERVED 

Musculocutaneous 

Lateral eord (C 5 -C 7 ) 

Muscular branehes: flexor muscles in anterior arm (bieeps braehii, braehialis, 
eoraeobraehialis) 

Cutaneous branehes: skin on lateral forearm (extremely variable) 

Median 

By two branehes, one from 
medial eord (C 8 , O and one 
from the lateral eord (C 5 -C 7 ) 

Muscular branehes to flexor group of anterior forearm (palmaris longus, flexor earpi 
radialis, flexor digitorum superfieialis, flexor pollieis longus, lateral half of flexor 
digitorum profundus, and pronator muscles); intrinsie muscles of lateral palm and 
digital branehes to the fingers 

Cutaneous branehes: skin of lateral two-thirds of hand on ventral side and dorsum of 
fingers 2 and 3 

Ulnar 

Medial eord (C 8 , 

Muscular branehes: flexor muscles in anterior forearm (flexor earpi ulnaris and medial 
half of flexor digitomm profundus); most intrinsie muscles of hand 

Cutaneous branehes: skin of medial third of hand, both anterior and posterior aspeets 

Radial 

Posterior eord (C 5 -C 8 , O 

Muscular branehes: posterior muscles of arm and forearm (trieeps braehii, anconeus, 
supinator, braehioradialis, extensors earpi radialis longus and brevis, extensor earpi 
ulnaris, and several muscles that extend the fingers) 

Cutaneous branehes: skin of posterolateral surface of entire limb (except dorsum of 
fingers 2 and 3) 

Axillary 

Posterior eord (C 5 , C 6 ) 

Muscular branehes: deltoid and teres minor muscles 

Cutaneous branehes: some skin of shoulder region 

Dorsal scapular 

Branehes of C 5 rami 

Rhomboid muscles and levator scapulae 

Long thoraeie 

Branehes of C 5 -C 7 rami 

Serratus anterior muscle 

Subscapular 

Posterior eord; branehes of C 5 
and C 6 rami 

Teres major and subscapularis muscles 

Suprascapular 

Upper trunk (C 5 , C 6 ) 

Shoulder joint; supraspinatus and infraspinatus muscles 

Peetoral (lateral and 
medial) 

Branehes of lateral and medial 
eords (C 5 -T4 

Peetoralis major and minor muscles 



They transmit sensory impulses from the skin of the neek, the 
ear area, the baek of the head, and the shoulder. Other branehes 
innervate muscles of the anterior neek. 

The single most important nerve from this plexus is the 
phrenie nerve (fren'ik), which reeeives fibers from C 3 , C 4 , and 
C 5 . The phrenie nerve runs inferiorly through the thorax and 
supplies both motor and sensory fibers to the diaphragm (phren 
= diaphragm), which is the ehief muscle causing breathing 
movements. 



Homeostatie Imbalanee 13.2 


Irritation of the phrenie nerve causes spasms of the diaphragm, or 
hiccups. If both phrenie nerves are severed, or if the C 3 -C 5 region of 
the spinal eord is emshed or destroyed, the diaphragm is paralyzed 
and respiratory arrest occurs. Meehanieal respirators keep vietims 
alive by foreing air into their lungs—literally breathing for them. + 


Braehial Plexus and llpper Limb 

The large, important braehial plexus, situated partly in the neek 
and partly in the axilla, gives rise to virtually all the nerves that 
innervate the upper limb (Table 13.4). It ean be palpated (felt) 
in a living person just superior to the elaviele at the lateral bor- 
der of the sternoeleidomastoid muscle. Ventral rami of C 5 -C 8 


and most of the T^ ramus intermix to form the braehial plexus. 
Additionally, it often reeeives fibers from C 4 or T 2 or both. 

The braehial plexus is very complex (some eonsider it the 
anatomy student s nightmare). Perhaps the simplest approaeh is 
to master the terms used for its four major groups of branehes 
(Figure 13.10a, b . From medial to lateral, these are (1) the 
ventral rami, misleadingly ealled roots , which form (2) trnnks , 
which form (3) divisions , which form (4) eords. You might want 
to use the saying “Really tired? Drink eoífee” to help you re- 
member this branehing sequence. 

The five roots (ventral rami e^-T^) of the braehial plexus lie 
deep to the sternoeleidomastoid muscle. At the lateral border 
of that muscle, these roots unite to form upper, middle, and 
lower trunks, eaeh of which divides almost immediately into an 
anterior division and a posterior division. 

The anterior and posterior divisions, which generally indi- 
eate which fibers serve the front or baek of the limb, pass deep 
to the elaviele and enter the axilla. There they give rise to three 
large fiber bundles ealled the lateral, medial, and posterior 
eords. (The eords are named for their relationship to the axil- 
lary artery, which runs through the axilla; see Figure 19.23.) 
All along the plexus, small nerves braneh oíf. These supply the 
muscles and skin of the shoulder and superior thorax. 
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Homeostatie imbalanee 13.3 


Injuries to the braehial plexus are eommon. When severe, they 
weaken or paralyze the entire upper limb. Such injuries may 
occur when the upper limb is pulled hard, stretehing the plexus 
(as when a football taekler yanks the arm of the mnning baek), 
or by blows to the top of the shoulder that foree the humerus 
inferiorly (as when a eyelist pitehes headfirst ofiF a motoreyele 
and his shoulder grinds into the pavement). + 


The braehial plexus ends in the axilla, where its three eords 
wind along the axillary artery and give rise to the main nerves of 
the upper limb (Figure 13.10c, d). Five of these nerves are espe- 
eially important: the axillary, musculocutaneous, median, ulnar, 
and radial nerves. We deseribe their distribution and targets 
briefly here. For more detail, see Table 13.4 and Appendix G. 

Axillary Nerve The axillary nerve branehes ofiF the posterior 
eord and mns posterior to the surgical neek of the humerus. It 
innervates the deltoid and teres minor muscles and the skin and 
joint capsule of the shoulder. 
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Musculocutaneous Nerve The musculocutaneous nerve, 

the major end braneh of the lateral eord, courses inferiorly in 
the anterior arm, supplying motor fibers to the bieeps braehii, 
braehialis, and eoraeobraehialis muscles. Distal to the elbow, it 
provides cutaneous sensation in the lateral forearm. 

Median Nerve The median nerve deseends through the arm 
to the anterior forearm, where it gives ofiF branehes to the skin 
and to most flexor muscles. On reaehing the hand, it innervates 
five intrinsie muscles of the lateral palm. The median nerve ae- 
tivates muscles that pronate the forearm, flex the wrist and fin- 
gers, and oppose the thumb. 



Homeostatie imbalanee 13.4 


Median nerve injury makes it difficult to use the pineer grasp (op- 
posed thumb and index finger) to piek up small objeets. Because 
this nerve mns down the midline of the forearm and wrist, it is 
a frequent casualty of wrist-slashing suicide attempts. In earpal 
tunnel syndrome (see p. 234), the median nerve is eompressed. + 


L/lnar Nerve The ulnar nerve branehes off the medial eord of 
the plexus. It deseends along the medial aspeet of the arm to- 
ward the elbow, swings behind the medial epieondyle, and then 
follows the ulna along the medial forearm. There it supplies the 
flexor earpi ulnaris and the medial part of the flexor digitomm 
profundus (the flexors not supplied by the median nerve). 

The ulnar nerve eontimies into the hand, where it innervates 
most intrinsie hand muscles and the skin of the medial aspeet 
of the hand. It causes the wrist and fingers to flex, and (with the 
median nerve) adducts and abducts the medial fingers. 



Homeostatie imbalanee 13.5 


Where it takes a superficial course, the ulnar nerve is very vul- 
nerable to injury. Striking the “funny bone”—the spot where 
this nerve rests against the medial epieondyle—makes the little 
finger tingle. Severe or ehronie damage ean lead to sensory loss, 


paralysis, and muscle atrophy. AfiFeeted individuals have trouble 
making a fist and gripping objeets. As the little and ring fingers 
beeome hyperextended at the kmiekles and flexed at the distal 
interphalangeal joints, the hand eontorts into a clawhand. + 

Radial Nerve The radial nerve, the largest braneh of the bra- 
ehial plexus, is a eontimiation of the posterior eord. This nerve 
wraps around the humerus (in the radial groove), and then mns 
anteriorly around the lateral epieondyle at the elbow. There it 
divides into a superficial braneh that follows the lateral edge of 
the radms to the hand and a deep braneh (not illustrated) that 
mns posteriorly. It supplies the posterior skin of the limb along 
its entire course. Its motor branehes innervate essentially all 
the extensor muscles of the upper limb. Muscles eontrolled by 
the radial nerve extend the elbow, supinate the forearm, extend 
the wrist and fingers, and abduct the thumb. 



Homeostatie imbalanee 13.6 


Trauma to the radial nerve results in wrist drop , inability to ex- 
tend the hand at the wrist. Improper use of a emteh or “Saturday 
night paralysis,” in which an intoxicated person falls asleep with 
an arm draped over the baek of a ehair or sofa edge, ean eom- 
press the radial nerve and impair its blood supply. + 


Liimbosaeral Plexus and Lovver Limb 

The saeral and lrnnbar plexuses overlap substantially. Because 
many fibers of the lumbar plexus contribute to the saeral plexus 
via the lumbosacral trunk, the two plexuses are often referred 
to as the lumbosacral plexus. Although the lumbosacral plexus 
serves mainly the lower limb, it also sends some branehes to the 
abdomen, pelvis, and buttock. 

Lumbar Plexus The lumbar plexus arises from spinal nerves 
L^-L^ and lies within the psoas major muscle gure 13.11! . 
Its proximal branehes innervate parts of the abdominal wall 
muscles and the psoas muscle, but its major branehes deseend 
to innervate the anterior and medial thigh. Appendix G shows 
the distribution and targets of the major lumbosacral nerves. 

The femoral nerve, the largest terminal nerve of this plexus, 
runs deep to the inguinal ligament to enter the thigh and then 
divides into several large branehes. The motor branehes inner- 
vate anterior thigh muscles (quadriceps), which are the prinei- 
pal thigh flexors and knee extensors. The cutaneous branehes 
serve the skin of the anterior thigh and the medial surface of the 
leg from knee to foot. 

The obturator nerve (ob"tu-ra'tor) enters the medial thigh 
via the obturator foramen and innervates the adductor muscles. 
Table 13.5 summarizes the branehes of the lumbar plexus. 



Homeostatie Imbalanee 13.7 


When the spinal roots of the lumbar plexus are eompressed, 
as by a herniated dise, gait problems occur because the femo- 
ral nerve serves the prime movers that flex the hip and extend 
the knee. Other symptoms are pain or numbness of the ante- 
rior thigh and (if the obturator nerve is impaired) of the medial 
thigh. + 
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(a) Ventral rami and major branehes of the lumbar plexus 
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(b) Distribution of the major nerves from the 
lumbar plexus to the lower limb 


gure 13.11 The lumbar plexus. (Anterior view.) 


Table 13.5 Branehes of the Lumbar Plexus 


(See Figure 13.11 and Appendix G) 


NERVES 


VENTRAL RAMI 


STRUCTURES SERVED 


Femoral 


Obturator 


Lateral femoral cutaneous 
lliohypogastrie 


llioinguinal 


Genitofemoral 


L,-L 


L,-L 


L,. L 


2 ' L 3 


Li 


Li 


Li, L 


Skin of anterior and medial thigh via anterior femoral cutaneous braneh; skin of media 
leg and foot, hip and knee joints via saphenous braneh; motor to anterior muscles 
(quadriceps and sartorius) of thigh and to pectineus, iliacus 

Motor to adductor magnus (part), longus, and brevis muscles, graeilis muscle of medial 
thigh, obturator externus; sensory for skin of medial thigh and for hip and knee joints 

Skin of lateral thigh; some sensory branehes to peritoneum 

Skin of lower abdomen and hip; muscles of anterolateral abdominal wall (internal 
obliques and transversus abdominis) 

Skin of external genitalia and proximal medial aspeet of the thigh; inferior abdominal 
muscles 

Skin of scrotum in males, of labia majora in females, and of anterior thigh inferior to 
middle portion of inguinal region; eremaster muscle in males 
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(a) Ventral rami and major branehes of the saeral plexus 
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(b) Distribution of the major nerves from 
the saeral plexus to the lower limb 


(e) Cadaver photo 


Figure 13.12 The saeral plexus. (Posterior view.) 


Saeral Plexus The saeral plexus arises from spinal nerves 
L 4 -S 4 and lies immediately caudal to the lumbar plexus Fig- 
ure 13.12). Some fibers of the lmnbar plexus contribute to the 
saeral plexus via the lumbosacral trunk , as mentioned earlier. 

The saeral plexus has about a dozen named branehes. About 
half of these serve the buttock and lower limb; the others in- 
nervate pelvie structures and the perineum. Here we deseribe 
the most important branehes. Table 13.6 summarizes all but 
the smallest ones. 


The largest braneh of the saeral plexus is the seiatie nerve (si- 
at'ik), the thiekest and longest nerve in the body. It supplies the 
entire lower limb, except the anteromedial thigh. 

The seiatie nerve is actually two nerves—the tibial and 
eommon fibular —wrapped in a eommon sheath. The seiatie 
nerve leaves the pelvis via the greater seiatie noteh. It courses 
deep to the gluteus maximus muscle and enters the poste- 
rior thigh just medial to the hip joint (seiatie — of the hip). 
There it gives oíf motor branehes to the hamstring muscles 
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Table 13.6 Branehes of the Saeral Plexus 


(See Figure 13.12 and Appendix G) 


NERVES 


VENTRAL RAMI 


STRUCTURES SERVED 


Seiatie nerve 


1-4, L 5 , S!-S 3 


Tibial (including sural, 
medial and lateral 
plantar, and medial 
ealeaneal branehes) 


L-S 


■ Common fibular 

l 4 -s 2 

(superficial and deep 


branehes) 


Superior gluteal 

1-4» 1-5» 

Inferior gluteal 

L 5 -S 2 

Posterior femoral cutaneous 

S 1 -S 3 

Pudendal 

S 2 -S 4 


S 


i 


Composed of two nerves (tibial and eommon fibular) in a eommon sheath; they diverge 
just proximal to the knee 

Cutaneous branehes: to skin of posterior surface of leg and sole of foot 
Motor branehes: to muscles of baek of thigh, leg, and foot [hamstrings (except short 
head of bieeps femoris), posterior part of adductor magnus, trieeps surae, tibialis 
posterior, popliteus, flexor digitorum longus, flexor hallucis longus, and intrinsie muscles 
of foot] 

Cutaneous branehes: to skin of anterior and lateral surface of leg and dorsum of foot 
Motor branehes: to short head of bieeps femoris of thigh, fibular muscles of lateral 
eompartment of leg, tibialis anterior, and extensor muscles of toes (extensor hallucis 
longus, extensors digitomm longus and brevis) 

Motor branehes: to gluteus medius and minimus and tensor faseiae latae 
Motor branehes: to gluteus maximus 

Skin of buttock, posterior thigh, and popliteal region; length varies; may also innervate 
part of skin of ealf and heel 

Supplies most of skin and muscles of perineum (region eneompassing external genitalia 
and anus and including elitoris, labia, and vaginal mucosa in females, and scrotum and 
penis in males); external anal sphineter 


(all thigh extensors and knee flexors) and to the adductor 
magnus. Immediately above the knee, the two divisions of the 
seiatie nerve diverge. 

The tibial nerve continues through the popliteal fossa (the 
region just posterior to the knee joint) and supplies the poste- 
rior eompartment muscles of the leg and the skin of the poste- 
rior ealf and sole of the foot. 

■ In the vieinity of the knee, the tibial nerve gives off the sural 
nerve, which serves the skin of the posterolateral leg. 

■ At the ankle the tibial nerve divides into the medial and lat- 
eral plantar nerves, which serve most of the foot. 

The eommon fibular nerve, or eommon peroneal nerve ( per- 
one = fibula), deseends from its point of origin, wraps around 
the neek of the fìbula, and then divides into superfìcial and deep 
branehes. These branehes innervate the knee joint, skin of the 
anterior and lateral leg and dorsum of the foot, and muscles of 
the anterolateral leg (the extensors that dorsiflex the foot). 

The next largest saeral plexus branehes are the superior and 
inferior gluteal nerves. Together, they innervate the buttock 
(gluteal) and tensor faseiae latae muscles. The pudendal nerve 
(pu-den'dal; ‘shamefnl”) innervates the muscles and skin ofthe 
perineum, and helps stimulate ereetion and eontrol urination 
(see Table 10.7). Other branehes of the saeral plexus supply the 
thigh rotators and muscles of the pelvie floor. 



Homeostatie imbalanee 13.8 


Injury to the proximal part of the seiatie nerve—as might follow 
a fall, dise herniation, or badly plaeed injeetion into the but- 
toek—ean impair the lower limbs in a variety of ways depend- 
ing on the nerve roots injured. 

Seiatiea (si-at'ì-kah), eharaeterized by stabbing pain radiat- 
ing over the course of the seiatie nerve, is eommon. When the 
nerve is transeeted, the leg is nearly useless. The leg eannot be 


flexed (because the hamstrings are paralyzed), and the foot and 
ankle eannot move at all. The foot drops into plantar flexion 
(it dangles), a eondition ealled jootdrop. Reeovery from seiatie 
nerve injury is usually slow and ineomplete. 

If the lesion occurs below the knee, thigh muscles are spared. 
When the tibial nerve is injured, the paralyzed ealf muscles ean- 
not plantar flex the foot and a shuffling gait develops. The eom- 
mon fìbular nerve is susceptible to injury largely because of its 
superficial loeation at the head and neek of the fibula. Even a 
tight leg east, or lying too long on your side on a firm mattress, 
ean eompress this nerve and cause footdrop. + 


r 


13 


L 


Anterolateral Thorax and Abdominal Wall 

Only in the thorax are the ventral rami arranged in a simple 
segmental pattern eorresponding to that of the dorsal rami. The 
ventral rami of Tj-T 12 mostly course anteriorly, deep to eaeh 
rib, as the intereostal nerves. These nerves supply the intereos- 
tal muscles, the muscle and skin of the anterolateral thorax, and 
most of the abdominal wall. Along their course, these nerves 
give off cutaneous branehes to the skin (Figure 13.8b). 

Two thoraeie nerves are unusual: the tiny T x (most fibers en- 
ter the braehial plexus) and T 12 , which lies inferior to the twelffh 
rib, making it a subcostal nerve. 


Baek 

The dorsal rami innervate the posterior body tmnk in a neat, 
segmented pattern. Via its several branehes, eaeh dorsal ramus 
innervates the narrow strip of muscle (and skin) in line with 
where it emerges from the spinal column (Figure 13.8b). 

Innervation of Skin: Dermatomes 

A dermatome (der'mah-tóm; “skin segment”) is an area of skin 
innervated by the cutaneous branehes of a single spinal nerve. 
Every spinal nerve except C x innervates dermatomes. In patients 
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(b) Posterior view 


Figure 13.13 Map of dermatomes. Eaeh dermatome is the skin segment innervated by the 
cutaneous sensory branehes of a single spinal nerve. All spinal nerves except C partieipate in 
the innervation of the dermatomes. 


with spinal eord injuries, you ean pinpoint the damaged nerves 
and the injured region of the spinal eord by determining which 
dermatomes are affeeted. 

Adjaeent dermatomes on the body tmnk are fairly uniform 
in width, almost horizontal, and in direet line with their spi- 
nal nerves Fìgure 13.13). The dermatome arrangement in the 
limbs is less obvious. (It is also more variable—different elini- 
eians have mapped a variety of areas for the same dermatomes.) 
The skin of the upper limbs is supplied by ventral rami of C 5 - 

(or T 2 ). The lumbar nerves supply most of the anterior sur- 
faees of the thighs and legs, and the saeral nerves serve most 
of the posterior surfaces of the lower limbs. (This distribution 


basieally refleets the areas supplied by the lumbar and saeral 
plexuses, respeetively.) 

Adjaeent dermatomes are not as eleanly separated as a 
typieal dermatome map indieates. On the tmnk, neighboring 
dermatomes overlap eonsiderably (about 50%). As a result, de- 
stmetion of a single spinal nerve will not cause eomplete numb- 
ness anyvvhere. In the limbs, the overlap is less eomplete and 
some skin regions are innervated by just one spinal nerve. 

Innervation of Joints 

The easiest way to remember which nerves serve which synovial 
joint is to use Hilton’s law: Any nerve serving a muscle that pro- 
duces movement at ajoint also innervates thejoint and the skin over 
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the joint. Henee, onee you learn which nerves serve the various 
major muscles and muscle groups, no new learning is neeessary. 

For example, the quadriceps, graeilis, and hamstring muscles 
all eross the knee. The nerves to these muscles are the femo- 
ral nerve anteriorly and branehes of the seiatie and obturator 
nerves posteriorly. Consequently, these nerves innervate the 
knee joint as well. 



Check Your Understanding 


10. Spinal nerves have both dorsal roots and dorsal rami. Hovv are 
these different from eaeh other in loeation and eomposition? 

11. After his horse-riding aeeident, the aetor ehristopher Reeve 
vvas unable to breathe on his ovvn. VVhieh spinal nerve roots, 
spinal nerve, and spinal nerve plexus vvere involved? 

_ For ansvvers, see Appendix H. 


PART 3 

Motor Ending's 
and Motor Aetivity 


is filled with a glyeoprotein-rieh basal lamina, a structure not 
seen at other synapses. The basal lamina eontains aeetyleho- 
linesterase , the enzyme that breaks down ACh. 

Innervation of Viseeral Muscle and Glands 

The junctions between autonomic motor endings and their 
effeetors (smooth and eardiae muscle and glands) are much 
simpler than the junctions formed between somatie fibers and 
skeletal muscle eells. The autonomic motor axons braneh re- 
peatedly, eaeh braneh forming synapses en passant ( cc synapses 
in passing”) with its effeetor eells. Instead of a cluster of bulblike 
terminals, an axon ending serving smooth muscle or a gland 
(but not eardiae muscle) has a series of varieosities, knoblike 
swellings eontaining mitoehondria and synaptie vesieles, that 
make it look like a string of beads (see Figure 9.26, p. 306). 

The autonomic synaptie vesieles typieally eontain either aee- 
tyleholine or norepinephrine, both of which aet indireetly on 
their targets via seeond messengers. Consequently, viseeral mo- 
tor responses tend to be slower than those induced by somatie 
motor fibers, which direetly open ion ehannels. 


Peripheral Motor Endings 

s Compare and eontrast the motor endings of somatie and 

autonomic nerve fibers. 

So far we have eovered the sensory reeeptors that deteet stimuli 
and the nerves eontaining the afferent and efferent fibers that 
deliver impulses to and from the CNS. We now turn to motor 
endings, the PNS elements that aetivate effeetors by releasing neu- 
rotransmitters. Because we discussed that topie in Chapter 9 with 
the innervation of body imiseles, all we need to do here is reeap. 
We will follow the reeap with a brief overview of motor integration. 

Innervat on of Skeletal Muscle 

Reeall that the terminals of somatie motor fibers that innervate 
voluntary muscles form elaborate neuromuscular junctions 
with their effeetor eells (Figure 9.8, p. 287). As eaeh axon braneh 
reaehes its target, a single muscle fiber, the ending splits into a 
cluster of axon terminals that braneh treelike over the junctional 
folds of the sareolemma of the muscle fiber. The axon terminals 
eontain mitoehondria and synaptie vesieles filled with the neu- 
rotransmitter aeetyleholine (ACh). 

When a nerve impulse reaehes an axon terminal, ACh is 
released by exocytosis, diffuses aeross the fluid-filled synaptie 
eleft (about 50 nm wide), and attaehes to ACh reeeptors on the 
sareolemma at the junction. ACh binding opens ligand-gated 
ehannels that allow both Na + and K + to pass. Because more 
Na + enters the eell than K + leaves, the muscle eell interior at 
that point depolarizes. The resulting graded potential is ealled 
an end plate potential. 

The end plate potential spreads to adjaeent areas of the 
membrane where it triggers the opening of voltage-gated so- 
dium ehannels. This event causes an aetion potential to propa- 
gate along the sareolemma, which stimulates the muscle fiber to 
eontraet. The synaptie eleft at somatie neuromuscular junctions 


Motor Integration: 

From Intention to Effeet 

Outline the three levels of the motor hierarehy. 

Compare the roles of the cerebellum and basal nuclei in 
eontrolling motor aetivity. 



How does integration in the motor system eompare with in- 
tegration in sensory systems? In the motor system, we have 
motor endings serving effeetors (muscle fibers) instead of sen- 
sory reeeptors, deseending efferent circuits instead of aseend- 
ing afferent circuits, and motor behavior instead of pereeption. 
However, as in sensory systems, the basie meehanisms of motor 
systems operate at three levels. 


Levels of Motor Gontrol 

The eerebral cortex is at the highest level of our conscious motor 
pathways, but it is not the ultimate planner and eoordinator of 
complex motor aetivities. The cerebellum and basal nuclei (gan- 
glia) play this role and are therefore at the top of the motor eon- 
trol hierarehy. Motor eontrol exerted by lower levels is mediated 
by reflex ares in some eases, but complex motor behavior, such 
as walking and swimming, depends on more complex patterns. 
Currently, we define three levels of motor eontrol: the segmental 
level,projeetion level , and preeommand level i< ure 13.14). 

The Segmental Level 

The lowest level of the motor hierarehy, the segmental level, 
eonsists of reflexes and spinal eord circuits that eontrol auto- 
matie movements. A segmental circuit aetivates a network of 
ventral horn neurons in a group of eord segments, causing them 
to stimulate speeifie groups of muscles. 

Circuits that eontrol loeomotion and other speeifie and oft- 
repeated motor aetivities are ealled eentral pattern generators 
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Preeommand Level (highest) 

• Cerebellum and basal nuclei 

• Programs and instmetions 
(modified by feedbaek) 


◄ 



► 



y 


Projeetion Level (middle) 

• Motor cortex (pyramidal pathways) 
and brain stem nuclei (vestibular, 
red, reticular formation, ete.) 

• Conveys instructions to spinal eord 
motor neurons and sends a eopy of 
that information to higher levels 



Segmental Level (lovvest) 

• Spinal eord 

• Contains eentral pattern generators 
(CPGs) 



Reflex aetivity 


(a) Levels of motor eontrol and their interaetions 


Preeommand level 


Cerebellum 


Basal nuclei 



Projeetion level 

• Primary motor cortex 

• Brain stem nuclei 



Segmental level 

• Spinal eord 


(b) Structures involved 



gure 13.14 Hierarehy of motor eontrol. Dashed lines in (a) indieate feedbaek 



(CPGs). CPGs eonsist of networks of oseillating inhibitory and 
excitatory neurons, which set crude rhythms and alternating 
patterns of movement. 

The Projeetion Level 

The spinal eord is under the direet eontrol of the projeetion 
level of motor eontrol. The projeetion level eonsists of neurons 
aeting through the direet and indireet motor pathvvays (see 
Table 12.3 and pp. 469-473): 

■ Upper motor neurons of the motor cortex initiate the direet 
( pyramidal ) pathways. Axons of direet pathvvay neurons pro- 
duce diserete vohmtary movements of the skeletal muscles. 

■ Brain stem motor nuclei oversee the indireet pathways. Ax- 
ons of these pathways help eontrol reflex and CPG-controlled 
motor aetions, modifying and eontrolling the aetivity of the 
segmental apparatus. 


Projeetion motor pathways eonvey information to lower 
motor neurons, and send a eopy of that information as inter- 
nalfeedbaek to higher eommand levels, continually informing 
them of what is supposed to happen. The direet (pyramidal) 
and indireet pathways provide separate and parallel pathways 
for eontrolling the spinal eord, but these systems are interrelated 
at all levels. 


The Preeommand Level 

Two other systems of brain neurons, loeated in the cerebellum 
and basal nuclei, regulate motor aetivity. They preeisely start 
or stop movements, eoordinate movements with posture, bloek 


unwanted movements, and monitor muscle tone. Collectively 
ealled preeommand areas, these systems eontrol the outputs of 
the cortex and brain stem motor eenters and stand at the highest 
level of the motor hierarehy. 

The key eenter for “online” sensorimotor integration and 
eontrol is the eerebelliim. Remember the cerebellum is a tar- 
get of aseending proprioeeptor, taetile, equilibrium, and visual 
inputs—feedbaek that it needs to rapidly eorreet c errors” in mo- 
tor aetivity. It also reeeives information via branehes from de- 
seending pyramidal traets, and from various brain stem nuclei. 

The cerebellum laeks direet eonneetions to the spinal eord. 
It aets on motor pathvvays through the projeetion areas of the 
brain stem and on the motor cortex via the thalamus to fine- 
tune motor aetivity. 

The basal nuclei reeeive inputs from all eortieal areas and 
send their output baek mainly to premotor and prefrontal eor- 
tieal areas via the thalamus. Compared to the eerebellmn, the 
basal nuclei appear to be involved in more complex aspeets of 
motor eontrol. Under resting eonditions, the basal nuclei inhibit 
various motor eenters of the brain. When the motor eenters are 
released from inhibition, eoordinated motions ean begin. 

Cells in both the basal nuclei and the cerebellum are involved 
in this unconscious planning and diseharge in advanee of willed 
movements. When you actually move your fingers, both the 
preeommand areas and the primary motor cortex are aetive. 
At the risk of oversimplifying, it appears that the cortex says, “I 
want to do this,” and then lets the preeommand areas take over 
to provide the proper timing and patterns to execute the desired 
movements. The preeommand areas eontrol the motor cortex 
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and provide its readiness to initiate a voluntary aet. The eon- 
scious cortex then ehooses to aet or not aet, but the groundwork 
has already been laid. 



Check Your Understanding 


12. What are varieosities and vvhere would you find them? 

13. Which parts of the nervous system ultimately plan and 
eoordinate complex motor aetivities? 

_ For ansvvers, see Appendix H. 


PART 4 

Reflex Aetivity 
The Reflex Are 


Stimulus 



Skin 




0 Reeeptor 

@ Sensory neuron 
@ Integration eenter 


lnterneuron 





(0 Motor neuron 
@ Effeetor 


Spinal eord 
(in eross seetion) 


Name the eomponents of a reflex are and distinguish 
between autonomic and somatie reflexes. 


gure 13.15 The five basie eomponents of all reflex ares. The 

reflex are illustrated is polysynaptie. 


Many of the body s eontrol systems are reflexes, which ean be 
either inborn or learned. 

An inborn ( intrinsie ) reflex is a rapid, predietable motor re- 
sponse to a stimulus. It is unlearned, unpremeditated, and in- 
vohmtary, and is built into our neural anatomy. Reflexes prevent 
us from having to think about all the little details of staying 
upright, intaet, and alive—helping us maintain posture, avoid 
pain, and eontrol viseeral aetivities. 

For instanee, what happens when you splash a pot of boiling 
water on your arm? You are likely to drop the pot instantly and 
invohmtarily even before you feel any pain. Your response is 
triggered by an inborn spinal reflex without any help from the 
brain. In many eases we are aware of the final response of a basie 
reflex (you know youVe dropped the pot of boiling water). In 
other eases, reflex aetivities go on without any awareness on our 
part. This is typieal of many viseeral reflexes, which are regu- 
lated by the subconscious lower regions of the CNS, speeifieally 
the brain stem and spinal eord. 

The seeond type of reflex, a learned ( acquired) reflex, results 
from praetiee or repetition. Take, for instanee, the complex se- 
quence of reaetions that occurs when an experienced driver drives 
a ear. The proeess is largely automatic, but only because substan- 
tial time and effort were expended to acquire driving skills. 

In reality, the distinetion between inborn and learned reflexes 
is not clear-cut and most inborn reflex aetions ean be modified 
by learning and conscious effort. For instanee, if a 3-year-old 
ehild was standing by your side when you sealded your arm, 
you most likely would set the pot down (rather than just letting 
go) because you consciously reeognized the danger to the ehild. 

Reeall the discussion in Chapter 11 about serial and paral- 
lel proeessing of sensory input. What happens when you seald 
your arm is a good example of how these two proeessing modes 
work together. You drop the pot before feeling any pain, but the 
pain signals pieked up by the interneurons of the spinal eord 
are quickly transmitted to the brain, so that within the next few 
seeonds you do beeome aware of pain, and you also know what 
happened to cause it. The withdrawal reflex is serial proeessing 
mediated by the spinal eord, and pain awareness refleets simul- 
taneous parallel proeessing of the sensory input. 


Components of a Reflex Are 


As you learned in Chapter 11, reflexes occur over highly speeifie 

neural paths ealled reflex ares. All reflex ares have five essential 

eomponents Figure 13.1 : 

0 Reeeptor: Site of the stimulus aetion. 

@ Sensory neuron: Transmits afferent impulses to the CNS. 

@ Integration eenter: In simple reflex ares, the integration 
eenter may be a single synapse between a sensory neuron 
and a motor neuron (monosynaptie reflex). More complex 
reflex ares involve multiple synapses with ehains of interneu- 
rons (polysynaptie reflex) . The integration eenter for the re- 
flexes we will deseribe in this ehapter is within the CNS. 

@ Motor neuron: Conducts efferent impulses from the inte- 
gration eenter to an effeetor organ. 

@ Effeetor: Muscle fiber or gland eell that responds to the ef- 
ferent impulses (by eontraeting or seereting). 


r 


13 


L 


Reflexes are elassified functionally as somatie reflexes if they 
aetivate skeletal muscle, or as autonomic (viseeral) reflexes if 
they aetivate viseeral effeetors (smooth or eardiae muscle or 
glands). Here we deseribe some eommon somatie reflexes me- 
diated by the spinal eord. We will eonsider autonomic reflexes 
in later ehapters along with the viseeral proeesses they help to 
regulate. 


Spinal Ref1exes 

Compare and eontrast streteh, flexor # crossed-extensor, and 
tendon reflexes. 

Spinal reflexes are somatie reflexes that are mediated by the spi- 
nal eord. Many spinal reflexes occur without the direet involve- 
ment of higher brain eenters. Generally, these reflexes are even 
present in animals whose brains have been destroyed as long as 
the spinal eord is still functional. 
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Flower spray endings 
(seeondary sensory 
endings) 


Anulo- 
spiral 
endings 
(primary 
sensory 
endings) 


Muscle 

spindle 


Capsule 
(eonneetive 
tissue) 


y Efferent (motor) 
fiber to muscle spindle 



Tendon organ 


a Efferent 
(motor) fiber 
to extrafusal 
muscle fibers 


Extrafusal 

muscle 
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lntrafusal 

muscle 

fibers 


Sensory 

fiber 


Tendon 


Figiire 13.16 Anatomy of the rmisele spindle and tendon 
organ. Notiee the afferent fibers from and efferent fibers to the 
muscle spindle. Myelin has been omitted from all nerve fibers 
for elarity. 


However, the brain is “advised” of most spinal reflex aetivity 
and ean faeilitate, inhibit, or adapt it, depending on the circum- 
stanees (as we deseribed in the example of the hot water-fìlled 
pot). Moreover, continuous faeilitating signals from the brain are 
required for normal spinal reflex aetivity. As we saw in Chapter 
12 , spinal shoek occurs when the spinal eord is transeeted, imme- 
diately depressing all functions eontrolled by the eord. 

Tests of somatie reflexes are important elinieally to assess 
the eondition of the nervous system. Exaggerated, distorted, or 
absent reflexes indieate degeneration or pathology of speeifie 
nervous system regions, often before other signs appear. 


Streteh andTendon Reflexes 

What information does your nervous system need to smoothly 
eoordinate the aetivity of your skeletal muscles? Two types of in- 
formation about the current state of a muscle are key. First, the 
nervous system needs to know the length of the muscle. This infor- 
mation eomes from the muscle spindles , found in skeletal muscles. 
Seeond, it needs to know the amount of tension in the muscle and 
its assoeiated tendons. Tendon organs provide this information. 

These two types of proprioeeptors play an important role in 
spinal reflexes and also provide essential feedbaek to the eer- 
ebral cortex and cerebellum. Just remember, muscle spindles 
measure length and tendon organs measure tension. Let s take 


a eloser look at the fimetional anatomy of these proprioeeptors 
and their roles in eertain spinal reflexes. 

Fiinetional Anatomy of Muscle Spindles 

Eaeh muscle spindle eonsists of three to ten modified skeletal 
muscle fibers ealled intrafusal muscle fibers ( intra = within; 
fusal = the spindle) enelosed in a eonneetive tissue capsule 
(Fi ure 13.16). These fibers are less than one-quarter the size 
of the effeetor fibers of the muscle, ealled extrafusal muscle 
fibers. 

The eentral regions of the intrafiisal fibers laek myofilaments 
and are noneontraetile. These regions are the reeeptive surfaces 
of the spindle. Two types of afferent endings send sensory in- 
puts to the CNS: 

■ Amilospiral endings (also ealled primary sensory endings) 
are the endings of large axons that wrap around the spindle 
eenter. They are stimulated by both the rate and degree of 
streteh. 

■ Flower spray endings (also ealled seeondary sensory end- 
ings) are formed by smaller axons that supply the spindle 
ends. They are stimulated only by degree of streteh. 

The intrafiisal muscle fibers have eontraetile regions at their 
ends, which are the only areas eontaining aetin and myosin 
myofilaments. These regions are innervated by gamma (y) 
efferent fibers that arise from small motor neurons in the ven- 
tral horn of the spinal eord. These y motor fibers, which main- 
tain spindle sensitivity (as deseribed shortly), are distinet from 
the alpha (a) eíferent fibers of the large alpha (a) motor neu- 
rons that stiimilate the extrafusal muscle fibers to eontraet. 

The muscle spindle is stretehed (and excited) in one of two 
ways: 

■ By applying an external foree that lengthens the entire mus- 
ele, such as when we earry a heavy weight or when antago- 
nistie imiseles eontraet (external streteh) 

■ By aetivating the y motor neurons that stimulate the distal 
ends of the intrafiisal fibers to eontraet, thereby stretehing 
the middle of the spindle (internal streteh). 

Whenever the muscle spindle is stretehed, its assoeiated sen- 
sory neurons transmit impulses at higher frequency to the spi- 
nal eord (Figure 13.17a). 

During vohmtary skeletal muscle eontraetion, the muscle 
shortens. If the intrafiisal muscle fibers didnt eontraet along 
with the extrafusal fibers, the muscle spindle would go slaek and 
eease generating aetion potentials (Figure 13.17b). At this point 
it would be unable to signal fiirther ehanges in muscle length, 
so it would be useless. 

Fortunately, OL-y eoaetivation prevents this from happening. 
Deseending fibers of motor pathways synapse with both a and y 
motor neurons, and motor impulses are simultaneously sent to 
the large extrafusal fibers and to muscle spindle intrafiisal fibers. 
Stimulating the intrafiisal fibers maintains the spindles tension 
(and sensitivity) during muscle eontraetion, so that the brain 
eontimies to be notified of ehanges in the muscle length (Fig- 
ure 13.17b). Without such a system, information on ehanges in 
muscle length would eease to flow from eontraeting muscles. 





















Chapter 13 The Peripheral Nervous System and Reflex Aetivity 


515 



(b) The piirpose of a-y eoaetivation 



If only a motor neurons 
were aetivated. Only the 
extrafusal muscle fibers 
eontraet.The muscle 
spindle beeomes slaek 
and no APs are fired. It is 
unable to signal further 
length ehanges. 


But normally a-y 
eoaetivation occurs. Both 
extrafusal and intrafusal 
muscle fibers eontraet. 
Tension is maintained in 
the muscle spindle and it 
ean still signal ehanges in 
length. 


Figure 13.1 Operation of the muscle spindle. The aetion potentials generated in the 
sensory fibers are shown for eaeh ease as blaek lines in yellow bars. 


The Streteh Reflex 

By sending eommands to the motor neurons, the brain essen- 
tially sets a muscles length. The streteh reflex makes sure that 
the muscle stays at that length. For example, the patellar (pah- 
tel'ar) or knee-jerk reflex is a streteh reflex that helps keep your 
knees from buckling when you are standing upright. As your 
knees begin to buckle and the quadriceps lengthens, the streteh 
reflex causes the quadriceps to eontraet without your having to 
think about it. Focus on the Streteh Reflex gure 13.18 shows 
the streteh reflex and a speeifk example—the knee-jerk reflex. 

The streteh reflex is important for maintaining muscle tone 
and adjusting it reflexively. It is most important in the large 
extensor muscles that sustain upright posture and in postural 
muscles of the trunk. For example, streteh reflexes initiated fìrst 
on one side of the spine and then on the other regulate eontrae- 
tions of the postural muscles of the spine almost continuously. 

Let s look at how the streteh reflex works. As weVe just seen 
in Figure 13.17, when streteh aetivates sensory neurons of mus- 
ele spindles, they transmit impulses at a higher frequency to the 
spinal eord. There the sensory neurons synapse direetly with a 
motor neurons, which rapidly excite the extrafusal muscle fì- 
bers of the stretehed muscle (Figure 13.18). The reflexive muscle 
eontraetion that follows (an example of serial proeessing) resists 
further muscle stretehing. 


Branehes of the afferent fibers also synapse with interneurons 
that inhibit motor neurons eontrolling antagonistie muscles (par- 
allel proeessing), and the resulting inhibition is ealled reeiproeal 
inhibition. Consequently, the streteh stimulus causes the antag- 
onists to relax so that they eannot resist the shortening of the 
“stretehed” muscle caused by the main reflex are. While this spinal 
reflex is occurring, information on muscle length and the speed 
of muscle shortening is being relayed (mainly via the dorsal white 
columns) to higher brain eenters (more parallel proeessing). 

The most familiar elinieal example of a streteh reflex is the 
knee-jerk reflex we have just deseribed. Streteh reflexes ean be 
elieited in any skeletal muscle by a sudden jolt to the tendon 
or the muscle itself. All streteh reflexes are monosynaptie and 
ipsilateral. In other words, they involve a single synapse and 
motor aetivity on the same side of the body. Streteh reflexes are 
the only monosynaptie reflexes in the body. However, even in 
these reflexes, the part of the reflex are that inhibits the motor 
neurons serving the antagonistie muscles is polysynaptie. 

A positive knee jerk (or a positive result for any other streteh 
reflex test) provides two important pieees of information. First, 
it proves that the sensory and motor eonneetions between that 
muscle and the spinal eord are intaet. Seeond, the vigor of the 
response indieates the degree of excitability of the spinal eord. 
When the spinal motor neurons are highly faeilitated by impulses 

































































































F O C U S Streteh Reflex 


Figure 13.18 Stretehed musde spindles initiate a streteh 
reflex, causing eontraetion of the stretehed musde and 
inhibition of its antagonist. 


The events by vvhieh muscle streteh is damped 


(T)when streteh aetivates musde spindles, the 
assoeiated sensory neurons (blue) transmit afferent 
impulses at higher frequency to the spinal eord. 


(2) The sensory neurons synapse direetly with alpha 
motor neurons (red), which excite extrafusal fibers of the 
stretehed muscle. Sensory fibers also synapse with 
interneurons (green) that inhibit motor neurons (purple) 
eontrolling antagonistie muscles. 



a) Efferent impulses of alpha motor neurons 
cause the stretehed muscle to eontraet, which 
resists or reverses the streteh. 



Efferent impulses of alpha motor neurons to 
antagonist muscles are reduced (reeiproeal inhibition) 


The patellar (knee-jerk) reflex—an example of a streteh reflex 


spindle 



Tapping the patellar ligament stretehes the 
quadriceps and excites its muscle spindles. 


© Afferent impulses (blue) travel to the 
spinal eord, where synapses occur with motor 
neurons and interneurons. 


Jj) The motor neurons (red) send aetivating 
impulses to the quadriceps causing it to 
eontraet, extending the knee. 


+ Excitatory synapse 
— Inhibitory synapse 






The interneurons (green) make inhibitory 
synapses with ventral horn neurons (purple) that 
prevent the antagonist muscles (hamstrings) 
from resisting the eontraetion of the quadriceps. 



516 


















ehapter 13 The Peripheral Nervous System and Reflex Aetivity 


517 


(J) Quadriceps strongly eontraets. (1) Afferent fibers synapse with 

Tendon organs are aetivated. interneurons in the spinal eord. 


Tendon organ 



Quadriceps 

(extensors) 


Spinal eord 


Hamstrings 


(flexors) 


lnterneurons 


+ Excitatory synapse 
— Inhibitory synapse 


(3a) Efferent 
impulses to rrmsele 
with stretehed 
tendon are damped. 
Muscle relaxes, 
reducing tension. 


@) Efferent impulses 
to antagonist muscle 
cause it to eontraet. 


gure 13.19 Thetendon reflex. 



deseending from higher eenters, just touching the muscle tendon 
produces a vigorous reflex response. On the other hand, when in- 
hibitory signals bombard the lower motor neurons, even pound- 
ing on the tendon may fail to trigger the reflex response. 



Homeostatie imbalanee 13.9 


Streteh reflexes tend to be hypoaetive or absent in eases of periph- 
eral nerve damage or ventral horn injury involving the tested area. 
These reflexes are absent in those with ehronie diabetes mellitus 
or neurosyphilis and during eoma. However, they are hyperaetive 
when lesions of the eortieospinal traet reduce the inhibitory effeet 
of the brain on the spinal eord (as in stroke patients). + 


Adjiisting Muscle Spindle Sensitivity 

The motor supply to the muscle spindle allows the brain to vol- 
untarily modify the streteh reflex response and the fìring rate 
of a motor neurons. When the y neurons are vigorously stimu- 
lated by impulses from the brain, the spindle is stretehed and 
highly sensitive, and muscle eontraetion foree is maintained or 
inereased. When the y motor neurons are inhibited, the spindle 
resembles a loose rnbber band and is nonresponsive, and the 
extrafusal muscles relax. 

The ability to modify the streteh reflex is important in many 
situations. As the speed and difhculty of a movement inerease, 
the brain inereases y motor output to make the muscle spindles 
more sensitive. This sensitivity is highest when balanee reflexes 
must be razor sharp, as for a gymnast on a balanee beam. On 
the other hand, if you want to wind up to piteh a baseball, it is 
essential to suppress the streteh reflex so that your muscles ean 


produce a large degree of motion (i.e., circumduct your piteh- 
ing arm). Other athletes who require movements of maximum 
foree learn to streteh imiseles as much and as quickly as possible 
just before the movement. This advantage is demonstrated by 
the crouch that athletes assume just before jumping or mnning. 

As we have seen, muscle tone and smooth eoordination of 
movement depend upon intaet streteh reflex pathways. Both 
afferent and efferent fibers to the muscle spindle are vitally im- 
portant. If either afferent or efferent fìbers are cut, the muscle 
immediately loses its tone and beeomes flaeeid. 



TheTendon Reflex 

Streteh reflexes cause muscle eontraetion in response to in- 
ereased muscle length (streteh). The polysynaptie tendon re- 
flexes, on the other hand, produce exactly the opposite effeet: 
Muscles relax and lengthen in response to tension. 

When muscle tension inereases substantially during eontrae- 
tion or passive stretehing, high-threshold tendon organs may be 
aetivated. Afferent impulses are transmitted to the spinal eord, 
and then to the cerebellum, where the information is used to 
adjust muscle tension. Simultaneously, motor neurons in spinal 
eord circuits supplying the eontraeting muscle are inhibited and 
antagonist muscles are aetivated, a phenomenon ealled reeipro- 
eal aetivation. As a result, the eontraeting muscle relaxes as its 
antagonist is aetivated gure 13.19' . 

Tendon organs help to prevent muscles and tendons from 
tearing when they are subjected to possibly damaging stretehing 
foree. Tendon organs also function at normal muscle tensions. 
In the normal range, tendon organs help to ensure smooth on- 
set and termination of muscle eontraetion. 
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+ Excitatory synapse 
— Inhibitory synapse 


lnterneurons 


Afferent 

fiber 


Extensor 

inhibited 


Flexor 
stimulated 



Efferent 

fibers 


Flexor 

inhibited 


Extensor 

stimulated 


Site of stirrmliis: 

A noxious stimulus 
causes a flexor 
reflex on the same 
side, withdrawing 
that limb. 


Site of reeiproeal 
aetivation: At the 

same time, the 
extensor muscles 
on the opposite 
side are aetivated. 




gure 13.20 The crossed-extensor reflex. In this example, a stranger suddenly grasps the 
right arm, vvhieh is vvithdravvn reflexively vvhile the opposite (left) arm reflexively extends and 
pushes the stranger avvay. 


The Flexor and Crossed-Extensor Reflexes 

A painful stimulus initiates the flexor, or withdrawal, reflex, 
which causes automatic withdrawal of the threatened body part 
from the stimulus ( igure 13.2G, left). Think of the response 
that occurs when you priek your finger. Flexor reflexes are ip- 
silateral and polysynaptie, the latter a neeessity when several 
muscles must be reemited to withdraw the injured body part. 

Because flexor reflexes are proteetive and important to our 
survival, they override the spinal pathways and prevent any 
other reflexes from using them at the same time. However, like 
other spinal reflexes, deseending signals from the brain ean 
override flexor reflexes. This happens when you are expecting 
a painfiil stimulus, for example a skin priek as a lab teehnieian 
prepares to draw blood from a vein. 

The crossed-extensor reflex often aeeompanies the flexor 
reflex in weight-bearing limbs and is particularly important in 
maintaining balanee. It is a complex spinal reflex eonsisting of 
an ipsilateral withdrawal reflex and a eontralateral extensor re- 
flex. ineoming afferent fibers synapse with interneurons that 
eontrol the flexor withdrawal response on the same side of the 
body and with other interneurons that eontrol the extensor 
muscles on the opposite side. 


The crossed-extensor reflex is obvious when you step bare- 
foot on broken glass. The ipsilateral response causes you to 
quickly lift your cut foot, while the eontralateral response ae- 
tivates the extensor muscles of your opposite leg to support 
the weight suddenly shifted to it. The crossed-extensor reflex 
also occurs when someone unexpectedly grabs your arm. The 
grasped arm is withdrawn as the opposite arm pushes you away 
from the attaeker (Figure 13.20). 

Superfìcial Reflexes 

Superfìcial reflexes are elieited by gentle cutaneous stimula- 
tion, such as that produced by stroking the skin with a tongue 
depressor. These elinieally important reflexes depend both on 
fimetional upper motor pathways and on eord-level reflex ares. 
The best known are the plantar and abdominal reflexes. 

Plantar Reflex 

The plantar reflex tests the integrity of the spinal eord from L 4 
to S 2 and indireetly determines if the eortieospinal traets are 
fimetioning properly. To elieit the plantar reflex, draw a bhrnt 
objeet downward along the lateral aspeet of the plantar surface 
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(sole) of the foot. The normal response is for the toes to flex 
downward (curl). However, if the primary motor cortex or eor- 
tieospinal traet is damaged, the plantar reflex is replaeed by an 
abnormal reflex ealled Babinski’s sign, in which the great toe 
dorsiflexes and the smaller toes fan laterally. 

Infants exhibit Babinski s sign until they are about a year old 
because their nervous systems are ineompletely myelinated. De- 
spite its elinieal signifieanee, the physiologieal meehanism of 
Babinskis sign is not understood. 


Abdominal Reflexes 

Stroking the skin of the lateral abdomen above, to the side, or 
below the umbilicus induces a reflex eontraetion of the abdomi- 
nal muscles in which the umbilicus moves toward the stimu- 
lated site. These reflexes, ealled abdominal reflexes, eheek the 
integrity of the spinal eord and ventral rami from T 8 to T 12 . 

Abdominal reflexes vary in intensity from one person to another. 
However, their absenee indieates lesions in the eortieospinal traet. 



Check Your LJnderstanding' 


14. Name the five eomponents of a reflex are. 

15. What is the role of the streteh reflex? The flexor reflex? 

16. Juan injured his baek in a fall. When his ER physieian stroked 
the bottom of Juan's foot, she noted that his big toe pointed 
up and his other toes fanned out. What is this response 
ealled and vvhat does it indieate? 


For ansvvers, see Appendix H. 


eord and adjaeent neural erest and exit between the forming verte- 
brae, and eaeh nerve beeomes assoeiated with the adjaeent muscle 
mass. The spinal nerves supply both sensory and motor fibers to 
the developing muscles and help direet their maturation. Cranial 
nerves innervate muscles of the head in a eomparable manner. 

The distribution of cutaneous nerves to the skin follows a 
similar pattern. The trigeminal nerves innervate most of the 
sealp and faeial skin. Spinal nerves supply cutaneous branehes 
to speeifie (adjaeent) dermatomes that eventually beeome der- 
mal segments. As a result, the distribution and growth of the 
spinal nerves eorrelate with the segmented body plan, which is 
established by the fourth week of embryonie development. 

Growth of the limbs and unequal growth of other body areas 
result in an adult pattern of dermatomes with unequal sizes and 
shapes and varying degrees of overlap. Because embryonie muscle 
eells migrate extensively, much of the early segmental pattern is lost. 

Its emeial that physieians understand the general pattern of 
sensory nerve distribution. For example, in areas where sev- 
eral dermatomes overlap, two or three spinal nerves must be 
bloeked (anesthetized) to perform loeal surgery. 

Sensory reeeptors atrophy to some degree with age, and mus- 
ele tone deereases in the faee and neek. Reflexes occur a bit more 
slowly during old age. This deterioration seems to refleet a gen- 
eral loss of neurons, fewer synapses per neuron, and a slowdown 
in eentral proeessing rather than any major ehanges in the pe- 
ripheral nerve fibers. In faet, peripheral nerves remain viable and 
normally fimetional throughout life unless subjected to traumatic 
injury or isehemia. The most eommon symptoms of isehemia are 
sensations of tingling or numbness in the affeeted region. 



Developmental Aspeets of the 
Peripheral Nervous System 

Deseribe the developmental relationship betvveen the 
segmented arrangement of peripheral nerves f skeletal 
muscles f and skin dermatomes. 

List ehanges that occur in the peripheral nervous system 
with aging. 

Most skeletal muscles derive from paired bloeks of mesoderm 
(somites) distributed segmentally down the posteromedial aspeet 
of the embryo. The spinal nerves braneh from the developing spinal 



CheckYour IJnderstanding 


17. Segmentation in the embryo gives rise to segmentation in the 
adult. Name two examples of segmentation in the adult body. 



For ansvvers, see Appendix H. 


The PNS is an essential part of any fimetional nervous sys- 
tem. Without it, the CNS would laek its rieh bank of informa- 
tion about events of the external and internal environments. 
Now that we have eonneeted the CNS to both of these environ- 
ments, we are ready to eonsider the autonomic nervous system, 
the topie of Chapter 14. 


Chapter Summary 
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1. The peripheral nervous system eonsists of sensory reeeptors, 
nerves conducting impulses to and from the CNS, their 
assoeiated ganglia, and motor endings. 


part 1 Sensory Reeeptors and Sensation 

Sensory Reeeptors (pp. 484-487) 

1. Sensory reeeptors are speeialized to respond to environmental 
ehanges (stimuli). 

2. Sensory reeeptors include the reeeptors for the general senses— 
pain, touch, pressure, and temperature reeeptors in the skin—as 
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well as reeeptors in skeletal muscles and tendons and in the 
viseeral organs. Sense organs eontain sensory reeeptors and other 
eells that serve the speeial senses (vision, hearing, equilibrium, 
smell, and taste). 

3. Reeeptors are elassified aeeording to stimulus deteeted 
as meehanoreeeptors, thermoreeeptors, photoreeeptors, 
ehemoreeeptors, and noeieeptors, and aeeording to loeation as 
exteroceptors, interoeeptors, and proprioeeptors. 

4. The general sensory reeeptors are elassified structurally as free 
or encapsulated nerve endings of sensory neurons. The free 
endings are mainly reeeptors for temperature and pain, although 
two are for light touch (taetile dises and hair folliele reeeptors). 
The encapsulated endings, which are meehanoreeeptors, include 
taetile corpuscles, lamellar corpuscles, bulbous corpuscles, muscle 
spindles, tendon organs, and joint kinesthetie reeeptors. 

Sensory Integration: From Sensation to Pereeption 

(pp.487-490) 

1 . Sensation is awareness of internal and external stimuli. 

Pereeption is conscious interpretation of those stimuli. 

2. The three levels of sensory integration are the reeeptor, circuit, and 
perceptual levels. These levels are fimetions of the sensory reeeptors, 
the aseending pathways, and the eerebral cortex, respeetively. 

3. Sensory reeeptors transduce (eonvert) stimulus energy via 
reeeptor or generator potentials into aetion potentials. Stimulus 
strength is frequency eoded. Adaptation (deereased response 
to a continuous or unchanging stimulus) occurs in all general 
reeeptors except pain and proprioeeptors. 

4. The circuit level eonsists of the aseending pathways—the axons of 
the first-, seeond-, and third-order sensory neurons. These were 
discussed in ehapter 12. 

5. Pereeption—the internal, conscious image of the stimulus 
that serves as the basis for response—is the result of eortieal 
proeessing. 

6. The main features of sensory pereeption are perceptual deteetion, 
magnitude estimation, spatial diserimination, feature abstraetion, 
quality diserimination, and pattern reeognition. 

part 2 Transmission Lines: 

Nerves and Their Structure and Repaìr 

Nerves and Assoeiated Ganglia (pp. 490-492) 

1. A nerve is a bundle of axons in the PNS. Eaeh fiber is enelosed 
by an endoneurium, faseieles of fibers are wrapped by a 
perineurium, and the whole nerve is bundled by the epineurium. 

2. Nerves are elassified aeeording to the direetion of impulse 
conduction as sensory, motor, or mixed; most nerves are mixed. 
Eíferent fibers may be somatie or autonomic. 

3. Ganglia are eolleetions of neuron eell bodies assoeiated with 
nerves in the PNS. Examples are the dorsal root (sensory) ganglia 
and autonomic (motor) ganglia. 

4. Injured PNS fibers may regenerate if maerophages enter the area, 
phagoeytize the debris, and promote the proliferation of Schwann 
eells. Schwann eells then form a ehannel and seerete ehemieals to 
guide axon sprouts to their original eontaets. Fibers in the CNS 
do not normally regenerate because the oligodendroeytes inhibit 
axonal sprouting and regrowth. 

Cranial Nerves (pp. 492-501) 

1. Twelve pairs of eranial nerves issue through the skull to innervate 
the head and neek. Only the vagus nerves extend into the 


thoraeie and abdominal eavities. All but the aeeessory nerve 
originate from the brain. 

2. Oranial nerves are (generally) numbered from rostral to caudal in 
order of emergenee from the brain. Their names refleet structures 
served or fimetion or both. The eranial nerves and their numbers 
are 

I. Olfaetory nerves: purely sensory. Concerned with the 
sense of smell. 

II. Optie nerves: purely sensory. Transmit visual impulses 
from the retina to the thalamus. 

III. Oculomotor nerves: primarily motor. Emerge from the 
midbrain and serve four extrinsic eye muscles, the levator 
palpebrae superioris of the eyelid, and the intrinsie eiliary 
muscle of the eye and eonstrietor fibers of the iris. Also earry 
proprioeeptive impulses from the skeletal muscles served. 

IV. Troehlear nerves: primarily motor. Issue from the dorsal 
midbrain and earry motor and proprioeeptor impulses to 
and from superior oblique muscles of the eyeballs. 

V. Trigeminal nerves: mixed nerves. Emerge from the lateral 
pons as the main general sensory nerves of the faee. Eaeh 
has three sensory divisions: ophthalmie, maxillary, and 
mandibular. The mandibular braneh also eontains motor 
fibers that innervate the chewing imiseles. 

VI. Abducens nerves: primarily motor. Emerge from the pons 
and serve the motor and proprioeeptive fimetions of the 
lateral rectus muscles of the eyeballs. 

VII. Faeial nerves: mixed nerves. Emerge from the pons as the 

major motor nerves of the faee. Also earry sensory impulses 
from the taste buds of anterior two-thirds of the tongue. 

VIII. Vestibulocochlear nerves: mostly sensory. Transmit 

impulses from the hearing and equilibrium reeeptors of 
the inner ears. 

IX. Glossopharyngeal nerves: mixed nerves. Issue from the 
medulla. Transmit sensory impulses from the taste buds 
of the posterior tongue, the pharynx, and ehemo- and 
baroreeeptors of the earotid bodies and sinuses. Innervate 
some pharyngeal muscles and parotid glands. 

X. Vagus nerves: mixed nerves. Arise from the medulla. 
Almost all motor fibers are autonomic parasympathetie 
fibers; motor efferents to, and sensory fibers from, the 
pharynx, larynx, and viseeral organs of the thoraeie and 
abdominal eavities. 

XI. Aeeessory nerves: primarily motor. Arise as spinal rootlets 
from the eervieal spinal eord and enter the foramen 
magnum. Supply somatie efferents to the trapezms and 
sternoeleidomastoid nmseles of the neek and earry 
proprioeeptor afferents from the same nmseles. 

XII. Hypoglossal nerves: primarily motor. Issue from the 

medulla and earry somatie motor efferents to, and 
proprioeeptive fibers from, the tongue muscles. 

Spinal Nerves (pp. 501-511) 

1. The 31 pairs of spinal nerves (all mixed nerves) are numbered 
successively aeeording to the region of the spinal eord from 
which they issue. 

2. Dorsal and ventral roots of the spinal eord fiise to form spinal 
nerves. Spinal nerves are short, eonfined to the intervertebral 
foramina. 

3. Branehes of eaeh spinal nerve include dorsal and ventral 
rami, a meningeal braneh, and in the thoraeie region, rami 
eomimmieantes (ANS branehes). 

4. Ventral rami, except T 2 -T 12 , form plexuses that serve the limbs. 
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5. The eervieal plexus (C x -C 4 ) innervates the muscles and skin of 
the neek and shoulder. Its phrenie nerve serves the diaphragm. 

6. The braehial plexus serves the shoulder, some thorax muscles, 
and the upper limb. It arises primarily from e^-T^. Proximal 
to distal, the braehial plexus has roots, trunks, divisions, and 
eords. Tbe main nerves arising from the eords are the axillary, 
musculocutaneous, median, radial, and ulnar nerves. 

7. Tbe lumbar plexus (Lj-LJ provides the motor supply to the 
anterior and medial thigh muscles and the cutaneous supply 
to the anterior thigh and part of the leg. Its ehief nerves are the 
femoral and obturator. 

8. The saeral plexus (L 4 -S 4 ) supplies the posterior muscles and skin 
of the lower limb. Its prineipal nerve is the large seiatie nerve 
eomposed of the tibial and eommon fìbular nerves. 

9. Dorsal rami serve the muscles and skin of the posterior body 
tmnk. Tj-T 12 ventral rami give rise to intereostal nerves that 
serve the thorax wall and abdominal surface. 

10. Joints are innervated by the same nerves that serve the muscles 
aeting at the joint. All spinal nerves except C x innervate speeifie 
segments of the skin ealled dermatomes. 

PART 3 Motor Endings and Motor Aetívíty 

Peripheral Motor Endings (p. 511) 

1. Motor endings of somatie nerve fibers (axon terminals) form 
neuromuscular junctions with skeletal muscle eells. Axon 
terminals eontain synaptie vesieles filled with aeetyleholine, 
which (when released) signals the muscle eell to eontraet. An 
elaborate basal lamina fills the synaptie eleft. 

2. Autonomic motor endings, ealled varieosities, are fimetionally 
similar, but structurally simpler, beaded terminals that innervate 
smooth muscle and glands. They do not form speeialized 
neuromuscular junctions and the motor responses elieited are 
generally slower. 

Motor Integration: From Intention to Effeet 

(pp.511-513) 

1. Motor meehanisms operate at the level of the effeetors (muscle 
fibers), deseending circuits, and eontrol levels of motor behavior. 

2. The motor eontrol hierarehy eonsists of the segmental level, the 
projeetion level, and the preeommand level. 

3. The segmental level is the spinal eord circuitry that aetivates 
ventral horn motor neurons to stimulate the muscles. It eonsists 
of reflexes and eentral pattern generators (CPGs), segmental 
circuits eontrolling loeomotion. 


4. The projeetion level eonsists of deseending fibers that projeet 
to and eontrol the segmental level. These fibers issue from the 
brain stem motor areas (indireet system) and eortieal motor areas 
[direet (pyramidal) system]. Neurons in the brain stem appear to 
turn CPGs on and off, or to modulate them. 

5. The eerebellmn and basal nuclei constitute the preeommand 
areas that subconsciously integrate meehanisms mediated by the 
projeetion level. 


part 4 Reflex Aetivity 

The Reflex Are (p. 513) 

1. A reflex is a rapid, involuntary motor response to a stimulus. The 
reflex are has five elements: reeeptor, sensory neuron, integration 
eenter, motor neuron, and effeetor. 


Spinal Reflexes (pp. 513-519) 

1. Testing of somatie spinal reflexes provides information on the 
integrity of the reflex pathway and the degree of excitability of the 
spinal eord. 

2. Somatie spinal reflexes include streteh, tendon, flexor, erossed- 
extensor, and superficial reflexes. 

3. A streteh reflex, initiated by stretehing of muscle spindles, causes 
eontraetion of the stimulated muscle and inhibits its antagonist. It 
is monosynaptie and ipsilateral. Streteh reflexes maintain muscle 
tone and body posture. 

4. Tendon reflexes, initiated by stimulation of tendon organs by 
excessive muscle tension, are polysynaptie reflexes. They cause 
relaxation of the stimulated muscle and eontraetion of its 
antagonist to prevent muscle and tendon damage. 

5. Flexor reflexes are initiated by painfiil stimuli. They are 
polysynaptie, ipsilateral reflexes that are proteetive in nature. 

6. Crossed-extensor reflexes eonsist of an ipsilateral flexor reflex and 
a eontralateral extensor reflex. 

7. Superficial reflexes (plantar and abdominal reflexes) are elieited 
by cutaneous stimulation. They require fimetional eord reflex ares 
and eortieospinal pathways. 


r 


13 


L 


Developmental Aspeets of the Peripheral Nervous 

System (p. 519) 

1. Eaeh spinal nerve provides the sensory and motor supply of an 
adjaeent muscle mass (destined to beeome skeletal muscles) and 
the cutaneous supply of a dermatome (skin segment). 

2. Reflexes slow down with age; this probably refleets neuronal loss 
or sluggish CNS integration circuits. 


Review Questions 


1 


Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. The large onion-shaped reeeptors that are found deep in the 
dermis and in subcutaneous tissue and that respond to deep 
pressure are (a) taetile dises, (b) lamellar corpuscles, (e) free 
nerve endings, (d) muscle spindles. 

2. Proprioeeptors include all of the following except (a) muscle spindles, 
(b) tendon organs, (e) taetile dises, (d) joint kinesthetie reeeptors. 

3. The aspeet of sensory pereeption by which the eerebral cortex 
identifies the site or pattern of stimulation is (a) perceptual 


deteetion, (b) feature abstraetion, (e) pattern reeognition, 

(d) spatial diserimination. 

4. The neural maehinery of the spinal eord is at the (a) preeommand 
level, (b) projeetion level, (e) segmental level. 

5. Dorsal root ganglia eontain (a) eell bodies of somatie motor 
neurons, (b) axon terminals of somatie motor neurons, 

(e) eell bodies of autonomic motor neurons, (d) axon terminals 
of sensory neurons, (e) eell bodies of sensory neurons. 

6. The eonneetive tissue sheath that surrounds a faseiele of nerve 
fibers is the (a) epineurium, (b) endoneurium, (e) perineurium, 
(d) epimysium. 
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UNIT 3 Regiilation and Integration of the Body 


7. Mateh the reeeptor type in column B to the eorreet deseription in 
column A. 


Column A 


Column B 


_ (1) pain, iteh, and tem- (a) 

perature reeeptors (b) 

_(2) eontains intrafusal (e) 

fibers and anulospiral (d) 

and flower spray endings (e) 

_(3) diseriminative touch (f) 

reeeptor in hairless 
skin (fingertips) 

_(4) eontains reeeptor 

endings wrapped 
around thiek eollagen 
bundles 

_(5) rapidly adapting deep- 

pressure reeeptor 

_(6) slowly adapting deep- 

pressure reeeptor 

8. Mateh the names of the eranial nerves in column B to the 
appropriate deseription in eolrnnn A. 


bulbous corpuscles 
tendon organ 
muscle spindle 
free nerve endings 
lamellar corpuscle 
taetile corpuscle 




Column A 

Column B 

(1) 

causes pupillary eonstrietion 

(a) abducens 

(2) 

the major sensory 

(b) aeeessory 


nerve of the faee 

(e) faeial 

(3) 

serves the sternoelei- 

(d) glossopharyngeal 


domastoid and tra- 

(e) hypoglossal 


pezius muscles 

(f) oailomotor 

(4) 

purely sensory (two nerves) 

(g) olfaetory 

(5) 

serves the tongue muscles 

(h) optie 

(6) 

allows you to chew 

(i) trigeminal 


your food 

(j) troehlear 

(7) 

impaired in Bells palsy 

(k) vagus 

(8) 

helps regulate heart aetivity 

(1) vestibulocochlear 

(9) 

helps you hear and 



maintain your balanee 



,(10) eontain parasympathetie motor fibers 

(four nerves) 


9. For eaeh of the following muscles or body regions, identify the 
plexus and the peripheral nerve(s) (or braneh of one) involved. 
Use ehoiees from keys A and B. 


(1) the diaphragm 

(2) musclesofthe 
posterior leg 

(3) anterior thigh muscles 

(4) medial thigh muscles 

(5) anterior arm muscles 
that flex the forearm 

(6) muscles that flex 
the wrist and dig- 
its (two nerves) 

(7) muscles that ex- 
tend the wrist 
and digits 

(8) skin and extensor 
muscles of the 
posterior arm 

(9) fibularis muscles, 
tibialis anterior, 
and toe extensors 


Key A: Plexuses 

(a) braehial 

(b) eervieal 
(e) lumbar 
(d) saeral 

Key B: Nerves 

(1) commonfibular 

(2) femoral 

(3) median 

(4) musculocutaneous 

(5) obturator 

(6) phrenie 

(7) radial 

(8) tibial 

(9) ulnar 


,( 10 ) elbowjoint 


10. Characterize eaeh reeeptor aetivity deseribed below by ehoosing 
the appropriate letter and number(s) from kevs A and B. 

_>_(1) You are enj oying 

an iee eream eone. 

_,_(2) You have just sealded 

yourself with hot eoífee. 

_,_(3) The retinas of your 

eyes are stiimdated. 

_,_(4) You bump (lightly) 

into someone. 

_,_(5) You are in a eompletely 

dark room and reaehing 
toward the light switch. 

_,_(6) You feel uncomfortable 

after a large meal. 

11. A reflex that causes reeiproeal aetivation of the antagonist muscle is 
the (a) crossed-extensor, (b) flexor, (e) tendon, (d) muscle streteh. 

Short Ansvver Essay Questions 

12. What is the fimetional relationship of the peripheral nervous 
system to the eentral nervous system? 

13. List the structural eomponents of the peripheral nervous system, 
and deseribe the fimetion of eaeh eomponent. 

14. Differentiate elearly between sensation and pereeption. 

15. Central pattern generators (CPGs) are found at the segmental 
level of motor eontrol. (a) What is the job of the CPGs? (b) What 
eontrols them, and where is this eontrol loealized? 

16. Make a diagram of the hierarehy of motor eontrol. Position the 
CPGs, motor cortex, brain stem nuclei, cerebellum, and basal 
nuclei in this seheme. 

17. Why are the cerebellum and basal nuclei ealled preeommand areas? 

18. Explain why damage to peripheral nerve fibers is offen reversible, 
whereas damage to CNS fibers rarely is. 

19. (a) Deseribe the formation and eomposition of a spinal nerve. 

(b) Name the branehes of a spinal nerve (other than the rami 
eomimmieantes), and indieate their distribution. 

20. (a) Define plexus. (b) indieate the spinal roots of origin of the four major 
nerve plexuses, and name the general body regions served by eaeh. 

21. Differentiate between ipsilateral and eontralateral reflexes. 

22. What is the homeostatie value of flexor reflexes? 

23. Compare and eontrast flexor and crossed-extensor reflexes. 

24. Explain how a crossed-extensor reflex exemplifies both serial and 
parallel proeessing. 

25. What elinieal information ean be gained by conducting somatie 
reflex tests? 

26. What is the structural and fimetional relationship between spinal 
nerves, skeletal muscles, and dermatomes? 


Key A: 

(a) exteroceptor 

(b) interoeeptor 
(e) proprioeeptor 

Key B: 

(1) ehemoreeeptor 

(2) meehanoreeeptor 

(3) noeieeptor 

(4) photoreeeptor 

(5) thermoreeeptor 



Critical Thinking 
and eiinieal Applieation 
Questions 

1. In 1962 a boy playing in a train yard fell under a train. The train wheel 
eleanly cut offhis right arm. Surgeons reattaehed the arm, sewing 
nerves and vessels baek together. The boy was told he should eventually 
regain the use of his arm but that it would never be strong enough to 
piteh a baseball. Explain why full reeovery of strength was unlikely. 

2. Jefferson, a football quarterback, suffered torn menisei in his right 
knee joint when taekled from the side. The same injury erashed 
his eommon fibular nerve against the head of the fibula. What 
loeomotor problems did Jefferson have after this? 

3. As Harry fell off a ladder, he grabbed a tree braneh with his 
right hand, but unfortunately lost his grip and fell heavily to the 
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ground. Days later, Harry eomplained that his upper limb was 
numb. What was damaged in his fall? 

4. Mr. Frank, a former stroke vietim who had made a remarkable 
reeovery, suddenly began to have problems reading. He 
eomplained of seeing double and also had problems navigating 
steps. He was unable to move his left eye downward and laterally. 
Which eranial nerve was the site of lesion? (Right or left?) 

5. One of a group of rabbit hunters was aeeidentally sprayed 
with buckshot in both of his ghiteal prominenees. When his 
eompanions saw that he would survive, they laughed and 
joked about where he had been shot. They were horrified and 
ashamed a week later when they learned their friend would be 


permanently paralyzed and without sensation in both legs from 
the knee down, as well as on the baek of his thighs. What had 
happened? 

6. You are at a party at Mary s house. After you are blindfolded, an 
objeet (a key or a rabbits foot) is plaeed in your hand. Which 
spinal traets earry the signals to the cortex that will allow you to 
differentiate between these objeets, and what aspeets of sensory 
pereeption are operating? 

7. Mr. Jake was admitted to the hospital with excruciating pain in his 
left shoulder and arm. He was found to have suífered a heart attaek. 
Explain the phenomenon of referred pain as exhibited by Mr. Jake. 


AT THE e L I N I e 


Related eiinieal Terms 

Analgesia (an"al-je'zeah; an = without; algos = pain) Reduced 
ability to feel pain, but without losing consciousness. An 
analgesie is a pain-relieving dmg. 

Dysarthria (dis-ar'thre-ah) Diíficulty in articulating speeeh due to motor 
pathway disorders that result in weakness, imeoordinated motion, 
or altered respiration or rhythm. For example, lesions of eranial 
nerves IX, X, and XII result in nasal, breathy speeeh, and lesions in 
upper motor pathways produce a hoarse, strained voiee. Not to be 
eonfiised with dysphasia or aphasia , which are disorders of language 
proeessing. 

Dystonia (dis-to'ne-ah) Impaired muscle tone. 

Nerve conduction studies Diagnostie tests that assess nerve 

integrity as indieated by their conduction veloeities. The nerve 
is stimulated at one point, aetivity is reeorded at a seeond point 
a known distanee away, and the time required for the response 
to reaeh the reeording eleetrode is measured. Used to assess 
suspected peripheral nemopathies (see entry in this list). 


Neuralgia (nu-ral'je-ah; neuro = nerve) Sharp spasmlike pain along the 
course of one or more nerves. May be caused by inflammation or 
injury to the nerve(s) (for example, trigeminal neuralgia). 

Paresthesia (par"es-the'ze-ah) An abnormal sensation (burning, 
numbness, tingling) in the absenee of stimuli. Caused by a 
sensory nerve disorder. 

Peripheral neuropathy (nu-rop'ah-the) Disease of the peripheral 
nerves eharaeterized by muscle weakness and atrophy, pain, and 
numbness. Diabetes is a eommon cause. Other causes are genetie, 
other metabolie disorders, infeetions or inflammation, and toxins. 

Tabes dorsalis (ta'béz dor-sa'lis) A slowly progressive eondition 
caused by deteriorating dorsal traets (graeilis and cuneatus) and 
assoeiated dorsal roots. A late sign of the neurological damage 
caused by the syphilis bacterium. Because joint proprioeeptor 
traets are destroyed, aífeeted individuals have poor muscle 
eoordination and an unstable gait. Baeterial invasion of the 
sensory (dorsal) roots results in pain, which ends when dorsal 
roots have been eompletely destroyed. 


r 


13 


L 



Case Study 


Peripheral Nervous System 


William Haneoek, a 44-year-old male, 
was a passenger on the bus involved 
in the aeeident on Route 91. When 
emergeney personnel arrived on the 
seene, they found Mr. Haneoek unconscious, but with stable vital 
signs. As paramedies plaeed him on a baekboard to stabilize his head, 
neek, and baek, they noted watery blood leaking from his right ear. In 
the hospital, Mr. Haneoek regained consciousness and was treated for 
deep laeerations on his sealp and faee. Head CT seans revealed both 
longitudinal and transverse fractures of the right petrous temporal and 
sphenoid bones that extended through the foramen rotundum and 
foramen ovale. 

The following observations were reeorded on Mr. Haneoek's 
ehart on admission: 


Mr. Haneoek was given a course of antibioties, the head of his 
bed was elevated by 30°, and he was plaeed under elose observation. 
After 24 hours, doetors noted that the right side of Mr. Haneoek's 
faee showed signs of drooping, with ineomplete eye closure and 
asymmetrie faeial expressions. Mr. Haneoek's right eye showed minimal 
tear production. The weakness and asymmetry on the right side of his 
faee began to subside after a few days, and the leak of fluid from his 
ear stopped, but he continued to eomplain of paresthesia, diplopia, 
and an inability to hear with his right ear. 

1. In addition to blood, which fluid was leaking from Mr. Haneoek's 
right ear? Which structures must have been damaged to allow 
this to happen? Why would this lead Mr. Haneoek's doetors to 
give him antibioties? Why was the head of his bed elevated? 


■ Complete loss of hearing in the right ear. 

■ Paresthesia (sensation of "pins and needles") at the right eorner 
of the mouth, extending to the lower lip and ehin. 

■ Numbness of the right upper lip, lower eyelid, and eheek. 

■ Right eye turned slightly inward when looking straight ahead. 
Diplopia (double vision), particularly when looking to the right. 


2. Eaeh of the four observations on Mr. Haneoek's ehart indieates 
damage to a eranial nerve. Identify eaeh eranial nerve involved. If 
applieable, identify which speeifie braneh of that nerve is involved. 

3. The observations after 24 hours suggest that yet another eranial 
nerve has been damaged. Which one? How ean you explain the 
laek of tear production in the right eye? 


(Ansvvers in Appendix H) 














Overvievv (pp. 524-527) 

Comparison of the Somatie and Autonomic 
Nervous Systems (pp. 525-526) 

ANS Divisions (pp. 526-527) 

ANS Anatomy (pp. 527-533) 

Parasympathetie (Craniosacral) 

Division (pp. 527-529) 

Sympathetie (Thoracolumbar) Division 
(pp. 529-533) 

Viseeral Reflexes (p. 533) 

ANS Physiology (pp. 533-539) 

Neurotransmitters and Reeeptors 
(pp. 533-535) 

The Effeets of Drugs (p. 535) 

interaetions of the Autonomic 
Divisions (pp. 535-537) 

Control of Autonomic Function 
(pp. 538-539) 

Homeostatie imbalanees of the ANS 

(p. 539) 


T he hiiman body is exquisitely sensitive to ehanges in its internal 

environment, andengages in alifelong stmggle to balanee eompetingdemands 
for resources under ever-ehanging eonditions. Although all body systems eontrib- 
ute, the stability of our internal environment depends largely on the autonomic nervous 
system (ANS), the system of motor neurons that innervates smooth and eardiae muscle 
andglands jure 14.1 . 

At every moment, signals stream from viseeral organs into the CNS, and autonomic nerves 
make adjustments as neeessary to ensure optimal support for body aetivities. In response to 
ehanging eonditions, the ANS shunts blood to “needy” areas, speeds or slows heart rate, 
adjusts blood pressure and body temperature, and inereases or deereases stomaeh seeretions. 

Most of this fine-tuning occurs without our awareness or attention. Can you tell when 
your arteries are eonstrieting or your pupils are dilating? Probably not—but if youVe 
ever been stuck in a checkout line, and your full bladder was eontraeting as if it had a 
mind of its own, youVe been very aware of viseeral aetivity. The ANS eontrols all these 
functions, both those were aware of and those were not. Indeed, as the term autonomic 
(auto — self; nom — govern) implies, this motor subdivision of the peripheral nervous 
system has a eertain amount of fimetional independenee. The ANS is also ealled the 
involuntary nervous system, which refleets its subconscious eontrol, or the general 
viseeral motor system, which indieates the loeation of most of its effeetors. 


Developmental Aspeets of the ANS 

(p. 539) 


Overview 

Define autonomic nervous system and explain its relationship to the peripheral 
nervous system. 

Compare the somatie and autonomic nervous systems relative to effeetors, efferent 
pathways # and neurotransmitters released. 

s Compare and eontrastthe functions of the parasympathetie and sympathetie divisions. 
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Central nervous system (CNS) 



Peripheral nervous system (PNS) 


Sensory (afferent) 

division 



—- 1 

i-— 
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Somatie nervous 

system 
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Autonomic nervous 
system (ANS) 

L _ J 

1 - 

1 1 

Sympathetie 

division 

V _ / 

Parasympathetie 

division 

s_/ 


Figure 14.1 Plaee of the ANS in the structural organization of the nervous system. 


Gomparison of the Somatie 
and Aiitonomie Nervous Systems 

In our previous discussions of motor nerves, we have focused 
largely on the somatie nervous system. So, before deseribing au- 
tonomie nervous system anatomy, let s point out key differenees 
between the somatie and autonomic systems as well as areas of 
functional overlap. 

Both systems have motor fibers, but the somatie and auto- 
nomie nervous systems differ in: (1) their effeetors, (2) their 
efferent pathways and ganglia, and (3) target organ responses to 
their neurotransmitters. Consult : igure 14.2 for a summary of 
the differenees as we discuss them next. 

Effeetors 

The somatie nervous system stimulates skeletal muscles, 
whereas the ANS innervates eardiae and smooth muscle and 
glands. Differenees in the physiology of the effeetor organs ae- 
count for most of the remaining differenees between somatie 
and autonomic effeets on their target organs. 

Efferent Pathvvays and Ganglia 

In the somatie nervous system, the motor neuron eell bodies are 
in the CNS, and their axons extend in spinal or eranial nerves 
all the way to the skeletal muscles they aetivate. Somatie motor 
fibers are typieally thiek, heavily myelinated group A fibers that 
conduct nerve impulses rapidly. 

In eontrast, the ANS uses a two-neuron ehain to reaeh its 
effeetors: 

1. The eell body of the first neuron, the preganglionie neu- 
ron, resides in the brain or spinal eord. Its axon, the pre- 
ganglionie axon, synapses with the seeond motor neuron. 

2. The postganglionie neuron (sometimes ealled the gangli- 
onie neuron ), is the seeond motor neuron. Its eell body is 
in an autonomic ganglion outside the CNS. Its axon, the 
postganglionie axon, extends to the effeetor organ. 


If you think about the meanings of all these terms while refer- 
ring to Figure 14.2, understanding the rest of the ehapter will be 
much easier. 

Preganglionie axons are thin, lightly myelinated fibers, and 
postganglionie axons are even thinner and nonmyelinated. 
Consequently, conduction through the autonomic efferent 
ehain is slower than conduction in the somatie motor system. 
For most of their course, many pre- and postganglionie fibers 
are ineorporated into spinal or eranial nerves. 

Keep in mind that autonomic ganglia are motor ganglia, 
eontaining the eell bodies of motor neurons. Teehnieally, they 
are sites of synapse and information transmission from pre- 
ganglionie to postganglionie neurons. Also, remember that 
the somatie motor division laeks ganglia entirely. The dorsal 
root ganglia are part of the sensory, not the motor, division of 
the PNS. 
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Neurotransmitter Effeets 

All somatie motor neurons release aeetyleholine (ACh) at their 
synapses with skeletal muscle fibers. The effeet is ahvays excit- 
atory , and if stimulation reaehes threshold, the muscle fibers 
eontraet. 

Autonomic postganglionie fibers release two neurotransmit- 
ters: norepinephrine (NE) seereted by most sympathetie fibers, 
and ACh seereted by parasympathetie fibers. Depending on the 
type of reeeptors on the target organ, the effeet may be excita- 
tory or inhibitory (Figure 14.2; see Table 14.2 on p. 534). 

Overlap of Somatie and Autonomic Function 

Higher brain eenters regulate and eoordinate both somatie and 
autonomic motor aetivities, and most spinal nerves (and many 
eranial nerves) eontain both somatie and autonomic fibers. 
Moreover, most of the bodys adaptations to ehanging inter- 
nal and external eonditions involve both skeletal muscles and 
viseeral organs. For example, when skeletal muscles are work- 
ing hard, they need more oxygen and ghieose, so autonomic 
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Figure 14.2 Comparison of motor neurons in the somatie and autonomic nervous 
systems. 


eontrol meehanisms speed up heart rate and dilate airways to 
meet these needs and maintain homeostasis. 

Next, we will deseribe the role of the ANS. But as you read, 
remember that the ANS does not aet in isolation—it is only one 
part of our highly integrated nervous system. 

ANS D ivisions 

The ANS has two arms, parasympathetie and sympathetie. The 
parasympathetie division promotes maintenanee functions and 
eonserves body energy, whereas the sympathetie division mobi- 
lizes the body during aetivity. 

Both divisions generally serve the same viseeral organs but 
cause opposite eífeets: While one division stimulates eertain 
smooth muscles to eontraet or a gland to seerete, the other divi- 
sion inhibits that aetion. Through this dual innervation, the 
two divisions counterbalance eaeh other to keep body systems 
mnning smoothly. Lets elaborate on these functional differ- 
enees by focusing briefly on extreme situations in which eaeh 
division exerts primary eontrol. 

Roleof the Parasympathetie Division 

The parasympathetie division, sometimes ealled the “rest and 
digest” system, keeps body energy use as low as possible, even 
as it direets vital “housekeeping” aetivities like digesting food 


and eliminating feees and urine. (This explains why it is a good 
idea to relax after a heavy meal: so sympathetie aetivity does not 
interfere with digestion.) 

Parasympathetie aetivity is best illustrated in a person who 
relaxes after a meal and reads a magazine. Blood pressure and 
heart rate are regulated at low normal levels, and the gastroin- 
testinal traet is aetively digesting food. In the eyes, the pupils 
are eonstrieted and the lenses are aeeommodated for elose vi- 
sion to improve the elarity of the close-up image (such as your 
magazine). 

Role of the Sympathetie Division 

The aetivity of the sympathetie division (often ealled the “fight- 
or-flight” system) is evident when we are excited or find our- 
selves in emergeney or threatening situations, such as being 
frightened by street toughs late at night. A rapidly pounding 
heart; deep breathing; dry mouth; eold, sweaty skin; and di- 
lated eye pupils are sure signs of sympathetie nervous system 
mobilization. 

During any type of vigorous physieal aetivity, the sympa- 
thetie division also promotes a number of other adjustments. It: 

■ Constricts viseeral (and sometimes cutaneous) blood vessels, 
shunting blood to aetive skeletal muscles and the vigorously 
working heart 
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■ Dilates the bronehioles in the lungs, inereasing ventilation 
(and thus inereasing oxygen delivery to body eells) 

■ Causes the liver to release more ghieose into the blood to ae- 
eommodate the inereased energy needs of body eells 

At the same time, the sympathetie division temporarily 
damps nonessential aetivities, such as gastrointestinal traet mo- 
tility. If you are running from a mugger, digesting lunch ean 
wait! It is far more important to give your muscles everything 
they need to get you out of danger. In such aetive situations, 
the sympathetie division generates a head of steam that enables 
the body to eope with situations that threaten homeostasis. It 
provides the optimal eonditions for an appropriate response to 
some threat, whether that response is to mn, see distant objeets 
better, or think more elearly. 

We have just looked at two extreme situations in which one 
or the other braneh of the ANS dominates. Think of the para- 
sympathetie division as the D division [digestion, defeeation, 
and diuresis (urination)], and the sympathetie division as the 
E division (exercise, excitement, emergeney, embarrassment). 
Table 14.4 (p. 536) presents a more detailed summary of how 
eaeh division aífeets various organs. 

Remember, however, that the two ANS divisions rarely work 
in an all-or-none fashion as deseribed above. A dynamie antag- 
onism exists between the divisions, and both make continuous 
fine adjustments to maintain homeostasis. 



Check Your Understanding 


1. Name the three types of effeetors of the autonomic nervous 
system. 

2. Which relays instmetions from the CNS to muscles more 
quickly, the somatie nervous system or the ANS? Explain vvhy. 

3. Which braneh of the ANS would predominate if you were 
lying on the beaeh enjoying the sun and the sound of the 
waves? Which braneh would predominate if you were on a 
surfboard and a shark appeared within a few feet of you? 

_ For ansvvers, see Appendix H. 


ANS Anatomy 

s Forthe parasympathetie and sympathetie divisions, deseribe 
the site of CNS origin, loeations of ganglia, and general 
fiber pathways. 
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Figure 14.3 The subdivisions of the ANS. The parasympathetie 
and sympathetie divisions differ anatomieally in the (1) sites where 
their nerves originate, (2) relative lengths of their preganglionie and 
postganglionie fibers, and (3) loeations of their ganglia (indieated 
here by synapse sites). 

*Although sympathetie innervation to the skin is mapped to the eervieal 
region here, all nerves to the periphery earry postganglionie sympathetie 
fibers. 


■ Loeation of their ganglia. Most parasympathetie ganglia are 
loeated in the viseeral effeetor organs. Sympathetie ganglia 
lie elose to the spinal eord. 

gure 14.3 illustrates these and other key differenees, which 
are summarized in Table 14.1. 

We begin our detailed exploration of the ANS with the ana- 
tomieally simpler parasympathetie division. 


Anatomieally, the sympathetie and parasympathetie divisions 
differ in 

■ Sites of origin. Parasympathetie fibers are eraniosaeral— 
they originate in the brain (cranium) and saeral spinal eord. 
Sympathetie fibers are thoracolumbar—they originate in the 
thoraeie and lumbar regions of the spinal eord. 

■ Relative lengths of their fibers. The parasympathetie divi- 
sion has long preganglionie and short postganglionie fibers. 
The sympathetie division has the opposite eondition—the 
preganglionie fibers are short and the postganglionie fibers 
are long. 


Parasympathetie (Graniosaeral) Division 

The parasympathetie division is also ealled the eraniosaeral 
division because its preganglionie fibers spring from opposite 
ends of the CNS—the brain stem and the saeral region of the 
spinal eord Figure 14.4 . The preganglionie axons extend 
from the CNS nearly all the way to the structures they inner- 
vate. There the axons synapse with postganglionie neurons lo- 
eated in terminal ganglia that lie elose to or within the target 
organs. Very short postganglionie axons issue from the terminal 
ganglia and synapse with effeetor eells in their immediate area. 
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Figure 14.4 Parasympathetie division of the ANS. 


Cranial Part 

Preganglionie fibers run in the oculomotor, faeial, glossopha- 
ryngeal, and vagus eranial nerves. Their eell bodies lie in assoei- 
ated motor eranial-nerve nuclei in the brain stem (see Figures 
12.13 and 12.14). Next, lets look at where the neurons of the 
eranial parasympatheties are loeated. 

Oculomotor Nerves The parasympathetie fibers of the oculo- 
motor nerves (III) innervate smooth muscles in the eyes that 
cause the pupils to eonstriet and the lenses to bulge—aetions 
needed to focus on elose objeets. The preganglionie axons found 
in the oculomotor nerves issue from the aeeessory oculomotor 
( Edinger-Westphal ) nuclei inthe midbrain. The eellbodies ofthe 
postganglionie neurons are in the eiliary ganglia within the eye 
orbits (see Table 13.2, p. 495). 

Faeial Nerves The parasympathetie fibers of the faeial nerves 
(VII) stimulate many large glands in the head. 

Fibers that aetivate the nasal glands and the laerimal glands 
of the eyes originate in the laerimal nuclei of the pons. The pre- 
ganglionie fibers synapse with postganglionie neurons in the 
pterygopalatine ganglia (ter"eh-go-pal'ah-tìn) just posterior 
to the maxillae. 

The preganglionie neurons that stimulate the submandibular 
and sublingual salivary glands originate in the superior saliva- 
tory nuc\ei of the pons. They synapse with postganglionie neu- 
rons in the submandibular ganglia, deep to the mandibular 
angles (see Table 13.2, p. 497). 

Glossopharyngeal Nerves The parasympatheties in the glos- 
sopharyngeal nerves (IX) originate in the inferior salivatory 
nuclei of the medulla and synapse in the otie ganglia, loeated 
just inferior to the foramen ovale of the skull. The postgangli- 
onie fibers course to and aetivate the parotid salivary glands 
anterior to the ears (see Table 13.2, p. 499). 

Cranial nerves III, VII, and IX supply the entire parasympa- 
thetie innervation of the head. Note that only the preganglionie 
fibers lie within these three pairs of eranial nerves— postgangli- 
onie fibers do not. Many of the postganglionie fibers “hiteh a 
ride” with branehes of the trigeminal nerve (V), taking advan- 
tage of its wide distribution. 

Vagus Nerves Between them, the two vagus nerves (X) ae- 
count for about 90% of all preganglionie parasympathetie fi- 
bers in the body. They provide fibers to the neek and to nerve 
plexuses (interweaving networks of nerves) that serve virtually 
every organ in the thoraeie and abdominal eavities. 

The vagal nerve fibers (preganglionie axons) arise mostly 
from the dorsal motor nuclei of the medulla and synapse in ter- 
minal ganglia usually loeated in the walls of the target organ. 
Rather than having individual names, most of the terminal gan- 
glia are eolleetively ealled intrammal ganglia , literally, “ganglia 
within the walls.” 

As the vagus nerves pass into the thorax, they send branehes 
to the eardiae plexuses supplying fibers to the heart that slow 
heart rate, the pulmonary plexuses serving the lungs and bron- 
ehi, and the esophageal plexuses (é-sof "ah-je'al) supplying the 
esophagus. 
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Table 14.1 


CHARACTERISTIC 


Anatomieal and Physiologieal Differenees Between the Parasympathetie and Sympathetie Divisions 


PARASYMPATHETIC 


SYMPATHETIC 


Origin Craniosacral part: brain stem nuclei of Thoracolumbar part: lateral horns of gray matter of spinal eord 

m ■ ___ _ ___ __ _ ■ _ _ ■ ■ — 


Loeation of ganglia 


Relative length of pre- and 
postganglionie fibers 

Rami communicantes 


Degree of branehing of 
preganglionie fibers 

Functional role 


Neurotransmitters 


eranial nerves III, VII, IX, and X; spinal segments T^-L^. 
eord segments S 2 -S 4 . 

Ganglia (terminal ganglia) are vvithin Ganglia are vvithin a few eentimeters of CNS: alongside vertebral 

the viseeral organ (intramural) or elose column (sympathetie trunk ganglia) and anterior to vertebral column 


to the organ served. 

Long preganglionie; short 
postganglionie. 

None. 


Minimal. 


Maintenanee functions; eonserves and 
stores energy; "rest and digest." 

All preganglionie and postganglionie 
fibers release ACh (eholinergie fibers). 


(eollateral, or prevertebral, ganglia). 
Short preganglionie; long postganglionie. 


Gray and white rami communicantes. White rami eontain myelinated 
preganglionie fibers. Gray eontain nonmyelinated postganglionie 
fibers. 

Extensive. 


Prepares body for aetivity; "fight or flight. 


n 


All preganglionie fibers release ACh. Most postganglionie fibers 
release norepinephrine (adrenergie fibers). Postganglionie 
fibers serving sweat glands release ACh. Neurotransmitter 
aetivity is augmented by release of adrenal medullary hormones 
(norepinephrine and epinephrine). 


When the main trunks of the vagus nerves reaeh the esophagus, 
their fibers intermingle, forming the anterior and posterior va- 
gal tmnks, eaeh eontaining fibers from both vagus nerves. These 
vagal tmnks then “ride” the esophagus down to the abdominal 
eavity. There they send fibers through the large abdominal aortie 
plexus [formed by a number of smaller plexuses (e.g., eeliae, supe- 
rior mesenterie , and hypogastrie ) that mn along the aorta] before 
giving off branehes to the abdominal viseera. The vagus nerves 
innervate the liver, gallbladder, stomaeh, small intestine, kidneys, 
panereas, and the proximal half of the large intestine. 

Saeral Part 

The saeral part of the parasympathetie division serves the pelvie 
organs and the distal half of the large intestine. The saeral part 
arises from neurons loeated in the lateral gray matter of spinal 
eord segments S 2 -S 4 . Axons of these neurons mn in the ventral 
roots of the spinal nerves to the ventral rami and then braneh off 
to form the pelvie splanehnie nerves (splank'nik; splanehni = 
viseera), which pass through the inferior hypogastrie (pelvie) 
plexus in the pelvie floor (Figure 14.4). Some preganglionie fibers 
synapse with ganglia in this plexus, but most synapse in intramu- 
ral ganglia in the walls of the following organs: distal half of the 
large intestine, urinary bladder, ureters, and reproductive organs. 

Sympathetie (Thoracolumbar) Division 

The sympathetie division is anatomieally more complex than 
the parasympathetie division, partly because it innervates more 
organs. It supplies not only the viseeral organs in the internal 
body eavities but also all viseeral structures in the superficial 
(somatie) part of the body. This sounds impossible, but there is 
an explanation—some glands and smooth muscle structures in 


the soma (sweat glands and the hair-raising arreetor pili muscles 
of the skin) require autonomic innervation and are served only 
by sympathetie fibers. In addition, sympathetie fibers innervate 
smooth muscle in the walls of all arteries and veins, both deep 
and superficial. But we will explain these matters later—lets get 
on with the anatomy of the sympathetie division. 

All preganglionie fibers of the sympathetie division arise 
from eell bodies of preganglionie neurons in spinal eord seg- 
ments T x through L 2 (Figure 14.3). For this reason, the sympa- 
thetie division is also referred to as the thoracolumbar division 
(tho-rah"ko-lum 'bar). 

The numerous preganglionie sympathetie neurons in the 
gray matter of the spinal eord form the lateral horns (see Fig- 
ures 12.28b, p. 467, and 12.29, p. 468). The lateral horns are just 
posterolateral to the ventral horns that house somatie motor 
neurons. (Parasympathetie preganglionie neurons in the sa- 
eral eord are far less abundant than the eomparable sympathetie 
neurons in the thoraeolmnbar regions, so there are no lateral 
horns in the saeral region of the spinal eord. This is a major 
anatomieal differenee between the two divisions.) 

After leaving the eord via the ventral root, preganglionie 
sympathetie fibers pass through a white ramus communi- 
eans [plural: rami communicantes (kom-mu"nì-kan'tèz)] to 
enter an adjoining sympathetie trunk ganglion forming part 
of the sympathetie trunk (or sympathetie ehain , igure 14.5). 
Looking like strands of glistening white beads, the sympathetie 
tmnks flank eaeh side of the vertebral column. They eonsist of 
the sympathetie ganglia and fibers mnning from one ganglion 
to another. The sympathetie tmnk ganglia are also ealled ehain 
ganglia or paravertebral (“near the vertebrae”) ganglia. 

Although the sympathetie trnnks extend from neek to pel- 
vis, sympathetie fibers arise only from the thoraeie and lumbar 
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Figiire 14.5 Sympathetie trnnks and pathvvays. (a) Diagram of the right sympathetie 
trunk in the posterior thorax. (b) Synapses betvveen preganglionie and postganglionie 
sympathetie neurons ean occur at three different loeations—in a sympathetie trunk ganglion at 
the same level, in a sympathetie trunk ganglion at a different level, or in a eollateral ganglion. 
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eord segments, as shown in Figure 14.3. The ganglia vary in 
size, position, and mimber, but typieally there are 23 in eaeh 
sympathetie tmnk—3 eervieal, 11 thoraeie, 4 lumbar, 4 saeral, 
and 1 eoeeygeal. 

Onee a preganglionie axon reaehes a tmnk ganglion, one of 
three things ean happen to the axon (see the three pathways in 
Figure 14.5b). The preganglionie and postganglionie neurons ean: 

(T) Synapse at the same level. In this ease, the synapse is in the 
same tmnk ganglion. 

(2) Synapse at a higher or lower level. The preganglionie 
axon aseends or deseends the sympathetie tmnk to another 
tmnk ganglion. 

(3) Synapse in a distant eollateral ganglion. The preganglionie 
axon passes through the tmnk ganglion and emerges from 
the sympathetie tmnk without synapsing. These pregangli- 
onie fibers help form several splanehnie nerves and synapse 
in eollateral, or prevertebral , ganglia loeated anterior to 
the vertebral column. Unlike sympathetie tmnk ganglia, 
the eollateral ganglia are neither paired nor segmentally ar- 
ranged. They occur only in the abdomen and pelvis. 

Regardless of where the synapse occurs, all sympathetie gan- 
glia are elose to the spinal eord, and their postganglionie fibers 
are typieally much longer than their preganglionie fibers. Reeall 
that the opposite eondition exists in the parasympathetie divi- 
sion, an important anatomieal distinetion. 

Pathways with Synapses in Trunk Ganglia 

When synapses are made in sympathetie tmnk ganglia, the 
postganglionie axons enter the ventral (or dorsal) ramus of the 
adjoining spinal nerves by way of communicating branehes 
ealled gray rami communicantes (Figure 14.5). From there 
they travel via branehes of the rami to their efiFeetors, including 
sweat glands and arreetor pili muscles of the skin. Anywhere 
along their path, the postganglionie axons may transfer over to 
nearby blood vessels and innervate the vascular smooth muscle 
all the way to the final branehes of the blood vessels. 

Notiee that the names of the rami communicantes— white or 
gray —refleet their appearanee, revealing whether or not their 
fibers are myelinated. Preganglionie fibers eomposing the white 
rami are myelinated. Postganglionie axons forming the gray 
rami are not. (This has no relationship to the white and gray 
matter of the CNS.) 

The white rami, which earry preganglionie axons to the sym- 
pathetie tmnks, are found only in the T^-L^ eord segments, 
regions of sympathetie outflow. However, gray rami earrying 
postganglionie fibers headed for the periphery issue from every 
tmnk ganglion from the eervieal to the saeral region, allowing 
sympathetie output to reaeh all parts of the body. 

Note that rami eommimieantes are assoeiated only with the 
sympathetie division. They never earry parasympathetie fibers. 

Pathways to the Head Sympathetie preganglionie fibers serv- 
ing the head emerge from spinal eord segments T^-T^ and aseend 
the sympathetie tmnk to synapse with postganglionie neurons 
in the superior eervieal ganglion gure 14.6’ . This ganglion 


contributes sympathetie fibers that run in several eranial nerves 
and in the upper three or four eervieal spinal nerves. 

Besides serving the skin and blood vessels of the head, fi- 
bers from the superior eervieal ganglion stimulate the dilator 
muscles of the irises of the eyes, inhibit the nasal and salivary 
glands (the reason your mouth goes dry when you are seared), 
and innervate the smooth (tarsal) muscle that lifts the up- 
per eyelid. The superior eervieal ganglion also sends direet 
branehes to the heart. 

Pathways to the Thorax Sympathetie preganglionie fibers in- 
nervating the thoraeie organs originate at T^-Tg. From there the 
preganglionie fibers mn to synapse in the eervieal tmnk ganglia. 
Postganglionie fibers emerging from the middle and inferior 
eervieal ganglia enter eervieal nerves C 4 -C 8 (Figure 14.6). Some 
of these fibers innervate the heart via the eardiae plexus, and 
some innervate the thyroid gland, but most serve the skin. Addi- 
tionally, some T^-Tg preganglionie fibers synapse in the nearest 
tmnk ganglion, and the postganglionie fibers pass direetly to the 
organ served. Fibers to the heart, aorta, lungs, and esophagus 
take this direet route. Along the way, they mn through the plex- 
uses assoeiated with those organs. 


Pathways with Synapses in Collateral Ganglia 

Most of the preganglionie fibers from T 5 down synapse in eollat- 
eral ganglia, and so most of these fibers enter and leave the sym- 
pathetie tmnks without synapsing. They form several nerves 
ealled splanehnie nerves, including the thoraeie splanehnie 
nerves (greater, lesser, and least) and the lumbar and saeral 
splanehnie nerves. 

The splanehnie nerves contribute to a mimber of interweaving 
nerve plexuses known eolleetively as the abdominal aortie plexus, 
which elings to the surface of the abdominal aorta. This complex 
plexus eontains several ganglia that together serve the abdomi- 
nopelvie viseera. From superior to inferior, the most important 
of these ganglia (and related subplexuses) are the eeliae, superior 
mesenterie, and inferior mesenterie, named for the arteries with 
which they most elosely assoeiate (Figure 14.6). Postganglionie 
fibers issuing from these ganglia generally travel to their target 
organs in the eompany of the arteries serving these organs. 
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Pathways to the Abdomen Sympathetie preganglionie fibers 
from T 5 to L 2 innervate the abdomen. They travel in the thoraeie 
splanehnie nerves to synapse mainly at the eeliae and superior 
mesenterie ganglia. Postganglionie fibers issuing from these 
ganglia serve the stomaeh, intestines (except the distal half of 
the large intestine), liver, spleen, and kidneys. 


Pathways to the Pelvis Preganglionie fibers innervating the 
pelvis originate from T 10 to L 2 and then deseend in the sympa- 
thetie tmnk to the lumbar and saeral tmnk ganglia. Some fibers 
synapse there and the postganglionie fibers mn in lrnnbar and 
saeral splanehnie nerves to plexuses on the lower aorta and in 
the pelvis. Other preganglionie fibers pass direetly to these au- 
tonomie plexuses and synapse in eollateral ganglia, such as the 
inferior mesenterie ganglion. 

Postganglionie fibers proeeed from these plexuses to the pel- 
vie organs (the urinary bladder and reproductive organs) and 
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gure 14.6 Sympathetie division of the ANS. Sympathetie innervation to peripheral 
structures (blood vessels, glands, and arreetor pili muscles) occurs in all areas but is shovvn only 
in the eervieal area. 































































also the distal half of the large intestine. For the most part, sym- 
pathetie fibers inhibit the aetivity of muscles and glands in the 
abdominopelvie viseeral organs. 

Pathvvays with Synapses in the Adrenal Mediilla 

Some fibers traveling in the thoraeie splanehnie nerves pass 
through the eeliae ganglion without synapsing and terminate by 
synapsing with the hormone-producing medullary eells of the ad- 
renal gland. When stimulated by preganglionie fibers, the med- 
ullary eells seerete norepinephrine and epinephrine (also ealled 
noradrenaline and adrenaline , respeetively) into theblood, produc- 
ing the excitatory eífeets we have all felt as a a surge of adrenaline” 
Embryologieally, sympathetie ganglia and the adrenal medulla 
arise from the same tissue. For this reason, the adrenal medulla 
is sometimes viewed as a “misplaeed” sympathetie ganglion, and 
its hormone-releasing eells, although laeking nerve proeesses, are 
eonsidered equivalent to postganglionie sympathetie neurons. 


Víseeral Reflexes 

Because most anatomists eonsider the ANS to be a viseeral mo- 
tor system, the presenee of sensory fibers (mostly viseeral pain af- 
ferents) is often overlooked. However, viseeral sensory neurons, 
which send information eoneerning ehemieal ehanges, streteh, and 
irritation of the viseera, are the first link in autonomic reflexes. 

Viseeral reflex ares have essentially the same eomponents 
as somatie reflex ares—reeeptor, sensory neuron, integration 
eenter, motor neuron, and eífeetor. However, a key diíferenee 
is that a viseeral reflex are has two neurons in its motor eompo- 
nent ( =igure 14 .7; eompare with Figure 13.15). Two examples 
of viseeral reflexes are the reflexes that empty the rectum and 
bladder, which we discuss in Chapters 23 and 25. 

Nearly all the sympathetie and parasympathetie fibers we 
have deseribed so far are aeeompanied by afferent fibers eon- 
ducting sensory impulses from glands or muscles. This means 
that peripheral proeesses of viseeral sensory neurons are found 
in eranial nerves VII, IX, and X, splanehnie nerves, and the 
sympathetie tmnk, as well as in spinal nerves. 

Like sensory neurons serving somatie structures (skeletal mus- 
eles and skin), the eell bodies of viseeral sensory neurons are lo- 
eated either in sensory ganglia of eranial nerves or in dorsal root 
ganglia of the spinal eord. Viseeral sensory neurons are also found 
in sympathetie ganglia where preganglionie neurons synapse. 

Furthermore, eomplete three-neuron reflex ares (with sensory 
neurons, interneurons, and motor neurons) exist entirely within 
the walls of the gastrointestinal traet. Neurons eomposing these 
reflex ares make up the enterie nervous system , which plays an im- 
portant role in eontrolling gastrointestinal traet aetivity. We will 
discuss the enterie nervous system in more detail in Chapter 23. 

Viseeral sensory neurons are also involved in the phenom- 
enon of referred pain that we deseribed in Chapter 13 (p. 490). 



Check Your LPnderstanding 


4. State whether eaeh of the following is a eharaeteristie of 
the sympathetie or parasympathetie nervous system: short 
preganglionie fibers; origin from thoracolumbar region of 
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Stimulus 



(J)Receptor in viseera 


©Viseeral sensory 

neuron 

©Integration eenter 

• May be preganglionie 
neuron (as shown) 

• May be a dorsal horn 
interneuron 

• May be within walls 
of gastrointestinal 
traet 


(4}Motor neuron 
(two-neuron ehain) 

• Preganglionie neuron 

• Postganglionie neuron 

©Viseeral effeetor 



Dorsal root ganglion 


Spinal eord 



Autonomic ganglion 


Response 


Figure 14.1 Viseeral reflexes. Viseeral reflex ares have the same 
five elements as somatie reflex ares. The viseeral afferent (sensory) 
fibers are found both in spinal nerves (as depieted here) and in 
autonomic nerves. 


spinal eord; terminal ganglia; eollateral ganglia; innervates 
adrenal medulla. 

5. How does a viseeral reflex differ from a somatie reflex? 

_ For ansvvers, see Appendix H. 


ANS Physiology 

Define eholinergie and adrenergie fibers # and list the 
different types of their reeeptors. 

Deseribe the elinieal importanee of drugs that mimie or 
inhibit adrenergie or eholinergie effeets. 

State the effeets of the parasympathetie and sympathetie 
divisions on the following organs: heart, blood vessels, 
gastrointestinal tract # lungs # adrenal mednlla, and external 
genitalia. 

Deseribe autonomic nervous system eontrols. 

Neurotransmitters and Reeeptors 

The major neurotransmitters released by ANS neurons are aee- 
tyleholine (ACh ) and norepinephrine ( NE ). ACh, the same neu- 
rotransmitter seereted by somatie motor neurons, is released 
by (1) all ANS preganglionie axons and (2) all parasympathetie 
postganglionie axons at synapses with their efiFeetors. Fibers that 
release ACh are ealled eholinergie fibers (ko'lin-er'jik). 
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Table 14.2 eholinergie and Adrenergie Reeeptors 

NEUROTRANSMITTER 

RECEPTOR TYPE 

MAJOR LOCATIONS* 

EFFECT OF BINDING 

Aeetyleholine (ACh) 

eholinergie 




Nieotinie 

All postganglionie neurons; adrenal 
medullary eells (also neuromuscular 
junctions of skeletal muscle) 

Excitation 


Muscarinic 

All parasympathetie target organs 

Excitation in most eases; inhibition of 
eardiae muscle 



Limited sympathetie targets (e.g., eeerine 
sweat glandsh 

Aetivation 

Norepinephrine (NE) (and 
epinephrine released by 
adrenal medulla) 

Adrenergie 




Pi 

Heart predominantly, but also kidneys and 
adipose tissue 

inereases heart rate and foree of eontraetion; 
stimulates kidneys to release renin 


P 2 

Lungs and most other sympathetie target 
organs; abundant on blood vessels serving 
the heart, liver, and skeletal muscle 

Effeets mostly inhibitory; dilates blood 
vessels and bronehioles; relaxes smooth 
muscle walls of digestive and urinary 
viseeral organs; relaxes uterus 



Adipose tissue 

Stimulates lipolysis by fat eells 



Most importantly blood vessels serving the 
skin, mucosae, abdominal viseera, kidneys, 
and salivary glands; also, virtually all 
sympathetie target organs except heart 

Constricts blood vessels and viseeral organ 
sphineters; dilates pupils of the eyes 


a 2 

Membrane of adrenergie axon terminals; 
panereas; blood platelets 

Inhibits NE release from adrenergie 
terminals; inhibits insulin seeretion by 
panereas; promotes blood elotting 


* Note that all of these reeeptor subtypes are also found in the CNS. 

+ Sympathetie eholinergie vasodilator fibers are found in other animals, but do not appear to be present in humans. 


In eontrast, most sympathetie postganglionie axons release 
NE and are ealled adrenergie fibers (ad"ren-er'jik). An excep- 
tion is sympathetie postganglionie fibers that seerete ACh onto 
sweat glands. 

Unfortunately for memorization purposes, the effeets of 
ACh and NE on their effeetors are not eonsistently excitatory or 
inhibitory. Why not? Because the aetion of any neurotransmit- 
ter depends on the reeeptor to which it binds. Eaeh autonomic 
neurotransmitter binds with two or more kinds of reeeptors, 
allowing it to exert different effeets (aetivation or inhibition) 
at different body targets. Table 14.2 summarizes the reeeptor 
types that we introduce next. 

eholinergie Reeeptors 

The two types of eholinergie (ACh-binding) reeeptors are 
named for dmgs that bind to them and mimie aeetyleholines 
effeets. Nieotinie reeeptors (nik"o-tin'ik) respond to nieotine. 
Muscarinic reeeptors, the other set of ACh reeeptors, ean be 
aetivated by the mushroom poison nmsearine (mus'kah-rin). 
All ACh reeeptors are either nieotinie or muscarinic. 

Nieotinie Reeeptors Nieotinie reeeptors are found on: 

■ The sareolemma of skeletal muscle eells at neuromuscular 
junctions (which, as you will reeall, are somatie and not au- 
tonomie targets) 


■ All postganglionie neurons, both sympathetie and para- 
symp athetie 

■ The hormone-producing eells of the adrenal medulla 

When ACh binds to nieotinie reeeptors anywhere, the effeet is 
always stimulatory. Just as at the sareolemma of skeletal mus- 
ele (examined in Chapter 9), ACh binding to any nieotinie 
reeeptor direetly opens ion ehannels, depolarizing the post- 
synaptie eell. 

Muscarinic Reeeptors Muscarinic reeeptors occur on all ef- 
feetor eells stimulated by postganglionie eholinergie fibers— 
that is, all parasympathetie target organs and a few sympathetie 
targets, such as eeerine sweat glands. When ACh binds to mus- 
earinie reeeptors, the effeet ean be either inhibitory or stimu- 
latory, depending on the subclass of muscarinic reeeptor on 
the target organ. For example, ACh binding to eardiae muscle 
reeeptors slows heart aetivity, whereas ACh binding to reeep- 
tors on smooth muscle of the gastrointestinal traet inereases its 
motility. 

Adrenergie Reeeptors 

There are also two major elasses of adrenergie (NE-binding) 
reeeptors: alpha (ql) and beta (|3). These reeeptors are further 
divided into subclasses (a x and a 2 ; (3^, (3 2 ’ and p 3 ). Organs that 
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Table 14.3 Seleeted Drug dasses That lnfluence the Autonomic Nervous System 

DRUG CLASS 

RECEPTOR BOUND 

EFFECTS 

EXAMPLE 

CLINICAL APPLICATION 

Nieotinie agents (little 
therapeutic value, but 
important for public 
health because tobaeeo 
eontains nieotine) 

Nieotinie ACh reeeptors 
on all postganglionie 
neurons and in CNS 

Typieally stimulates 
sympathetie effeets; 
blood pressure rises 

Nieotine 

Smoking eessation products 

Parasympathomimetie 
agents (muscarinic 
agents) 

Muscarinic ACh 
reeeptors 

Enhanee 

parasympathetie aetivity 
by mimieking effeets of 
ACh 

Piloearpine 

Glaucoma (opens aqueous 
humor drainage pores) 




Bethaneehol 

Difficulty urinating (inereases 
bladder eontraetion) 

Aeetyleholinesterase 

inhibitors 

None; bind to the 
enzyme (AChE) that 
degrades ACh 

indireet effeet at all ACh 
reeeptors; prolong the 
effeet of ACh 

Neostigmine 

Myasthenia gravis (inereases 
availability of ACh) 




Sarin 

Used as ehemieal warfare 
agent (similar to widely used 
inseetieides) 

Sympathomimetie 

agents 

Adrenergie reeeptors 

Enhanee sympathetie 
aetivity by binding to 
adrenergie reeeptors or 
inereasing NE release 

Albuterol (Ventolin) 

Asthma (dilates bronehioles by 
binding to p 2 reeeptors) 




Phenylephrine 

Colds (nasal deeongestant, binds 
to cq reeeptors) 

Sympatholytie agents 

Adrenergie reeeptors 

Deerease sympathetie 
aetivity by bloeking 
adrenergie reeeptors or 
inhibiting NE release 

Propranolol 

Hypertension (member of 
a dass of drugs ealled beta- 
bloekers that bloek p reeeptors, 
deereasing blood pressure) 


r 


14 


respond to NE (or to epinephrine) have one or more of these 
reeeptor subtypes. 

NE or epinephrine ean be either excitatory or inhibitory 
depending on which subclass of reeeptor predominates in the 
target organ. For example, NE binding to the (3^ reeeptors of ear- 
diae muscle prods the heart into more vigorous aetivity, whereas 
epinephrine binding to (3 2 reeeptors in bronehiole smooth mus- 
ele causes it to relax, dilating the bronehiole. 

The Effeets of Drugs 

Knowing the loeations of the eholinergie and adrenergie re- 
eeptor subtypes allows elinieians to preseribe speeifie drugs to 
stimulate or inhibit seleeted target organs. 

For example, atropine is an antieholinergie dmg that bloeks 
muscarinic ACh reeeptors. It is routinely administered before 
surgery to prevent salivation and dry up respiratory system se- 
eretions. Ophthalmologists also administer atropine to dilate 
the pupils for eye examination. 

The antieholinesterase drug neostigmine inhibits the enzyme 
aeetyleholinesterase that breaks down ACh. This allows ACh to 
accumulate in synapses. Neostigmine is used to treat myasthe- 
nia gravis, a eondition in which inadequate ACh stimulation 
impairs skeletal muscle aetivity. 

As we deseribed in Chapter 11, NE is one of our “feel good” 
neurotransmitters, and dmgs that prolong the aetivity of NE on 


postsynaptie membranes in the brain help to relieve depression. 
Hundreds of over-the-counter dmgs used to treat eolds, coughs, 
allergies, and nasal eongestion eontain sympathomimeties — 
sympathetie-mimieking dmgs such as phenylephrine that stim- 
ulate a-adrenergie reeeptors. This eonstriets the blood vessels in 
the nasal mucosa, inhibiting seeretions. 

Much pharmaceutical researeh is direeted toward finding 
medieations that affeet only one subclass of reeeptor without 
upsetting the whole adrenergie or eholinergie system. An im- 
portant breakthrough was finding dmgs that mainly aetivate 
p 2 reeeptors. People with asthma use such (3 2 aetivators to dilate 
their lung bronehioles without aetivating reeeptors, which 
would inerease their heart rate. Table 14.3 summarizes seleeted 
drug elasses that influence ANS aetivity. 

interaetions of the Autonomic Divisions 

As we mentioned earlier, most viseeral organs reeeive dual in- 
nervation from both the parasympathetie and sympathetie divi- 
sions. Normally, both ANS divisions are partially aetive. Aetion 
potentials continually fire down both sympathetie and parasym- 
pathetie axons, producing a dynamie antagonism that preeisely 
eontrols viseeral aetivity. However, one division or the other usu- 
ally predominates in given circumstances, and in a few eases, 
the two divisions actually eooperate with eaeh other. Table 14.4 
eontains an organ-by-organ summary of how their effeets differ. 
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Table 14.4 Effeets of the Parasympathetie and Sympathetie Divisions on Various Organs 

TARGET ORGAN OR SYSTEM 

PARASYMPATHETie EFFECTS 

SYMPATHETK EFFECTS 

Eye (iris) 

Stimulates sphineter pupillae muscles; eonstriets 
pupils 

Stimulates dilator pupillae muscles; dilates pupils 

Eye (eiliary muscle) 

Stimulates muscle, which makes lens bulge for 
elose vision 

VVeakly inhibits muscle, which flattens lens for far vision 

Glands (nasal, laerimal, gastrie, 
panereas) 

Stimulates seeretory aetivity 

Inhibits seeretory aetivity; eonstriets blood vessels 
supplying the glands 

Salivary glands 

Stimulates seeretion of watery saliva 

Stimulates seeretion of thiek, viscous saliva 

Sweat glands 

No effeet (no innervation) 

Stimulates copious sweating (eholinergie fibers) 

Adrenal medulla 

No effeet (no innervation) 

Stimulates medulla eells to seerete epinephrine and 
norepinephrine 

Arreetor pili muscles attaehed 
to hair follieles 

No effeet (no innervation) 

Stimulates eontraetion (ereets hairs and produces 
"goosebumps") 

Heart (muscle) 

Deereases rate; slows heart 

inereases rate and foree of heartbeat 

Heart (eoronary blood vessels) 

No effeet (no innervation) 

Dilates blood vessels (vasodilation)* 

Llrinary bladder/urethra 

Contracts smooth muscle of bladder wall; relaxes 
urethral sphineter; promotes voiding 

Relaxes smooth muscle of bladder wall; eonstriets 
urethral sphineter; inhibits voiding 

Lungs 

Constricts bronehioles 

Dilates bronehioles* 

Digestive traet organs 

inereases motility (peristalsis) and amount of 
seeretion by digestive organs; relaxes sphineters 
to allow foodstuffs to move through traet 

Deereases aetivity of glands and muscles of digestive 
system; eonstriets sphineters (e.g., anal sphineter) 

Liver 

inereases glucose uptake from blood 

Stimulates release of glucose to blood* 

Gallbladder 

Excites (gallbladder eontraets to expel bile) 

Inhibits (gallbladder is relaxed) 

Kidney 

No effeet (no innervation) 

Promotes renin release; causes vasoeonstrietion; 
deereases urine output 

Penis 

Causes ereetion (vasodilation) 

Causes ejaculation 

Vagina/elitoris 

Causes ereetion (vasodilation) of elitoris; 
inereases vaginal lubrication 

Causes vagina to eontraet 

Blood vessels 

Little or no effeet 

Constricts most vessels and inereases blood pressure; 
eonstriets vessels of abdominal viseera and skin to divert 
blood to muscles, brain, and heart when neeessary; 
epinephrine weakly dilates vessels of skeletal muscles 
during exercise* 

Blood coagulation 

No effeet (no innervation) 

inereases coagulation* 

Cellular metabolism 

No effeet (no innervation) 

inereases metabolie rate* 

Adipose tissue 

No effeet (no innervation) 

Stimulates lipolysis (fat breakdown) 


*Effects are mediated by epinephrine release into the bloodstream from the adrenal medulla. 


Antagonistie interaetions 

Antagonistie effeets, deseribed earlier, are most elearly seen on 
the aetivity of the heart, respiratory system, and gastrointestinal 
organs. In a fight-or-flight situation, the sympathetie division in- 
ereases heart rate, dilates airways, and inhibits digestion and elimi- 
nation. When the emergeney is over, the parasympathetie division 
restores heart rate and airway diameter to resting levels and then 
attends to proeesses that refuel your body eells and diseard wastes. 

Sympathetie and ParasympathetieTone 

We have deseribed the parasympathetie division as the “rest and 
digesf ’ division, but the sympathetie division is the major aetor 
in eontrolling blood pressure, even at rest. With few exceptions, 


the vascular system is entirely innervated by sympathetie fibers 
that keep the blood vessels in a continual state of partial eon- 
strietion ealled sympathetie, or vasomotor, tone. 

When blood pressure is too low to maintain blood flow, 
the sympathetie fibers fire more rapidly, causing blood vessels 
to eonstriet and raising blood pressure. When blood pressure 
beeomes too high, sympathetie fibers fire less rapidly and the 
vessels dilate. Alpha-bloekers , drugs that bloek the responses in 
these vasomotor fibers, are sometimes used to treat hyperten- 
sion (high blood pressure). 

During circulatory shoek (inadequate blood flow to body tis- 
sues), or when more blood is needed to meet the soaring needs 
of working skeletal muscles, blood vessels serving the skin and 
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abdominal viseera strongly eonstriet. This blood cc shunting” 
helps maintain circulation to vital organs and skeletal muscles. 

In eontrast to the sympathetie divisions dominanee of blood 
vessels, parasympathetie eífeets normally dominate the heart 
and the smooth muscle of digestive and urinary traet organs. 
These organs exhibit parasympathetie tone. The parasympa- 
thetie division slows the heart and dietates the normal aetivity 
levels of the digestive and urinary traets. However, the sympa- 
thetie division ean override these parasympathetie effeets dur- 
ing times of stress. Dmgs that bloek parasympathetie responses 
inerease heart rate and cause feeal and urinary retention. Para- 
sympathetie fibers aetivate most glands, except for the adrenal 
glands and sweat glands of the skin. 

Cooperative Effeets 

The best example of eooperative ANS effeets occurs in the exter- 
nal genitalia. Parasympathetie stimulation dilates blood vessels in 
the external genitalia, producing the ereetion of the male penis or 
female elitoris during sexual excitement. (This may explain why 
anxiety ean impair sexual performanee—the sympathetie divi- 
sion is in eharge.) Sympathetie stimulation then causes ejacula- 
tion of semen by the penis or reflex eontraetions of the vagina. 



Homeostatie imbalanee 14.1 


Autonomic neuropathy (damage to autonomic nerves) is a 
eommon eomplieation of diabetes mellitus. One of the earli- 
est and most troubling symptoms is sexual dysfimetion. Up 
to 75% of male diabeties experience ereetile dysfimetion, and 
female diabeties often experience reduced vaginal lubrication. 
Other frequent manifestations of autonomic neuropathy in- 
clude dizziness after standing suddenly (poor blood pressure 
eontrol), urinary ineontinenee, sluggish eye pupil reaetions, and 
impaired sweating. Maintaining tight eontrol of blood glucose 
levels is the best way to prevent diabetie neuropathy. + 


Unique Roles of the Sympathetie Division 

The adrenal medulla, sweat glands and arreetor pili muscles 
of the skin, the kidneys, and most blood vessels reeeive only 
sympathetie fibers. It is easy to remember that the sympathetie 
system innervates these structures because most of us sweat un- 
der stress, our sealp “priekles” during fear, and our blood pres- 
sure skyroekets (from widespread eonstrietion of blood vessels) 
when we get excited. 

We have already deseribed how sympathetie eontrol of blood 
vessels regulates blood pressure and shunting of blood in the 
vascular system. We will now eonsider several other uniquely 
sympathetie fimetions. 

Thermoregulatory Responses to Heat The sympathetie divi- 
sion mediates reflexes that regulate body temperature. For ex- 
ample, applying heat to the skin causes blood vessels in that 
area to dilate reflexively. When systemie body temperature rises, 
sympathetie nerves (1) dilate the skins blood vessels, allowing 
heat to eseape from skin fhished with warm blood, and (2) ae- 
tivate the sweat glands to help eool the body. When body tem- 
perature falls, skin blood vessels eonstriet, preventing heat loss 
from the skin. 


Release of Renin from the Kidneys Sympathetie impulses 
stimulate the kidneys to release renin , an enzyme that causes the 
formation of blood pressure-increasing hormones. We deseribe 
this renin-triggered meehanism in Chapter 25. 

Metabolie Effeets Through both direet neural stimulation and 
release of adrenal medullary hormones, the sympathetie divi- 
sion promotes a number of metabolie effeets not reversed by 
parasympathetie aetivity. It (1) inereases the metabolie rate of 
body eells; (2) raises blood glucose levels; and (3) mobilizes fats 
for use as fuels. 

The medullary hormones also cause skeletal muscle to eon- 
traet more strongly and quickly. As a side effeet, this stimulates 
muscle spindles more often and, consequently, nerve impulses 
traveling to the muscles occur more synchronously. These neu- 
ral bursts, which put muscle eontraetions on a cc hair trigger,” 
are great if you have to make a quick jump or run, but they ean 
be embarrassing or even disabling to the nervous musician or 
surgeon. 


Loealized Versus Diffuse Effeets 


In the parasympathetie division, one preganglionie neuron syn- 
apses with one (or at most a few) postganglionie neurons. Addi- 
tionally, all parasympathetie fibers release ACh, which is quickly 
destroyed (hydrolyzed) by aeetyleholinesterase. Consequently, 
the parasympathetie division exerts short-lived, highly loealized 
eontrol over its effeetors. 

In eontrast, in the sympathetie division, preganglionie ax- 
ons braneh profiisely as they enter the sympathetie trunk, and 
they synapse with postganglionie neurons at several levels. As 
a result, when the sympathetie division is aetivated, it responds 
in a diffiise and highly intereonneeted way. Indeed, the literal 
translation of sympathetie (sym = together; pathos = feeling) 
relates to the bodywide mobilization this division provokes. 
Nevertheless, parts of the sympathetie nervous system ean be 
aetivated individually. For example, just because your eye pupils 
dilate in dim light doesn t neeessarily mean that your heart rate 
also speeds up. 

Sympathetie aetivation produces much longer-lasting ef- 
feets than parasympathetie aetivation. The sympathetie systems 
neurotransmitter, NE, is inaetivated more slowly than the para- 
sympathetie systems ACh, because NE must be taken baek up 
into the presynaptie ending before being hydrolyzed or stored. 
More importantly, adrenal medullary eells seerete NE and 
epinephrine into the blood when the sympathetie division is 
mobilized. These hormones reinforee and prolong the effeets of 
the sympathetie nervous system. Although epinephrine is more 
potent at inereasing heart rate and raising blood ghieose levels 
and metabolie rate, these hormones have essentially the same 
effeets as NE released by sympathetie neurons. In faet, circu- 
lating adrenal medullary hormones produce 25-50% of all the 
sympathetie effeets aeting on the body at a given time. These 
effeets continue for several minutes until the liver destroys the 
hormones. 

In short, sympathetie nerve impulses aet only briefly, but the 
hormonal effeets they provoke linger. The widespread and pro- 
longed effeet of sympathetie aetivation explains why we need 
time to c eome down” after an extremely stressfiil experience. 
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The “boss”: Overall 
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Brain stem 
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defeeation, ereetion, 
and ejaculation 


Figure 14.8 Levels of ANS eontrol. The hypothalamus stands at the 
top of the eontrol hierarehy as the integrator of ANS aetivity, but it is in- 
fluenced by subconscious eerebral inputs via limbie system eonneetions. 


Gonfrol of Autonomic Function 

Although the ANS is not usually eonsidered to be under vol- 
untary eontrol, its aetivity is regulated by CNS eontrols in the 
spinal eord, brain stem, hypothalamus, and eerebral cortex 
(Figure 14.8 . In general, the hypothalamus is the integrative 
eenter at the top of the ANS eontrol hierarehy. From there, 
orders flow to lower and lower CNS eenters for execution. 
Although the eerebral cortex may modify the workings of the 
ANS, it does so at the subconscious level and by aeting through 
limbie system structures on hypothalamie eenters. 


Brain Stem and Spinal Cord Controls 

The hypothalamus is the cc boss,” but the brain stem reticular for- 
mation appears to exert the most direet influence over autonomic 
fbnetions (see Figure 12.14 on p. 446). For example, eertain mo- 
tor eenters in the ventrolateral medulla (eardiae and vasomotor een- 
ters) reflexively regulate heart rate and blood vessel diameter. Other 
medullary regions oversee gastrointestinal aetivities. Most sensory 
impulses involved in these autonomic reflexes reaeh the brain stem 
via vagus nerve afferents. Midbrain eenters (oculomotor nuclei) eon- 
trol the muscles eoneerned with pupil diameter and lens focus. 

Defeeation and micturition (urination) reflexes that empty 
the rectum and urinary bladder are integrated at the spinal eord 
level but are subject to conscious inhibition. We will deseribe all 
of these autonomic reflexes in later ehapters in relation to the 
organ systems they serve. 


Hypothalamie Controls 

As we noted, the hypothalamus is the main integration eenter of 
the autonomic nervous system. In general, anterior hypothalamie 
regions direet parasympathetie flmetions, and posterior areas di- 
reet sympathetie flmetions. Hypothalamie eenters exert their ef- 
feets both direetly and via relays through the retienlar formation, 
which in turn influences the preganglionie motor neurons in the 
brain stem and spinal eord (Figure 14.8). The hypothalamus, aet- 
ing through the ANS, eoordinates heart aetivity, blood pressure, 
body temperature, water balanee, and endoerine aetivity. 

The hypothalamus also mediates our reaetions to fear via 
its assoeiations with the amygdala and the periaqueductal gray 
matter. Emotional responses of the limbie system of the eere- 
brum to danger and stress signal the hypothalamus to aetivate 
the sympathetie system to fight-or-flight status. In this way, the 
hypothalamus serves as the keystone of the emotional and vis- 
eeral brain. Through its eenters, emotions influence ANS flme- 
tion and behavior. 


Cortical Controls 

Originally, seientists believed the ANS was not subject to vol- 
untary eontrols. However, we have all had oeeasions when just 
remembering a frightening event made our heart raee (sympa- 
thetie response) or the thought of a favorite food, peean pie for 
example, made our mouth water (parasympathetie response). 
These inputs eonverge on the hypothalamus through its eon- 
neetions to the limbie lobe. 

Additionally, studies have shown that voluntary eortieal eon- 
trol of viseeral aetivities is possible—a eapability untapped by 
most people. 

Influence of Biofeedbaek on Autonomic Function Biofeed- 
baek is a way of beeoming aware of physiologieal eonditions 
(such as heart rate and blood pressure), with the goal of being 
able to infhienee them consciously. During biofeedbaek train- 
ing, subjects are eonneeted to monitoring deviees that deteet 
and amplify ehanges in these physiologieal proeesses. The feed- 
baek eomes in the form of flashing lights or audible tones. 

Subjects try to alter or eontrol some cc involuntary” function 
by eoneentrating on ealming, pleasant thoughts. The monitor 
allows them to identify ehanges in the desired direetion, so they 
ean reeognize the feelings assoeiated with these ehanges and 
learn to produce the ehanges at will. 

Biofeedbaek techniques have been successful in helping indi- 
viduals plagued by migraine headaehes. Some eardiae patients also 
use them to manage stress and reduce their risk of heart attaek. 
However, biofeedbaek training is time-consuming and often fms- 
trating, and the training equipment is expensive and difficult to use. 



Check Your Understanding' 


6 . Name the division of the ANS that does eaeh of the follovving: 
inereases digestive aetivity; inereases blood pressure; dilates 
bronehioles; deereases heart rate; stimulates the adrenal 
medulla to release its hormones; causes ejaculation. 

7. Would you find nieotinie reeeptors on skeletal muscle? 
Smooth muscle? Eeerine svveat glands? The adrenal medulla? 
CNS neurons? 
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8. Which part of the brain is the main integration eenter of 
the ANS? Which part exerts the most direet influence over 
autonomic functions? 

_ For ansvvers, see Appendix H. 


bloeker. Why might his doetor have done this? What does a 
beta-bloeker do? 

_ For ansvvers, see Appendix H. 


Homeostatie imbalanees 

oftheANS 

s Explain the relationship of some types of hypertension, 
Raynaod's disease # and aiitonomie dysreflexia to disorders 
of aiitonomie function. 

The ANS is involved in nearly every important proeess that goes 
on in the body, so it is not surprising that abnormalities of auto- 
nomie function ean have far-reaehing effeets. Most autonomic 
disorders refleet exaggerated or defieient eontrols of smooth 
muscle aetivity. The most devastating involve blood vessels and 
include eonditions such as hypertension, Raynaud s disease, and 
autonomic dysreflexia. 

■ Hypertension , or high blood pressure, may result from an 
overaetive sympathetie vasoeonstrietor response promoted 
by continuous high levels of stress. Hypertension is always se- 
rious because it forees the heart to work harder, which may 
preeipitate heart disease, and inereases the wear and tear on 
artery walls. Hypertension is sometimes treated with adrener- 
gie reeeptor-bloeking dmgs that counteract the effeets of the 
sympathetie nervous system on the cardiovascular system. We 
will discuss hypertension in more detail in Chapter 19. 

■ Raynauds disease is eharaeterized by intermittent attaeks 
causing the skin of the fingers and toes to beeome pale, then 
eyanotie (bluish) and painful. Commonly provoked by expo- 
sure to eold or emotional stress, it is an exaggerated vasoeon- 
strietion response. The severity of Raynauds disease ranges 
from merely uncomfortable to severe blood vessel eonstrie- 
tion that causes isehemia and gangrene (tissue death). 

Vasodilators (for example, adrenergie bloekers) usually 
suffice. To treat very severe eases, preganglionie sympathetie 
fibers serving the affeeted regions are severed (a procedure 
ealled sympatheetomy). The involved vessels then dilate, re- 
establishing adequate blood flow to the region. 

■ Autonomic dysreflexia is a life-threatening eondition involving 
uncontrolled aetivation of autonomic neurons. It occurs in a 
majority of individuals with quadriplegia and in others with 
spinal eord injuries above the T 6 level, usually in the first year 
after injury. The usual trigger is a painfiil stimulus to the skin 
or an overfilled viseeral organ, such as the urinary bladder. 
Arterial blood pressure skyroekets to life-threatening levels, 
which may rupture a blood vessel in the brain, preeipitating 
stroke. Symptoms include headaehe, fhished faee, sweating 
above the level of the injury, and eold, elammy skin below. The 
preeise meehanism of autonomic dysreflexia is not yet elear. 



Check Your IJnderstanding 


9. Jaekson works long, stress-filled shifts as an air traffie 

eontroller at a busy airport. His doetor has preseribed a beta- 


Developmental Aspeets 

ofthe ANS 

Deseribe several effeets of aging on the autonomic nervous 
system. 


ANS preganglionie neurons derive from the embryonie neu- 
ral tube , as do somatie motor neurons. ANS structures in the 
PNS—postganglionie neurons, the adrenal medulla, and all au- 
tonomie ganglia—derive from the neural erest (along with all 
sensory neurons) (see Figure 12.33, @). 

Neural erest eells reaeh their ultimate destinations by migrat- 
ing along growing axons. Forming ganglia reeeive axons from 
preganglionie neurons in the spinal eord or brain and send their 
axons to synapse with their effeetor eells in the body periphery. 
This proeess depends on the presenee of nerve growth faetor, 
and is guided by a number of signaling ehemieals similar to 
those aeting in the CNS. 

During youth, impairments of ANS fimetion are usually due 
to injuries to the spinal eord or autonomic nerves. In old age, 
the effieieney of the ANS deelines. At least part of the problem is 
due to structural ehanges in some preganglionie axon terminals, 
which beeome eongested with neurofilaments. 

Many elderly people eomplain of eonstipation (a result of 
reduced gastrointestinal traet motility), and of dry eyes and fre- 
quent eye infeetions (both a result of a diminished ability to 
form tears). Additionally, when they stand up they may have 
fainting episodes due to orthostatie hypotension ( ortho = 
straight; stat = standing), low blood pressure following ehanges 
in position. Orthostatie hypotension occurs because aging pres- 
sure reeeptors beeome less responsive to ehanges in blood pres- 
sure, and aging cardiovascular eenters fail to maintain healthy 
blood pressure. 

These problems are distressing, but not usually life threaten- 
ing, and most ean be managed by lifestyle ehanges or artifieial 
aids. For example, ehanging position slowly gives the sympa- 
thetie nervous system time to adjust blood pressure, and eye 
drops (artifieial tears) ean alleviate the dry-eye problem. 


r 


14 


L 




Check Your LPnderstanding 

10. Which embryonie structure gives rise to both the autonomic 


ganglia and the adrenal medulla? 


For ansvvers, see Appendix H 


In this ehapter, we have deseribed the structure and fimetion 
of the ANS, one arm of the motor division of the peripheral 
nervous system. Because virtually every organ system still to be 
eonsidered depends on autonomic eontrols, you will be hearing 
more about the ANS in ehapters that follow. Now that we have 
explored most of the nervous system, this is a good time to ex- 
amine how it interaets with the rest of the body as summarized 
in System Connections , p. 540. 













SYSTEM 


CONNECTIONS 


Homeostatie Interrelationships Between 
the Nervoiis System and Other Body Systems 
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lntegumentary System Chapter 5 

■ Sympathetie division of the ANS regulates svveat glands and 
blood vessels of skin (therefore heat loss/retention) 

■ Skin serves as heat loss surface 


Skeletal System Chapters 6-8 

■ Nerves innervate bones and joints, providing for pain and joint 
sense 

■ Bones serve as depot for calcium needed for neural function; 
skeletal system proteets CNS structures 

Muscular System Chapters 9-10 

■ Somatie division of nervous system aetivates skeletal muscles; 
maintains muscle health 

■ Skeletal muscles are the effeetors of the somatie division 


Endoerine System Chapter 16 

■ Sympathetie division of the ANS aetivates the adrenal medulla; 
hypothalamus helps regulate the aetivity of the anterior pituitary 
gland and produces the tvvo posterior pituitary hormones 

■ Hormones influence neuronal metabolism 

Cardiovascular System Chapters 17-19 

■ ANS helps regulate heart rate and blood pressure 

■ Cardiovascular system provides blood eontaining oxygen and 
nutrients to the nervous system and earries avvay vvastes 

Lymphatie System/lmmunity Chapters 20-21 

■ Nerves innervate lymphoid organs; the brain plays a role in 
regulating immune function 

■ lymphatie vessels earry avvay leaked tissue fluids from tissues 
surrounding nervous system structures; immune elements 
proteet all body organs from pathogens (CNS has additional 
meehanisms as vvell) 

Respiratory System Chapter 22 

■ Nervous system initiates and regulates respiratory rhythm and 
depth 

■ Respiratory system provides life-sustaining oxygen; disposes of 
earbon dioxide 


Digestive System Chapter 23 

■ ANS (particularly the parasympathetie division) regulates 
digestive motility and glandular aetivity 

■ Digestive system provides nutrients needed for neuronal health 

IJrinary System Chapters 25-26 

■ ANS regulates bladder emptying and renal blood pressure 

■ Kidneys help dispose of metabolie vvastes and maintain proper 
eleetrolyte eomposition and pH of blood for neural functioning 

Reproductive System Chapter27 

■ ANS regulates sexual ereetion and ejaculation in males; ereetion 
of the elitoris in females 

■ Testosterone causes masculinization of the brain and underlies 
sex drive and aaaressive behavior 




MasteríngA&P 



Aeeess more System Connections in the Study Area at www.masteringaandp.com. 
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Chapter Summary 


MAP ™ ^ or more ehapter study tools, go to the Study Area of 

MasteringA&P at www.masteringaandp.com. 
There you will find: 

■ interaetive Physiology jp 

■ A&PFIix A&PFIix 


■ Praetiee Anatomy Lab PÀL 


■ PhysioEx 


PEx 


■ Videos, Praetiee Quizzes and Tests, MP3 Tutor Sessions, 
Case Studies, and much more! 


eífeetor organs. Preganglionie fìbers are long; postganglionie 
fibers are short. 

3. Cranial fibers arise in the brain stem nuclei of eranial nerves 
III, VII, IX, and X and synapse in ganglia of the head, thorax, 
and abdomen. The vagus nerves serve virtually all organs of the 
thoraeie and abdominal eavities. 

4. Saeral fibers (S 2 -S 4 ) issue from the lateral region of the eord and 
form pelvie splanehnie nerves that innervate the pelvie viseera. The 
preganglionie axons do not travel within rami eommiinieantes. 

Sympathetie (Thoracolumbar) Division (pp. 529-533) 


1. The autonomic nervous system (ANS) is the motor division of the 
PNS that eontrols viseeral aetivities, with the goal of maintaining 
internal homeostasis. 

Overview (pp. 524-527) 

Comparison of the Somatie and Autonomic Nervous 

Systems (pp. 525-526) 

1. The somatie (voluntary) nervous system provides motor fibers to 
skeletal muscles. The autonomic (involuntary or viseeral motor) 
nervous system provides motor fibers to smooth and eardiae 
muscles and glands. 

2. In the somatie division, a single motor neuron forms the efferent 
pathway from the CNS to the effeetors. The efferent pathway 

of the autonomic division eonsists of a two-neuron ehain: the 
preganglionie neuron in the CNS and the postganglionie neuron 
in a ganglion. 

3. Aeetyleholine, the neurotransmitter of somatie motor neurons, is 
stimulatory to skeletal muscle fibers. Neurotransmitters released 
by autonomic motor neurons (aeetyleholine and norepinephrine) 
may excite or inhibit target eells. 

ÌP Nervous System II; Topie: Synaptie Transmission, pp. 8-11. 

ANS Divisions (pp. 526-527) 

4. The ANS eonsists of two divisions, parasympathetie and 
sympathetie, which normally exert antagonistie effeets on many 
of the same target organs. 

5. The parasympathetie division (the rest-digest system) eonserves 
body energy and maintains body aetivities at basal levels. 

6. Parasympathetie effeets include eonstrieted pupils, glandular 
seeretion, inereased digestive traet motility, and smooth muscle 
aetivity leading to elimination of feees and urine. 

7. The sympathetie division prepares the body for aetivity (the fight- 
or-flight system). 

8. Sympathetie responses include dilated pupils, inereased heart 
rate, inereased blood pressure, dilated bronehioles of the 
lungs, inereased blood glucose levels, and sweating. During 
exercise, sympathetie vasoeonstrietion shunts blood from the 
skin and digestive viseera to the heart, brain, and skeletal muscles. 

ANS Anatomy (pp. 527-533) 

Parasympathetie (Crai iosaeral) Division (pp. 527-529) 

1. Parasympathetie preganglionie neurons arise from the brain stem 
and from the saeral (S 2 -S 4 ) region of the spinal eord. 

2. Preganglionie fibers synapse with postganglionie neurons in 
terminal ganglia loeated in (intramural ganglia) or elose to their 


5. Preganglionie sympathetie neurons arise from the lateral horns of 
the spinal eord from the level of T x through L 2 . 

6. Preganglionie axons leave the eord via white rami 
communicantes and enter the sympathetie tmnk ganglia in the 
sympathetie tmnk. An axon may synapse in a tmnk ganglion 
at the same or at a different level, or it may issue from the 
sympathetie tmnk without synapsing. Preganglionie fibers are 
short; postganglionie fibers are long. 

7. When the synapse occurs in a trunk ganglion, the postganglionie 
fiber may enter the spinal nerve ramus via the gray ramus 
communicans to travel to the body periphery. Postganglionie 
fibers issuing from the eervieal ganglia also serve viseeral organs 
and blood vessels of the head, neek, and thorax. 

8. When synapses do not occur in the tmnk ganglia, the 
preganglionie fibers form splanehnie nerves (thoraeie, lumbar, 
and saeral). Most splanehnie nerve fibers synapse in eollateral 
ganglia, and the postganglionie fibers serve the abdominal 
viseera. Exceptions are that (1) some splanehnie nerve fibers 
synapse with eells of the adrenal medulla, and (2) some 
lumbar and saeral splanehnie nerve fibers do synapse in tmnk 
ganglia. 

Viseeral Reflexes (p. 533) 

9. Viseeral reflex ares have the same eomponents as somatie reflexes: 
reeeptor, sensory neuron, integration eenter, motor neurons, 
effeetor. 

10. Cell bodies of viseeral sensory neurons are loeated in dorsal root 
ganglia, sensory ganglia of eranial nerves, or autonomic ganglia. 
Viseeral afferents are loeated in spinal nerves and in virtually all 
autonomic nerves. 

ANS Physiology (pp. 533-539) 

Neurotransmitters and Reeeptors (pp. 533-535) 

1. Autonomic motor neurons release two major neurotransmitters, 
aeetyleholine (ACh) and norepinephrine (NE). Based on the 
neurotransmitter they release, fibers are elassified as eholinergie 
(ACh) or adrenergie (NE). 

2. ACh is released by all preganglionie fibers and all 
parasympathetie postganglionie fibers. NE is released by all 
sympathetie postganglionie fibers except those serving the sweat 
glands of the skin. 

3. Neurotransmitter effeets depend on the reeeptors to which 
the neurotransmitter binds. Cholinergic (ACh) reeeptors are 
elassified as nieotinie or muscarinic. Adrenergie (NE) reeeptors 
are elassified as a x or a 2 , or (3j, (3 2 , or (3 3 . 

ÌP Nervous System II; Topie: Synaptie Transmission, pp. 8-11,14. 
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The Effeets of Driigs (p. 535) 

4. Drags that mimie, enhanee, or inhibit the aetion of ANS 
neurotransmitters are used to treat eonditions caused by 
excessive, inadequate, or inappropriate ANS function. Some 
drags bind with only one reeeptor subtype, bloeking or 
enhaneing speeifie ANS-mediated aetivities. 

interaetions of the Aiitonomie Divisions (pp. 535-537) 

5. Most viseeral organs are innervated by both parasympathetie 
and sympathetie divisions. The divisions interaet in various 
ways but usually exert a dynamie antagonism. Antagonistie 
interaetions mainly involve the heart, respiratory system, and 
gastrointestinal organs. Sympathetie aetivity inereases heart 
aetivity, dilates bronehioles, and depresses gastrointestinal 
aetivity. Parasympathetie aetivity reverses these effeets. 

6. Most blood vessels are innervated only by sympathetie fibers and 
exhibit vasomotor tone. Parasympathetie aetivity dominates the 
heart and muscles of the gastrointestinal traet (which normally 
exhibit parasympathetie tone) and glands. 

7. The two ANS divisions exert eooperative effeets on the external 
genitalia. 

8. Roles unique to the sympathetie division are regulating blood 
pressure, shunting blood in the vascular system, regulating 
body temperature, stimulating the kidneys to release renin, and 
metabolie effeets. 

9. Aetivation of the sympathetie division ean cause widespread, 
long-lasting mobilization of the fight-or-flight response. 


Parasympathetie effeets are highly loealized and 
short-lived. 

Control of Autonomic Function (pp. 538-539) 

10. Autonomic fimetion is eontrolled at several levels: (1) The spinal 
eord and brain stem (particularly medullary) eenters mediate 
reflex aetivity. (2) Hypothalamie integration eenters interaet 
with both higher and lower eenters to orehestrate autonomic, 
somatie, and endoerine responses. (3) Cortical eenters influence 
autonomic fimetion via eonneetions with the limbie system. 
Conscious eontrol of autonomic fimetion is rare but possible, as 
illustrated by biofeedbaek training. 

Homeostatie imbalanees of the ANS (p. 539) 

1. Most autonomic disorders refleet problems with smooth muscle 
eontrol. Abnormalities in vascular eontrol, such as hypertension, 
Raynauds disease, and autonomic dysreflexia, are most 
devastating. 

Developmental Aspeets of the ANS (p. 539) 

1. Preganglionie neurons develop from the neural tube; 
postganglionie neurons develop from the embryonie neural erest. 

2. The effieieney of the autonomic nervous system deelines in 
old age, as refleeted by deereased gland seeretion, reduced 
gastrointestinal motility, and slower sympathetie vasomotor 
responses to ehanges in position. 


Review Questions 

L j 


Multiple Choice/Matchíng 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. All of the following eharaeterize the ANS except (a) a two-neuron 
efferent ehain, (b) presenee of nerve eell bodies in the CNS, 

(e) presenee of nerve eell bodies in the ganglia, (d) innervation of 
skeletal muscles. 

2. Relate eaeh of the following terms or phrases to either the 
sympathetie (S) or parasympathetie (P) division of the autonomic 
nervous system: 

_(1) short preganglionie, long postganglionie fibers 

_(2) intramural ganglia 

_(3) eraniosaeral part 

_(4) adrenergie fibers 

_(5) eervieal ganglia 

_(6) otie and eiliary ganglia 

_(7) generally short-duration aetion 

_(8) inereases heart rate and blood pressure 

_(9) inereases gastrie motility and seeretion of laerimal, 

salivary, and digestive juices 
_(10) innervates blood vessels 

_(11) most aetive when you are relaxing in a hammoek 

_(12) aetive when you are ranning in the Boston Marathon 

3. Preganglionie neurons develop from (a) neural erest eells, 

(b) neural tube eells, (e) alar plate eells, (d) endoderm. 

4. The white rami communicantes eontain what kind of fibers? 

(a) preganglionie parasympathetie, (b) postganglionie 
parasympathetie, (e) preganglionie sympathetie, 

(d) postganglionie sympathetie. 


5. Collateral sympathetie ganglia are involved with innervating 
(a) abdominal organs, (b) thoraeie organs, (e) head, (d) arreetor 
pili, (e) all of these. 

Short Answer Essay Questions 

6. Briefly explain why the following terms are sometimes used to 
refer to the autonomic nervous system: involuntary nervous 
system and emotional-viseeral system. 

7. Deseribe the anatomieal relationship of the white and gray rami 
eomimmieantes to the spinal nerve, and indieate the kind of 
fibers found in eaeh ramus type. 

8. indieate the results of sympathetie aetivation of the following 
structures: sweat glands, eye pupils, adrenal medullae, heart, 
bronehioles of the lungs, liver, blood vessels of vigorously 
working skeletal imiseles, blood vessels of digestive viseera, 
salivary glands. 

9. Which of the effeets listed in response to question 8 would be 
reversed by parasympathetie aetivity? 

10. Which ANS fibers release aeetyleholine? Which release 
norepinephrine? 

11. Deseribe the meaning and importanee of sympathetie tone and 
parasympathetie tone. 

12. List the reeeptor subtypes for ACh and NE, and indieate the 
major sites where eaeh type is found. 

13. Which area of the brain is most direetly involved in mediating 
autonomic reflexes? 

14. Deseribe the importanee of the hypothalaimis in eontrolling the 
autonomic nervous system. 

15. Deseribe the basis and uses of biofeedbaek training. 
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16. What manifestations of deereased autonomic nervous system 
effieieney are seen in elderly individuals? 

17. Postganglionie neurons are also ealled ganglionie neurons. Why 
is the latter term more accurate? 

Critical Thinking 
and eiinieal Applieation 
Questions 

1. Mr. Johnson suffers from urinary retention and a hypoaetive 
urinary bladder. Bethaneehol, a drug that mimies aeetyleholines 
autonomic effeets, is preseribed to manage his problem. First 
explain the rationale for preseribing bethaneehol, and then 
prediet which of the following adverse effeets Mr. Johnson might 
experience while taking this dmg (seleet all that apply): dizziness, 
low blood pressure, defìeient tear formation, wheezing, inereased 
mucus production in bronehi, defieient salivation, diarrhea, 
eramping, excessive sweating, undesirable ereetion of penis. 


2. A 32-year-old woman eomplains of intermittent aehing pains in 
the medial two fingers of both hands. During such episodes, the 
fingers beeome blanehed and then blue. Her history is taken, and 
it is noted that she is a heavy smoker. The physieian advises her 
that she must stop smoking and states that she will not preseribe 
any medieation until the patient has discontinued smoking for a 
month. What is this patients eondition, and why was she told to 
stop smoking? 

3. Tiffany, a 21-year-old eollege student, is having trouble sleeping, 
erying frequently, and having recurrent thoughts of smeide. 

An antidepressant is preseribed. Like many such drugs, this 
antidepressant has antieholinergie side effeets. What side effeets 
might Tiffany experience in the first week of treatment? 

4. As the aroma of freshly brewed eoffee drifted by dozing Henry s 
nose, his mouth started to water and his stomaeh began to 
mmble. Explain his reaetions in terms of ANS aetivity. 



AT THE C L I N I C 


Related eiinieal Terms 


Atonie bladder (ah-ton'ik; a = without; ton = tone, tension) A 
eondition in which the urinary bladder beeomes flaeeid and 
overfills, allowing urine to dribble through the sphineters. 
Results from temporary loss of the micturition reflex following 
spinal eord injury. 

Horner’s syndrome A eondition due to damage to the superior 

sympathetie tmnk on one side of the body. On the affeeted side, 
the upper eyelid droops (ptosis) and the pupil eonstriets, and the 
person does not sweat on that side of the head. 


Vagotomy (va-got'o-me) Cutting or severing the vagus nerve to 
deerease seeretion of gastrie juice. Treatment for peptie ulcers 
that do not respond to medieation. 

Vasovagal syneope Vasovagal syneope, also ealled neurocardiogenic 
syneope , is the most eommon cause of fainting. Although it 
may be provoked by emotional stress, pain, or dehydration, it 
typieally occurs during prolonged standing. Fainting is due to a 
drop in blood pressure, which deereases blood flow to the brain. 







Case Study 


Autonomic Nervous System 


On arrival at Holyoke Hospital, Jimmy 
Chin 7 a 10-year-old boy, is immobilized 
on a rigid streteher so that he is 
unable to move his head or trunk. 

The paramedies report that vvhen they found him some 50 feet 
from the bus 7 he vvas avvake and alert, but erying and eomplaining 
that he couldn't "get up to find his mom" and he had a "vvieked 
headaehe." He has severe bruises on his upper baek and head, 
and laeerations of his baek and sealp. His blood pressure is low, 
body temperature is below normal, lower limbs are paralyzed, and 
he is insensitive to painful stimuli below the nipples. Although 
still alert on arrival, Jimmy soon begins to drift in and out of 
unconsciousness. 

Jimmy is immediately scheduled for a CT sean, and an operating 
room is reserved. 

Relative to Jimmy's eondition: 

1. Why were his head and torso immobilized for transport to the 
hospital? 

2. What do his worsening neurological signs (drowsiness 7 
ineoherenee, ete.) probably indieate? Relate this to the type of 
surgery that will be performed. 


3. Assuming that Jimmy's sensory and motor defieits are due to a 
spinal eord injury, at what level do you expect to find a spinal 
eord lesion? 

4. Two days after his surgery, Jimmy is alert and his MRI sean 
shows no residual brain injury, but pronounced swelling and 
damage to the spinal eord at T 4 . On physieal examination, 

Jimmy shows no reflex aetivity below the level of the spinal eord 
injury. His blood pressure is still low. Why are there no reflexes 
in his lower limbs and abdomen? 

5. Over the next few days, his reflexes return in his lower limbs 
and beeome exaggerated. He is ineontinent. Why is Jimmy 
hyperreflexive and ineontinent? 

On one oeeasion, Jimmy eomplains of a massive headaehe and 
his blood pressure is way above normal. On examination, he is 
sweating intensely above the nipples but has eold, elammy skin 
below the nipples and his heart rate is very slow. 

6 . What is this eondition ealled and what preeipitates it? 

7. How does Jimmy's excessively high blood pressure put him 
at risk? 
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(Ansvvers in Appendix H) 
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(a) Surface anatomy of the right eye 


gure 15.1 The eye and aeeessory structures. 


In this ehapter we eonsider eaeh of the five speeial senses in 
turn. But keep in mind that our pereeptions of sensory inputs 
overlap. What we finally experience—our c< feel” of the world—is 
a blending of stimulus effeets. 


&*• \ftst jiííì 


The Eye and Vision 

Deseribe the structure and function of aeeessory eye 
stroetores, eye layers, the lens f and humors of the eye 
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(b) Lateral view; some structures shown in sagittal seetion 


Eyebrovvs 

The eyebrows are short, eoarse hairs that overlie the supraor- 
bital margins of the skull (Figure 15.1). They help shade the 
eyes from sunlight and prevent perspiration triekling down the 
forehead from reaehing the eyes. 
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Outline the causes and consequences of eataraets and 
glaucoma. 

Vision is our dominant sense: Some 70% of all the sensory re- 
eeptors in the body are in the eyes, and nearly half of the eer- 
ebral cortex is involved in some aspeet of visual proeessing. 

The adult eye is a sphere with a diameter of about 2.5 em 
(1 ineh). Only the anterior one-sixth of the eyes surface is visible 
gure 15.1a. The rest is enelosed and proteeted by a cushion 
of fat and the walls of the bony orbit. The fat pad occupies nearly 
all of the orbit not occupied by the eye itself. The eye is a eom- 
plex structure and only a small portion of its tissues are actually 
involved in photoreeeption. Before turning our attention to the 
eye itself, let us eonsider the aeeessory structures that proteet it 
or aid its fimetion. 

Aeeessory Stmetiires of the Eye 

The aeeessory structures of the eye include the eyebrows, 
eyelids, conjunctiva, laerimal apparatus, and extrinsic eye 
muscles. 


Eyelids 

Anteriorly, the eyes are proteeted by the mobile eyelids or 
palpebrae (pal'pé-bre). The eyelids are separated by the palpe- 
bral fissiire ( cc eyelid slit”) and meet at the medial and lateral an- 
gles of the eye—the medial and lateral commissures ( eanthi ), 
respeetively (Figure 15.1a). 

The medial commissure sports a fleshy elevation ealled the 
laerimal caruncle (kar'ung-kl; cc a bit of flesh”). The eamnele 
eontains sebaceous and sweat glands and produces the whitish, 
oily seeretion (faneifiilly ealled the Sandmans eye-sand) that 
sometimes eolleets at the medial commissure, espeeially during 
sleep. In most Asian peoples, a vertieal fold of skin ealled the 
epieanthie fold eommonly appears on both sides of the nose and 
sometimes eovers the medial commissure. 

The eyelids are thin, skin-eovered folds supported internally 
by eonneetive tissue sheets ealled tarsal plates (Figure 15.1b). 
The tarsal plates also anehor the orbicularis oculi and levator 
palpebrae superioris muscles that run within the eyelid. The 
orbicularis muscle eneireles the eye, and the eye eloses when 
it eontraets. Of the two eyelids, the larger, upper one is much 
more mobile, mainly because of the levator palpebrae superioris 
muscle, which raises that eyelid to open the eye. 
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UNIT 3 Regiilation and Integration of the Body 
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k Figure 15.2 The laerimal apparatus. Arrovvs indieate the flovv of 
laerimal fluid (tears) from the laerimal gland to the nasal eavity. 



The eyelid muscles are aetivated reflexively to cause blinking 
every 3-7 seeonds and to proteet the eye when it is threatened 
by foreign objeets. Eaeh time we blink, aeeessory structure se- 
eretions (oil, mucus, and saline solution) spread aeross the eye- 
ball surface, keeping the eyes moist. 

Projeeting from the free margin of eaeh eyelid are the eye- 
lashes. The follieles of the eyelash hairs are riehly innervated 
by nerve endings (hair folliele reeeptors), and anything that 
touches the eyelashes (even a puff of air) triggers reflex blinking. 

Several types of glands are assoeiated with the eyelids. The 
tarsal glands are embedded in the tarsal plates (Figure 15. lb), 
and their ducts open at the eyelid edge just posterior to the eye- 
lashes. These modified sebaceous glands produce an oily se- 
eretion that lubricates the eyelid and the eye and prevents the 
eyelids from stieking together. Assoeiated with the eyelash fol- 
lieles are a nrnnber of smaller, more typieal sebaceous glands, 
and modified sweat glands ealled eiliary glands lie between the 
hair follieles (cilium — eyelash). 



Homeostatie imbalanee 15.1 

An infeeted tarsal gland results in an unsightly eyst ealled a 
ehalazion (kah-la'ze-on; cc swelling”). Inflammation of any ofthe 
smaller glands is ealled a sty. + 

Conjunctiva 

The conjunctiva (kon"junk-ti'vah; cc joined together”) is a trans- 
parent mucous membrane. It lines the eyelids as the palpebral 


conjunctiva and refleets (folds baek) over the anterior surface of 
the eyeball as the bulbar conjunctiva (Figure 15.1b). The bulbar 
conjunctiva eovers only the white of the eye, not the eornea (the 
elear cc window” over the iris and pupil). The bulbar conjunc- 
tiva is very thin, and blood vessels are elearly visible beneath it. 
(They are even more visible in irritated “bloodshot” eyes.) 

When the eye is elosed, a slitlike spaee occurs between the 
conjunctiva-covered eyeball and eyelids. This so-ealled eon- 
junctival sae is where a eontaet lens lies, and eye medieations 
are often administered into its inferior reeess. The major func- 
tion of the conjunctiva is to produce a lubricating mucus that 
prevents the eyes from drying out. 



Homeostatie imbalanee 15.2 


Inflammation of the conjunctiva, ealled eonjimetivitis , results 
in reddened, irritated eyes. Pinkeye , a conjunctival infeetion 
caused by baeteria or viruses, is highly contagious. + 


Laerimal Apparatiis 

The laerimal apparatus (lak'rì-mal; cc tear”) eonsists of the lae- 
rimal gland and the ducts that drain laerimal seeretions into the 
nasal eavity gure 15.2) . The laerimal gland lies in the orbit 
above the lateral end of the eye and is visible through the eon- 
junctiva when the lid is everted. It continually releases a dilute 
saline solution ealled laerimal seeretion —or, more eommonly, 
tears —into the superior part of the conjunctival sae through 
several small excretory ducts. 

Blinking spreads the tears downward and aeross the eyeball 
to the medial commissure, where they enter the paired laerimal 
canaliculi via two tiny openings ealled laerimal puncta (liter- 
ally, cc prick points”), visible as tiny red dots on the medial margin 
of eaeh eyelid. From the laerimal canaliculi, the tears drain into 
the laerimal sae and then into the nasolaerimal duct, which 
empties into the nasal eavity at the inferior nasal meatus. 

Faerimal fluid eontains mucus, antibodies, and lysozyme, 
an enzyme that destroys baeteria. Thus, it eleanses and proteets 
the eye surface as it moistens and hibrieates it. When laerimal 
seeretion inereases substantially, tears spill over the eyelids and 
fill the nasal eavities, causing eongestion and the “sniffles.” This 
spillover (tearing) happens when the eyes are irritated or when 
we are emotionally upset. In the ease of eye irritation, enhaneed 
tearing washes away or dilutes the irritating substance. The im- 
portanee of emotionally induced tears is poorly understood. 



Homeostatie imbalanee 15.3 


Because the nasal eavity mucosa is continuous with that of the 
laerimal duct system, a eold or nasal inflammation often causes 
the laerimal mucosa to swell. This swelling eonstriets the ducts 
and prevents tears from draining, causing cc watery” eyes. + 


Extrinsic Eye Muscles 

How do our eyes move? Six straplike extrinsic eye muscles 
eontrol the movement of eaeh eyeball. These muscles originate 
from the walls of the orbit and insert into the outer surface of 
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(a) Lateral view of the right eye 


(b) Superior view of the right eye 
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(e) Siimmary of muscle aetions and innervating eranial nerves 


gure 15.3 Extrinsic eye muscles. 


the eyeball gure 15.3). They allow the eyes to follow a mov- 
ing objeet, and provide external c guy-wires” that help maintain 
the shape of the eyeball and hold it in the orbit. 

The four rectus nrnsdes originate from the eommon tendi- 
nous ring (or anmilar ring) at the baek of the orbit and mn 
straight to their insertion on the eyeball. Their loeations and 
the movements that they promote are elearly indieated by their 
names: superior, inferior, lateral, and medial rectus muscles. 

The aetions of the two oblique muscles are less easy to deduce 
because they take rather strange paths through the orbit. They 
move the eye in the vertieal plane when the eyeball is already 
turned medially by the rectus muscles. The superior oblique 
muscle originates in eommon with the rectus muscles, runs 
along the medial wall of the orbit, and then makes a right-angle 
turn and passes through a fibrocartilaginous loop ealled the 
troehlea (trokTe-ah; cc pulley’) suspended from the frontal bone 
before inserting on the superolateral aspeet of the eyeball. It 
rotates the eye downward and somewhat laterally. 


The inferior oblique muscle originates from the medial 
orbit surface and runs laterally and obliquely to insert on the 
inferolateral eye surface. It rotates the eye up and laterally. 

The four rectus muscles would seem to provide all the eye 
movements we require—medial, lateral, superior, and inferior— 
so why the two oblique muscles? The simplest way to answer 
this question is to point out that the superior and inferior reeti 
eannot elevate or depress the eye without also trnning it medially 
because they approaeh the eye from a posteromedial direetion. 
For an eye to be direetly elevated or depressed, the lateral pull of 
the oblique muscles is neeessary to eaneel the medial pull of the 
superior and inferior reeti. 

Except for the lateral rectus and superior oblique muscles, 
which are innervated respeetively by the abducens and troehlear 
nerves , the oculomotor nerves serve all extrinsic eye muscles. 
Figure 15.3c summarizes the aetions and nerve supply of these 
muscles. Table 13.2 (pp. 495-497) illustrates the courses of the 
assoeiated eranial nerves. 
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UNIT 3 Regiilation and Integration of the Body 
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(b) Photograph of the hiiman eye 


Figure 15.4 Internal structure of the eye (sagittal seetion). 


The extrinsic eye muscles are among the most preeisely and 
rapidly eontrolled skeletal muscles in the entire body. This pre- 
eision refleets their high axon-to-muscle-fiber ratio: The motor 
units of these muscles eontain only 8 to 12 muscle eells and in 
some eases as few as two or three. 



Homeostatie imbalanee 15.4 


When movements of the external muscles of the two eyes are 
not perfeetly eoordinated, a person eannot properly focus the 
images of the same area of the visual field from eaeh eye and so 


sees two images instead of one. This eondition is ealled diplo- 
pia (dì-plo'pe-ah), or double vision. It ean result from paralysis 
or weakness of eertain extrinsic muscles, neurological disor- 
ders, or it may be a temporary consequence of acute aleohol 
intoxication. 

Congenital weakness of the external eye muscles may cause 
strabismus (strah-biz'mus; “eross-eyed”), in which the aífeeted 
eye rotates medially or laterally. To eompensate, the eyes may 
alternate in focusing on objeets. In other eases, only the eontrol- 
lable eye is used, and the brain begins to disregard inputs from 

































ehapter 15 The Speeial Senses 


549 


the deviant eye, which then beeomes functionally blind. Strabis- 
mus is treated either with eye exercises to strengthen the weak 
muscles or by temporarily plaeing a pateh on the stronger eye, 
which forees the ehild to use the weaker eye. Surgery is needed 
for unyielding conditions.+ 

Structure of the Eyeball 

The eye itself, eommonly ealled the eyeball, is a slightly irregu- 
lar hollow sphere igure 15.4' . Because the eyeball is shaped 
roughly like the globe of the earth, it is said to have poles. Its 
most anterior point is the anterior pole, and its most posterior 
point is the posterior pole. Its wall is eomposed of three layers: 
the fibrous, vascular, and inner layers. Its internal eavity is filled 
with fluids ealled humors that help to maintain its shape. The 
lens, the adjustable focusing apparatus of the eye, is supported 
vertieally within the eyeball, dividing it into anterior and poste- 
rior segments. 

Fibrous Layer 

The outermost eoat of the eyeball, the fibrous layer, is eom- 
posed of dense avascular eonneetive tissue. It has two obviously 
diíferent regions: the selera and the eornea. 

Sdera The selera (skle'rah), forming the posterior portion 
and the bulk of the fibrous layer, is glistening white and opaque. 
Seen anteriorly as the c< white of the eye,” the tough, tendon- 
like selera ( selera = hard) proteets and shapes the eyeball and 
provides a sturdy anehoring site for the extrinsic eye muscles. 
Posteriorly, where the selera is piereed by the optie nerve, it is 
continuous with the dura mater of the brain. 

Cornea The anterior sixth of the fibrous layer is modified to 
form the transparent eornea, which bulges anteriorly from its 
junction with the selera. The erystal-elear eornea forms a win- 
dow that lets light enter the eye, and is a major part of the light- 
bending apparatus of the eye. 

Epithelial sheets eover both faees of the eornea. The external 
sheet, a stratified squamous epithelmm that proteets the eornea 
from abrasion, merges with the bulbar conjunctiva at the eor- 
neoseleral junction. Epithelial eells that eontimially renew the 
eornea are loeated here. The deep eorneal endothelium , eom- 
posed of simple squamous epithelium, lines the inner faee of 
the eornea. Its eells have aetive sodium pumps that maintain the 
elarity of the eornea by keeping its water eontent low. 

The eornea is well supplied with nerve endings, most of 
which are pain reeeptors. (For this reason, some people ean 
never adjust to wearing eontaet lenses.) When the eornea is 
touched, blinking and inereased tearing occur reflexively. Even 
so, the eornea is the most exposed part of the eye and is vulner- 
able to damage from dust, slivers, and the like. Luckily, its eapae- 
ity for regeneration and repair is extraordinary. 

The eornea has no blood vessels and so it is beyond the reaeh 
of the imimme system. As a result, the eornea is the only tissue 
in the body that ean be transplanted from one person to another 
with little risk of rejeetion. 



Sphineter pupillae Iris (two muscles) Dilator pupillae 

muscle eontraets: • Sphineter pupillae muscle eontraets: 

Pupil size deereases. • Dilator pupillae Pupil size inereases. 


Figure 15.5 Pupil eonstrietion and dilation, anterior view. 

(+ means aetivation.) 


Vascular Layer 

The vascular layer forms the middle eoat of the eyeball. Also 
ealled the uvea (u've-ah; cc grape”), this pigmented layer has 
three regions: ehoroid, eiliary body, and iris (Figure 15.4). 


ehoroid The ehoroid is a blood vessel-rieh, dark brown 
membrane ( ehoroid = membrane) that forms the posterior five- 
sixths of the vascular layer. Its blood vessels nourish all eye lay- 
ers. Its brown pigment, produced by melanoeytes, helps absorb 
light, preventing it from seattering and refleeting within the eye 
(which would cause visual confusion). The ehoroid is ineom- 
plete posteriorly where the optie nerve leaves the eye. 

dliary Body Anteriorly, the ehoroid beeomes the eiliary 
body, a thiekened ring of tissue that eneireles the lens. The eili- 
ary body eonsists ehiefly of interlaeing smooth muscle bundles 
ealled eiliary muscles, which aet to eontrol lens shape. Near the 
lens, its posterior surface is thrown into radiating folds ealled 
eiliary proeesses, which seerete the fluid that fills the eavity of 
the anterior segment of the eyeball. The eiliary zonule ( suspen - 
sory ligament ) extends from the eiliary proeesses to the lens. 
This halo of fine fibers eneireles and helps hold the lens in its 
upright position. 


r 
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Iris The iris, the visible eolored part of the eye, is the most 
anterior portion of the vascular layer. Shaped like a flattened 
doughnut, it lies between the eornea and the lens and is eontin- 
uous with the eiliary body posteriorly. Its round eentral open- 
ing, the pupil, allows light to enter the eye. The iris is made 
up of two smooth muscle layers with bunches of stieky elastie 
fibers that eongeal into a random pattern before birth. Its mus- 
ele fibers allow it to aet as a reflexively aetivated diaphragm to 
vary pupil size gure 15.5' . In elose vision and bright light, 
the sphineter pupillae (circular muscles) eontraet and the pupil 
eonstriets. In distant vision and dim light, the dilator pupillae 
(radial muscles) eontraet and the pupil dilates, allowing more 
light to enter. Sympathetie fibers eontrol pupillary dilation and 
parasympathetie fibers eontrol eonstrietion. 

Changes in pupil size may also refleet our interests and emo- 
tional reaetions. Our pupils often dilate when the subject matter 
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gure 15.6 Mieroseopie anatomy of the retina. (a) The axons of the ganglion eells form 
the optie nerve, vvhieh leaves the baek of the eyeball at the optie dise. (b) Light (indieated by 
the yellovv arrovv) passes through the retina to excite the photoreeeptor eells (rods and eones). 
Information (output signals; gray arrovv) flovvs in the opposite direetion via bipolar and ganglion 
eells. (e) Photomierograph (145x). 
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is appealing, in response to fear, and during problem solving. 
(Computing your taxes should make your pupils get bigger and 
bigger.) On the other hand, boredom or repulsive subject matter 
causes pupils to eonstriet. 

Although irises eome in diíferent eolors (iris — rainbow), 
they eontain only brown pigment. When they have a lot of pig- 
ment, the eyes appear brown or blaek. If the amount of pigment 
is small and restrieted to the posterior surface of the iris, the 
unpigmented parts simply seatter the shorter wavelengths of 
light and the eyes appear blue, green, or gray. Most newborn 
babies eyes are slate gray or blue because their iris pigment is 
not yet developed. 

Inner Layer (Retina) 

The innermost layer of the eyeball is the delieate retina (ret'í- 
nah), which originates as an outpocketing of the brain. It eontains 
millions of photoreeeptors that transduce (eonvert) light energy, 
other neurons involved in proeessing light responses, and glia. 
The retina eonsists of two layers: an outer pigmented layer and an 
inner neural layer Figure 15.6). Although the pigmented and 
neural layers are very elose together, they are not fused. Only the 
neural layer of the retina plays a direet role in vision. 

Pigmented Layer of the Retina The outer pigmented layer, 

a single-eell-thiek lining, abuts the ehoroid, and extends anteri- 
orly to eover the eiliary body and the posterior faee of the iris. 
These pigment eells, like those of the ehoroid, absorb light and 
prevent it from seattering in the eye. They also aet as phago- 
eytes partieipating in photoreeeptor eell renewal (deseribed on 
p. 559), and store vitamin A needed by the photoreeeptor eells. 

Neural Layer of the Retina The transparent inner neural 
layer extends anteriorly to the posterior margin of the eiliary 
body. This junction is ealled the ora serrata, literally, the saw- 
toothed margin (see Figure 15.4). 

From posterior to anterior, the neural layer is eomposed of 
three main types of neurons: photoreeeptors, bipolar eells, and 
ganglion eells (Figure 15.6). Signals are produced in response 
to light and spread from the photoreeeptors (abutting the pig- 
mented layer) to the bipolar eells and then to the innermost 
ganglion eells, where aetion potentials are generated. The gan- 
glion eell axons make a right-angle turn at the inner faee of the 
retina, then leave the posterior aspeet of the eye as the thiek 
optie nerve. The retina also eontains other types of neurons— 
horizontal eells and amaerine eells—which play a role in visual 
proeessing. 

The optie dise, where the optie nerve exits the eye, is a weak 
spot in the fundus (posterior wall) of the eye because it is not 
reinforeed by the selera. The optie dise is also ealled the blind 
spot because it laeks photoreeeptors, so light focused on it ean- 
not be seen. Nonetheless, we do not usually notiee these gaps in 
our vision because the brain uses a sophistieated proeess ealled 
filling in to deal with absenee of input. 

The quarter-billion photoreeeptors found in the neural layer 
are of two types: rods and eones. 

■ Rods are our dim-light and peripheral vision reeeptors. They 

are more numerous and far more sensitive to light than eones 



Central 
artery 
and vein 
emerging 
from the 
optie dise 


Optie dise 

Macula 

lutea 

Retina 


gure 15.Í Part of the posterior wall (fundus) of the right 
eye as seen with an ophthalmoseope. 


are, but they do not provide sharp images or eolor vision. 
This is why eolors disappear and the edges of objeets appear 
fuzzy in dim light and at the edges of our visual field. 

■ Cones, by eontrast, are our vision reeeptors for bright light 
and provide high-resolution eolor vision. 


Lateral to the blind spot of eaeh eye, and loeated preeisely at 
the eyes posterior pole, is an oval region ealled the macula lutea 
(mak'u-lah lu'te-ah; cc yellow spot”) with a minute (0.4 mm) pit 
in its eenter ealled the fovea eentralis (see Figure 15.4). In this 
region, the retinal structures abutting the vitreous humor are 
displaeed to the sides. This allows light to pass almost direetly 
to the photoreeeptors rather than through several retinal layers, 
greatly enhaneing visual acuity (the ability to resolve detail). The 
fovea eontains only eones, the macula eontains mostly eones, 
and from the edge of the macula toward the retina periphery, 
eone density deelines gradually. The retina periphery eontains 
mostly rods, which continuously deerease in density from there 
to the macula. 

Only the foveae (plural of fovea) have a sufficient eone den- 
sity to provide detailed eolor vision, so anything we wish to view 
eritieally is focused on the foveae. Because eaeh fovea is only 
about the size of the head of a pin, only a thousandth of the 
entire visual field is in hardfocus (foveal focus) at a given mo- 
ment. Consequently, for us to visually eomprehend a seene that 
is rapidly ehanging (as when we drive in traffie), our eyes must 
fliek rapidly baek and forth to provide the foveae with images of 
different parts of the visual field. 

The neural layer of the retina reeeives its blood supply from two 
sources. Vessels in the ehoroid supply the outer third (eontain- 
ing photoreeeptors). The inner two-thirds is served by the eentral 
artery and eentral vem of the retina, which enter and leave the 
eye through the eenter of the optie nerve (see Figure 15.4a). Ra- 
diating outward from the optie dise, these vessels give rise to a 
rieh vascular network. This is the only plaee where small blood 
vessels are visible in a living person gure 15.1 . Physieians may 
observe these tiny vessels with an ophthalmoseope for signs of 
hypertension, diabetes, and other vascular diseases. 
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gure 15.8 Circulation of aqueous humor. The arrows indieate the circulation pathway. 
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The pattern of vascularization of the retina makes it susceptible 
to retinal detaehment. This eondition, in which the pigmented 
and neural layers separate (detaeh) and allow the jellylike vitre- 
ous humor to seep between them, ean cause permanent blind- 
ness because it deprives the photoreeeptors of nutrients. 

Retinal detaehment usually happens when the retina is torn 
during a traumatic blow to the head or when the head stops 
moving suddenly and then jerks in the opposite direetion (as 
in bungee jumping). The symptom that vietims most often de- 
seribe is “a curtain being drawn aeross the eye” but some people 
see sootlike spots or light flashes. If diagnosed early, it is often 
possible to reattaeh the retina with a laser before photoreeeptors 
are permanently damaged. + 


Internal Chambers and Fluids 

As we noted earlier, the lens and its halolike eiliary zonule divide 
the eye into two segments, the anterior segment in front of the 
lens and the larger posterior segment behind it (see Figure 15.4a). 
The posterior segment is filled with a elear gel ealled vitreous 
humor (vitre — glassy) that binds tremendous amounts of water. 
Vitreous humor 

■ Transmits light 

■ Supports the posterior surface of the lens and holds the neu- 
ral layer of the retina firmly against the pigmented layer 


■ Contributes to intraocular pressure, helping to counteract 
the pulling foree of the extrinsic eye muscles 


Vitreous humor forms in the embryo and lasts for a lifetime. 

The iris divides the anterior segment into the anterior 
ehamber (between the eornea and the iris) and the posterior 
ehamber (between the iris and the lens) Figure 15.8F The 
entire anterior segment is filled with aqueous humor, a elear 
fluid similar in eomposition to blood plasma. Unlike the vitre- 
ous humor, aqueous humor forms and drains continually and is 
in eonstant motion. 


© 

© 



The eapillaries of the eiliary proeesses form the aqueous 
humor by filtering plasma into the posterior ehamber. 

A portion of the fluid freely diffuses through the vitreous 
humor in the posterior segment while the remainder flows 
into the anterior ehamber. 

After flowing through the pupil into the anterior ehamber, 
aqueous humor drains into the venous blood via the seleral 
venous sinus, an unusual venous ehannel that eneireles the 
eye in the angle at the eorneoseleral junction. 


Normally, aqueous humor forms and drains at the same rate, 
maintaining a eonstant intraocular pressure of about 16 mm Hg, 
which helps to support the eyeball internally. Aqueous humor sup- 
plies nutrients and oxygen to the lens and eornea and to some eells 
of the retina, and it earries away their metabolie wastes. 
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Homeostatie imbalanee 15.6 


If the drainage of aqueous humor is bloeked, fluid baeks up as in 
a elogged sink. Pressure within the eye may inerease to danger- 
ous levels and eompress the retina and optie nerve—a eondition 
ealled glaucoma (glaw-ko'mah). The eventual result is blind- 
ness (glaucoma — vision growing gray) unless the eondition 
is deteeted early. Unfortunately, many forms of glaucoma steal 
sight so slowly and painlessly that people do not realize they 
have a problem until the damage is done. Late signs include see- 
ing halos around lights and blurred vision. 

The glaucoma examination is simple. The intraocular pres- 
sure is determined by direeting a puff of air at the eornea and 
measuring the amount of eorneal deformation it causes. This 
exam should be done yearly after age 40. The most eommon 
treatment is eye drops that inerease the rate of aqueous humor 
drainage or deerease its production. Laser therapy or surgery 
ean also help. + 


Lens 

The lens is a biconvex, transparent, flexible structure that ean 
ehange shape to preeisely focus light on the retina. It is enelosed 
in a thin, elastie capsule and held in plaee just posterior to the 
iris by the eiliary zonule (Figure 15.8). Like the eornea, the lens 
is avascular; blood vessels interfere with transpareney. 

The lens has two regions: the lens epithelium and the lens 
fibers. The lens epithelimn, eonfined to the anterior lens surface, 
eonsists of cuboidal eells that eventually differentiate into the 
lens fibers that form the bulk of the lens. The lens fibers, which 
are paeked tightly together like the layers in an onion, eontain 
no nuclei and few organelles. They do, however, eontain trans- 
parent, preeisely folded proteins ealled erystallins that form the 
body of the lens. Sinee new lens fibers are continually added, the 
lens enlarges throughout life, beeoming denser, more convex, 
and less elastie, all of which gradually impair its ability to focus 
light properly. 
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A eataraet ( cc waterfall”) is a clouding of the lens that causes 
the world to appear distorted, as if seen through frosted glass 

gure 15.9]. Some eataraets are eongenital, but most result 
from age-related hardening and thiekening of the lens or are 
a seeondary consequence of diabetes mellitus. Heavy smoking 
and frequent exposure to intense sunlight inerease the risk for 
eataraets. 

Oxidative stress and metabolie ehanges in the deeper lens 
fibers promote clumping of the erystallin proteins. A reeent 
study unexpectedly showed that supplementation with the anti- 
oxidant vitamin C actually inereases eataraet formation. For- 
tunately, the offending lens ean be surgically removed and an 
artifieial lens implanted to save the patient s sight. + 



Check Your IJnderstanding 


1. VVhat are tears and vvhat structure seeretes them? 

2. VVhat is the blind spot and vvhy is it blind? 



Figure 15.9 Photograph of a eataraet. The lens, not the eornea, 
is milky and opaque. 


3. Sam's optometrist tells him that his intraocular pressure is 
high. VVhat is this eondition ealled and vvhieh fluid does it 
involve? 

_ For ansvvers; see Appendix H. 


Opties and the Eye 

✓ Traee the pathvvay of light through the eye to the retina, 
and explain hovv light is foeiised for distant and elose 
vision. 

s Outline the causes and consequences of astigmatism, 
myopia, hyperopia, and presbyopia. 



Overview: Light and Opties 

To eomprehend the function of the eye as a photoreeeptor or- 
gan, we need to understand the properties of light. 

Wavelength and Color Eleetromagnetie radiation includes 
all energy waves, from long radio waves (with wavelengths 
measured in meters) to very short gamma (y) waves and X rays 
with wavelengths of 1 nm and less. Our eyes respond to the part 
of the speetmm ealled visible light, which has a wavelength 
range of approximately 400-700 nm i |ure 15.1 Oa] . (1 nm = 
10 -9 m, or one-billionth of a meter.) 

Visible light travels in the form of waves, and its wavelengths 
ean be measured very accurately. However, light ean also be en- 
visioned as small partieles or paekets of energy ealled photons or 
quanta. Attempts to reeoneile these two findings have led to the 
present eoneept of light as paekets of energy (photons) traveling 
in a wavelike fashion at very high speeds (300,000 km/s or about 
186,000 mi/s). We ean think of light as a vibration of pure energy 
( cc a bright wiggle”) rather than a material substance. 

When visible light passes through a prism, eaeh of its eompo- 
nent waves bends to a different degree, dispersing the beam of 







554 


UNIT 3 Regiilation and Integration of the Body 


10 5 nm 10 3 nm 1 nm 


10 3 nm 


(10 9 nm =) 

10 6 nm 1 m 10 3 m 


1 

i i 

i_i_1_i_i 

i i 

i i 1 

Gamma 

rays 

X rays 

UV 


Infrared 

Miero- 

waves 

Radio waves 


(a) 


£ 


I 100 

x 

(0 

£ 


o 


o 

o 

o 

o. 


o 


o. 

o 

</) 

n 

m 


50 


O) 




15 


o 



Blue 

eones 


Green 


Red 


Rods 


eones eones 


(420 nm) (500 nm) (530 nm) (560 nm) 



400 


450 


500 


550 


600 


650 


700 


Wavelength (nm) 


(b) 


gure 15.10 The eleetromagnetie speetmm and photoreeep- 
tor sensitivities. (a) The eleetromagnetie spectrum, of which visible 
light constitutes only a small portion. (nm = nanometers.) (b) Sensi- 
tivities of rods and the three eone types to the different wavelengths 
of the visible spectrum. 


light into a visible spectrum, or band of eolors (Figure 15.10b). 
(A rainbow that appears during a summer shower represents 
the eolleetive prismatie effeets of all the tiny water droplets sus- 
pended in air.) Red wavelengths are the longest and have the 
lowest energy, while violet wavelengths are the shortest and 
most energetie. 

Like sound, light ean refleet, or bounce, off a surface. This 
refleetion of light by objeets in our environment accounts for 
most of the light reaehing our eyes. Objeets have eolor because 
they absorb some wavelengths and refleet others. A red apple 
refleets mostly red light, while grass refleets more of the green. 
Things that look white refleet all wavelengths of light, whereas 
blaek objeets absorb them all. 

Refraetion and Lenses Light travels in straight lines (rays) and 
is bloeked by any nontransparent objeet. When light travels in 
a given medium, its speed is eonstant. But when it passes from 



gure 15.11 Refraetion. A straw standing in a glass of water 
appears to be broken at the water-air interfaee. This occurs because 
light bends toward the perpendicular when it travels from a less 
dense medium (such as air) to a more dense medium (such as 
water). 


one transparent medium into another with a different density, 
its speed ehanges. Light speeds up as it passes into a less dense 
medium and slows as it passes into a denser medium. Because of 
these ehanges in speed, bending or refraetion of a light ray occurs 
when it meets the surface of a different medium at an oblique 
angle rather than at a right angle (perpendicular). The greater this 
angle, the greater the amount of bending. igure 15.11 shows 
refraetion: A straw in a glass of water appears to break at the air- 
water interfaee. 

A lens is a transparent objeet curved on one or both surfaces. 
Sinee light hits the curve at an angle, it is refraeted. If the lens 
surface is convex, that is, thiekest in the eenter like a eamera 
lens, the light rays bend so that they eonverge or interseet at a 
single point ealled the foeal point gure 15.12a' . In general, 
the thieker (more convex) the lens, the more the light bends and 
the shorter the foeal distanee (distanee between the lens and 
foeal point). The image formed by a convex lens, ealled a real 
image, is inverted—upside down and reversed from left to right 
(Figure 15.12b). 

Concave lenses, which are thieker at the edges than at the 
eenter, diverge the light (bend it outward) so that the light rays 
move away from eaeh other. Consequently, eoneave lenses pre- 
vent light from focusing and extend the foeal distanee. 

Focusing Light on the Retina 

As light passes from air into the eye, it moves sequentially 
through the eornea, aqueous humor, lens, and vitreous humor, 
and then passes through the entire nemal layer of the retina to 
excite the photoreeeptors that abut the pigmented layer (see 
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(a) Foeiising of two points of light. 



(b)The image is inverted—upside down and reversed. 

Figure 15.12 Light is focused by a convex lens. The lens 
bends, or refraets, light rays so they eonverge on a foeal point. 


Figures 15.4 and 15.6). During its passage, light is bent three 
times: (1) entering the eornea, (2) entering the lens, and (3) 
leaving the lens. 

The eornea accounts for the majority of the refraetory power 
of the eye. However, the refraetory power of the eornea is eon- 
stant. On the other hand, the lens is highly elastie, and its curva- 
ture and light-bending power ean aetively ehange to allow fine 
focusing. 

Focusing for Distant Vision Our eyes are best adapted (“preset 
to focus”) for distant vision. To look at distant objeets, we need 
only aim our eyeballs so that they are both fixated on the same 
spot. The far point of vision is that distanee beyond which no 
ehange in lens shape (aeeommodation) is needed for focusing. 
For the normal or emmetropie (em"é-tro'pik) eye, the far point 
is 6 m (20 feet). 

Any objeet being viewed ean be said to eonsist of many small 
points, with light radiating outward in all direetions from eaeh 
point. However, because distant objeets appear smaller, light 
from an objeet at or beyond the far point of vision approaehes 
the eyes as nearly parallel rays. The eornea and the at-rest lens 
focus the light from these distant objeets preeisely on the retina 
(Figure 15.13a). 

During distant vision, the sphineterlike eiliary muscles are 
eompletely relaxed, and tension in the eiliary zonule stretehes 
the lens flat. Consequently, the lens is as thin as it gets and is 
at its lowest refraetory power when at rest. The eiliary muscles 
relax when sympathetie input to them inereases and parasym- 
pathetie input deereases. 


Nearly parallel rays 
from distant objeet 



Lens 


Ciliary zonule 
Ciliary muscle 


Sympathetie aetivation 



Inverted 

image 


(a) Lens flattens for distant vision. Sympathetie input 
relaxes the eiliary muscle, tightening the eiliary zonule, 
and flattening the lens. 


Parasympathetie aetivation 



(b) Lens bulges for elose vision. Parasympathetie input 
eontraets the eiliary muscle, loosening the eiliary zonule, 
allowing the lens to bulge. 



View 


Ciliary muscle 


Lens 


Ciliary zonule- 

(suspensory ligament) 


(e) The eiliary muscle and eiliary zonule are arranged 
sphineterlike around the lens. As a result, eontraetion 
loosens the eiliary zonule fibers and relaxation tightens 
them. 

gure 15.13 Focusing for distant and elose vision. 


Focusing for Close Vision Light from elose objeets (less than 
6 m away) diverges as it approaehes the eyes and eomes to a 
foeal point farther from the lens. For this reason, elose vision 
demands that the eye make aetive adjustments. To restore focus, 
three proeesses must occur simultaneously: aeeommodation of 
the lenses, eonstrietion of the pupils, and eonvergenee of the 
eyeballs. The signal that induces this trio of reflex responses is 
blurring of the retinal image. 
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■ Aeeommodation of the lenses. Aeeommodation is the pro- 
eess that inereases the refraetory power of the lens. The eiliary 
muscles eontraet, pulling the eiliary body anteriorly toward 
the pupil and inward, releasing tension in the eiliary zonule. 
No longer stretehed, the elastie lens reeoils and bulges, pro- 
viding the shorter foeal length needed to focus the image of 
a elose objeet on the retina (Figure 15.13b). Parasympathetie 
fibers of the oculomotor nerves eontrol the eontraetion of 
the eiliary muscles. 

The elosest point on which we ean focus elearly is ealled 
the near point of vision, and it represents the maximum 
bulge the lens ean aehieve. In young adults with emmetropie 
vision, the near point is 10 em (4 inehes) from the eye. How- 
ever, it is eloser in ehildren and gradually reeedes with age, ex- 
plaining why ehildren ean hold their books very elose to their 
faees while many elderly people must hold the newspaper at 
arms length. The gradual loss of aeeommodation with age 
refleets the lenss deereasing elastieity. In many people over 
age 50, the lens is nonaeeommodating, a eondition known as 
presbyopia (pres"be-o'pe-ah), literally cc old persons vision.” 

■ Constriction of the pupils. The sphineter pupillae muscles of 
the iris enhanee the eífeet of aeeommodation by reducing the 
size of the pupil toward 2 mm (see Figure 15.5). This aeeom- 
modation pupillary reflex, mediated by parasympathetie 
fibers of the oculomotor nerves, prevents the most diver- 
gent light rays from entering the eye. Such rays would pass 
through the extreme edge of the lens and would not focus 
properly, causing blurred vision. 

■ Convergence of the eyeballs. The visual goal is always to 
keep the objeet being viewed focused on the retinal foveae. 
When we look at distant objeets, both eyes are direeted either 
straight ahead or to one side to the same degree, but when 
we fixate on a elose objeet, our eyes eonverge. Convergence, 
eontrolled by somatie motor fibers of the oculomotor nerves, 
is medial rotation of the eyeballs by the medial rectus mus- 
eles so that eaeh is direeted toward the objeet being viewed. 
The eloser that objeet, the greater the degree of eonvergenee 
required. For example, when you focus on the tip of your 
nose, you c go eross-eyed.” 

Reading or other elose work requires almost continuous ae- 
eommodation, pupillary eonstrietion, and eonvergenee. This is 
why prolonged periods of reading tire the eye muscles and ean 
result in eyestrain. When you read for an extended time, it helps 
to look up and stare into the distanee oeeasionally to relax your 
intrinsie eye muscles. 


Myopia (mi-o'pe-ah; cc short vision”) occurs when distant ob- 
jeets focus in front of the retina, rather than on it ( : igure 15.14, 
left). Myopie people see elose objeets without problems because 
they ean focus them on the retina, but distant objeets are blurred. 
The eommon name for myopia is nearsightedness. (Notiee that 
this terminology names the aspeet of vision that is iinimpaired.) 
Myopia typieally results from an eyeball that is too long. 

Correction has traditionally involved using eoneave lenses 
that diverge the light before it enters the eye. Laser procedures 
to flatten the eornea slightly offer other treatment options. 

Hyperopia (hy'per-o"pe-ah; cc far vision”), or farsightedness, 
occurs when the parallel light rays from distant objeets focus 
behind the retina (Figure 15.14, right). Hyperopie individuals 
ean see distant objeets perfeetly well because their eiliary mus- 
eles eontraet almost continuously to inerease the light-bending 
power of the lens, which moves the foeal point forward onto 
the retina. However, diverging light rays from nearby objeets 
focus so far behind the retina that the lens eannot bring the fo- 
eal point onto the retina even at its full refraetory power. As a 
result, elose objeets appear blurry, and convex eorreetive lenses 
are needed to eonverge the light more strongly for elose vision. 
Hyperopia usually results from an eyeball that is too short. 

Unequal curvatures in different parts of the eornea or lens 
also lead to bhirry images. This refraetory problem is astig- 
matism (astigma — not a point). Speeial eylindrieally ground 
lenses or laser procedures are used to eorreet this problem.+ 



Check Your LPnderstanding 


4. Arrange the following in the order that light passes through 
them to reaeh the photoreeeptors (rods and eones) in the 
retina: lens, bipolar eells, vitreous humor, eornea, aqueous 
humor, ganglion eells. (Hint: See Figure 15.6 if you need a 
reminder of where ganglion eells and bipolar eells are.) 

5. You have been reading this book for a while now and your 
eyes are beginning to tire. Which intrinsie eye muscles are 
relaxing as you stare thoughtfully into the distanee? 

6. Why does your near point of vision move farther away as 
you age? 

_ For ansvvers, see Appendix H. 


Photoreeeptors and Phototransduction 

Deseribe the events that eonvert light into a neural signal. 
Compare and eontrast the roles of rods and eones in vision. 
Compare and eontrast light and dark adaptation. 
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Theoretieally, visual problems related to refraetion could re- 
sult from a hyperrefraetive (overeonverging) or hyporefraetive 
(underconverging) lens or from structural abnormalities of the 
eyeball. In praetiee, 99% of refraetive problems are related to 
eyeball shape—either too long or too short. 


Onee light is focused on the retina, the photoreeeptors eome 
into play. First, we will deseribe the fimetional anatomy of the 
rod and eone photoreeeptor eells, then the ehemistry and re- 
sponse of their visual pigments to light, and finally, photoreeep- 
tor aetivation, phototransduction, and information proeessing 
in the retina. Phototransduction is the proeess by which light 
energy is eonverted into a graded reeeptor potential. 
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Hyperopie eye (farsighted) 



llneorreeted 

Foeal point is in front of retina. 



Eyeball 
too long 



Corrected 


Concave lens moves foeal 
point further baek. 


Llneorreeted 

Foeal point is behind retina. 



Eyeball 
too short 


t 



point forward. 

Corrected 


r 


15 


L 


gure 15.14 Problems of refraetion. The refraetive povver of the eornea, vvhieh normally 
supplies about tvvo-thirds of the light-bending povver of the eye, is ignored here. 


Functional Anatomy of the Photoreeeptors 

Photoreeeptors are modifìed neurons, but structurally they re- 
semble tall epithelial eells turned upside down with their “tips” 
immersed in the pigmented layer of the retina gure 15.15a] . 
These “tips” are the reeeptive regions of rods and eones and are 
ealled the outer segments. Moving from the pigmented layer into 
the neural layer, a eonneeting cilium joins the outer segment of a 


rod or eone to the inner segment. The inner segment then eon- 
neets to the eell body , which is continuous with an inner fiber 
bearing synaptie terminals. 

In rods, the outer segment is slender and rod shaped (henee 
their name) and the inner segment eonneets to the eell body by 
the outerfiber. By eontrast, the eones have a short eonieal outer 
segment and the inner segment direetly joins the eell body. 
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(a)The outer segments of rods and eones are 
embedded in the pigmented layer of the retina. 

Figure 15.1 Photoreeeptors of the retina. 


(b) Rhodopsin, the visual pigment in rods, is 
embedded in the membrane that forms dises 
in the outer segment. 


The outer segments eontain an elaborate array of visual pig- 
ments (photopigments) that ehange shape as they absorb light. 
These pigments are embedded in areas of the plasma membrane 
that form dises (Figure 15.15b). Folding the plasma membrane 
into dises inereases the surface area available for trapping light. 


In rods, the dises are discontinuous—staeked inside a eylinder 
of plasma membrane like pennies in a eoin wrapper. In eones, 
the dise membranes are continuous with the plasma membrane, 
so the interiors of the eone dises are continuous with the extra- 
cellular spaee. 
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Photoreeeptor eells are highly vulnerable to damage and im- 
mediately begin to degenerate if the retina beeomes detaehed. 
They are also destroyed by intense light, the very energy they 
deteet. How is it, then, that we do not all gradually go blind? The 
answer lies in the photoreeeptors’ unique system for renewing 
their light-trapping outer segment. Every 24 hours, new eom- 
ponents are synthesized in the eell body and added to the base 
of the outer segment. As new dises are made, the dises at the tip 
of the outer segment continually fragment oíf and pigment eells 
phagoeytize them. 

Comparing Rod and Cone Vision 

Rods and eones have different thresholds for aetivation. Rods, 
for example, are very sensitive (they respond to very dim light— 
a single photon), making them best suited for night vision and 
peripheral vision. Cones, on the other hand, need bright light 
for aetivation (have low sensitivity), but reaet more rapidly. 
Cones have one of three different pigments that furnish a viv- 
idly eolored view of the world, but rods eontain a single kind of 
visual pigment so their inputs are pereeived only in gray tones. 

Rods and eones are also <c wired” differently to other retinal 
neurons. Rods partieipate in eonverging pathways, and as many 
as 100 rods may ultimately feed into eaeh ganglion eell. As a 
result, rod effeets are summated and eonsidered eolleetively, re- 
sulting in vision that is ffizzy and indistinet. (The visual cortex 
has no way of knowing exactly which rods of the large number 
influencing a particular ganglion eell are actually aetivated.) 

In eontrast, eaeh eone in the fovea (or at most a few) has a 
straight-through pathway via its <c own personal bipolar eell” to a 
ganglion eell (see Figure 15.6b). Essentially, eaeh foveal eone has 
its own <c labeled line” to the higher visual eenters—permitting 
detailed, high-acuity (high-resolution) views of very small areas 
of the visual field. 

Because rods are absent from the foveae and eones do not 
respond to low-intensity light, we see dimly lit objeets best 
when we do not look at them direetly, and we reeognize them 
best when they move. If you doubt this, go out into your baek- 
yard on a moonlit evening and see how much you ean actually 
diseriminate. 

Table 15.1 summarizes the differenees between rods and 
eones. 

The ehemistry of Visual Pigments 

How do photoreeeptors translate ineoming light into eleetri- 
eal signals? The key is a light-absorbing molecule ealled retinal 
that eombines with proteins ealled opsins to form four types 
of visual pigments. Depending on the type of opsin to which 
it is bound, retinal absorbs different wavelengths of the visible 
speetmm. 

The eone opsins differ both from the opsin of the rods and 
from one another. The naming of eones refleets the eolors (that 
is, wavelengths) of light that eaeh eone variety absorbs best. Blue 
eones respond maximally to wavelengths around 420 nm, green 
eones to wavelengths of 530 nm, and red eones to wavelengths 
at or elose to 560 nm (see Figure 15.10b). 


Table 15.1 Comparison of Rods and Cones 

RODS 

CONES 

Noneolor vision (one visual 
pigment) 

Color vision (three visual 
pigments) 

High sensitivity; function in dim 
light 

Low sensitivity; function in 
bright light 

Low acuity (many rods 
eonverge onto one ganglion 
eell) 

High acuity (one eone per 
ganglion eell in fovea) 

More numerous (20 rods for 
every eone) 

Less numerous 

Mostly in peripheral retina 

Mostly in eentral retina 


How do we see other eolors besides blue, green, and red? 
Cones absorption speetra overlap, and our pereeption of inter- 
mediate hues, such as yellow, orange, and purple, results from 
differential aetivation of more than one type of eone at the same 
time. For example, yellow light stimulates both red and green 
eone reeeptors, but if the red eones are stimulated more than the 
green eones, we see orange instead of yellow. When all eones are 
stimulated equally, we see white. 
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Color blindness is due to a eongenital laek of one or more eone 
pigments. Inherited as an X-linked eondition, it is far more 
eommon in males than in females. As many as 8-10% of males 
have some form of eolor blindness. 

The most eommon type is red-green eolor blindness, result- 
ing from a defieit or absolute absenee of either red or green eone 
pigments. Red and green are seen as the same eolor—either red 
or green, depending on the eone pigment present. Many eolor- 
blind people are unaware of their eondition because they have 
learned to rely on other cues—such as different intensities of the 
same eolor—to distinguish something green from something 
red, such as traffie signals. + 



Retinal is ehemieally related to vitamin A and is made from 
it. The eells of the pigmented layer of the retina absorb vitamin 
A from the blood and serve as the loeal vitamin A depot for rods 
and eones. 

Retinal ean assume a variety of distinet three-dimensional 
forms, eaeh form ealled an isomer. When bound to opsin, reti- 
nal has a bent, or kinked, shape ealled 11-e/s-retinal, as shown 
at the top of 'igure 15.16. However, when the pigment is stmek 
by light and absorbs a photon, retinal twists and snaps into a 
new configuration, all-írans-retinal, shown at the bottom of 
Figure 15.16. This ehange, in turn, causes opsin to ehange shape 
and assume its aetivated form. 

The capture of light by visual pigments is the only light- 
dependent stage, and this simple photoehemieal event initiates 
a whole ehain of ehemieal and eleetrieal reaetions in rods and 
eones that ultimately causes eleetrieal impulses to be transmitted 
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Figure 15.16 The formation and breakdown 
of rhodopsin. 11 -e/s-retinal ean either be 
regenerated from a11-tra/is-retinal or made from 
vitamin A. 


11-e/s-retinal 


h 39 ch 3 


(J) Pigment synthesis: 

11-e/s-retinal, derived 
from vitamin A, is 
eombined with opsin 
to form rhodopsin. 


Vitamin A 




15 





Pigment regeneration: 

Enzymes slowly eonvert 
all-trans-retinal to its 
11-e/s form in eells of the 
pigmented layer; requires 
ATP. 


(2) Pigment bleaehing: 

Light absorption by 
rhodopsin triggers a 
rapid series of steps in 
which retinal ehanges 
shape (1 l-e/'s to all- 
trans) and eventually 
releases from opsin. 



All-frans-retinal 


along the optie nerve. Let s look more elosely at these events in 
rods and in eones. 

Phototransduction 

Phototransduction begins when a visual pigment captures a 
photon of light. 

Capturing Light The visual pigment of rods is a deep purple 
pigment ealled rhodopsin (ro-dop'sin; rhodo = rose, opsis = 
vision). (Do you suppose the person who eoined the expression 
“looking at the world through rose-eolored glasses” knew the 
meaning of “rhodopsin”?) Rhodopsin molecules are arranged in 


a single layer in the membranes of eaeh of the thousands of dises 
in the rods outer segments. The formation and breakdown of 
rhodopsin is shown in Figure 15.16. 

® Pigment synthesis: Rhodopsin forms and accumulates in 
the dark. Vitamin A is oxidized (and isomerized) to the 
11 -eis -retinal form and then eombined with opsin to form 
rhodopsin. 

@ Pigment bleaehing: When rhodopsin absorbs light, reti- 
nal ehanges shape to its all -trans isomer, allowing the sur- 
rounding protein to quickly relax like an uncoiling spring 
into its light-aetivated form. Eventually, the retinal-opsin 
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Reeall from ehapter 3 that 
G protein signaling meehanisms 
are like a molecular relay raee. 



Light (1 st Reeeptor G protein Enzyme 2nd 

messenger) messenger 


® Retinal absorbs light 
and ehanges shape. Visual 
pigment aetivates. 


Visual 

pigment 


11-e/s-retinal 


Phosphodiesterase (PDE) 



®Ca 2+ 

(X _ 



open in dark 


eGMP-gated 
eation ehannel 
elosed in light 


Transducin 
(a G protein) 


k£/Visual pigment 
aetivates transducin 
(G protein). 


©Transducin (J) PDE eonverts (§) As eGMP levels fall, 

aetivates eGMP into GMP, eGMP-gated eation M 

phosphodiesterase causing eGMP ehannels elose, resulting ■ 

(PDE). levels to fall. in hyperpolarization. I 


gure 15.1 Events of phototransduction. A portion of photoreeeptor dise membrane is 
shovvn. The G protein eonversion of GTP to GDP has been omitted for elarity. For simplieity, the 
ehannels gated by eyelie GMP (eGMP) are shovvn on the same membrane as the visual pigment 
instead of in the plasma membrane. 


eombination breaks down, allowing retinal and opsin to 
separate. The breakdown of rhodopsin to retinal and opsin 
is known as the bleaehing of the pigment. 

@ Pigment regeneration: Onee the light-struck all -trans- 
retinal detaehes from opsin, enzymes within the pig- 
mented epithelium reeonvert it to its 11-ds isomer. 
Then, retinal heads £C homeward” again to the photore- 
eeptor eells outer segments. Rhodopsin is regenerated 
when 11-ds-retinal is rejoined to opsin. 


allows Na + and Ca 2+ to enter, depolarizing the eell to its dark 
potential of about —40 mV. In the light, eGMP breaks down, the 
eation ehannels elose, Na + and Ca 2+ stop entering the eell, and 
the eell hyperpolarizes to about —70 mV. 

This arrangement ean seem bewildering, to say the least. 
Here we have reeeptors built to deteet light that depolarize in 
the dark and hyperpolarize when exposed to light! However, all 
that is required is a signal and hyperpolarization is just as good 
a signal as depolarization. 


The breakdown and regeneration of visual pigments in eones 
is essentially the same as for rhodopsin. However, eones are 
about a hundred times less sensitive than rods, which means 
that it takes higher-intensity (brighter) light to aetivate eones. 

Light Transdiietion Reaetions What happens when light 
ehanges opsins shape? An enzymatie easeade occurs that ul- 
timately results in elosing eation ehannels that are normally 
kept open in the dark. Figure 15.1Ì illustrates this proeess in 
more detail, but in short, light-aetivated rhodopsin aetivates a 
G protein ealled transducin. Transducin, in turn, aetivates PDE 
( phosphodiesterase ), the enzyme that breaks down eyelie GMP 
(eGMP). In the dark, eGMP binds to eation ehannels in the 
outer segments of photoreeeptor eells, holding them open. This 


Information Proeessing in the Retina 

How is the hyperpolarization of the photoreeeptors transmit- 
ted through the retina and on to the brain? Figure 15.18 il- 
lustrates this proeess. As you study this sequence, notiee that 
the photoreeeptors do not generate aetion potentials (APs), 
and neither do the bipolar eells that lie between them and the 
ganglion eells. Photoreeeptors and bipolar eells only generate 
graded potentials—excitatory postsynaptie potentials (EPSPs) 
and inhibitory postsynaptie potentials (IPSPs). 

This is not surprising if you remember that the primary func- 
tion of APs is to earry information rapidly over long distanees. 
Retinal eells are small eells that are very elose together. Graded 
potentials ean serve quite adequately as signals that direetly 
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ln the dark 


(J) eGMP-gated ehannels 
open, allowing eation influx. 
Photoreeeptor depolarizes. 


© Voltage-gated Ca 2+ 
ehannels open in synaptie 
terminals. 


(3) Neurotransmitter is 
released continuously. 


Neurotransmitter causes 
IPSPs in bipolar eell. 
Hyperpolarization results. 


@ Hyperpolarization eloses 
voltage-gated Ca 2+ ehannels, 
inhibiting neurotransmitter 
release. 


(6) No EPSPs occur in 
ganglion eell. 


© No aetion potentials occur 
along the optie nerve. 




Below, we look at a tiny column of retina. The 
outer segment of the rod, elosest to the baek 
of the eye and farthest from the ineoming light, 
is at the top. 


In the light 


Light 


- Photoreeeptor - 
eell (rod) 


Bipolar 

eell 


Ganglion 

eell 




(J)cGMP-gated ehannels 
elose, so eation influx 
stops. Photoreeeptor 
hyperpolarizes. 


© Voltage-gated Ca 2+ 
ehannels elose in synaptie 
terminals. 


neurotransmitter 


is released. 


(í) Laek of IPSPs in bipolar 
eell results in depolarization 


@ Depolarization opens 
voltage-gated Ca 2+ ehannels; 
neurotransmitter is released. 


(§) EPSPs occur in ganglion 


® Aetion potentials 
propagate along the 
optie nerve. 


gure 15.18 Signal transmission in the retina. EPSP = excitatory postsynaptie potential; 
IPSP = inhibitory postsynaptie potential. 


regulate neurotransmitter release at the synapse by opening or 
elosing voltage-gated Ca 2+ ehannels. 

As shown in the right panel of Figure 15.18, for example, 
light hyperpolarizes photoreeeptors, which then stop releas- 
ing their inhibitory neurotransmitter (glutamate). No longer 


inhibited, bipolar eells depolarize and release neurotransmitter 
onto ganglion eells. Onee the signal reaehes the ganglion eells, 
it is eonverted into an AP. This AP is transmitted to the brain 
along the ganglion eell axons that make up the optie nerve. 
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Light and Dark Adaptation 

Rhodopsin is amazingly sensitive. Even starlight bleaehes some 
of its molecules. As long as the light is low intensity, relatively 
little rhodopsin bleaehes and the retina continues to respond to 
light stimuli. However, in high-intensity light, there is wholesale 
bleaehing of the pigment, and rhodopsin bleaehes as fast as it is 
re-formed. At this point, the rods are nonfunctional, but eones 
still respond. Henee, retinal sensitivity automatically adjusts to 
the amount of light present. 

Light Adaptation Light adaptation occurs when we move 
from darkness into bright light, as when leaving a movie 
matinee. We are momentarily dazzled—all we see is white 
light—because the sensitivity of the retina is still cc sef ’ for dim 
light. Both rods and eones are strongly stimulated, and large 
amounts of the visual pigments break down almost instan- 
taneously, producing a flood of signals that accounts for the 
glare. 

Under such eonditions, eompensations occur. The rod sys- 
tem turns oíf—all of the transducins cc pack up and move” to 
the inner segment, uncoupling rhodopsin from the rest of the 
transduction easeade. Without transducin in the outer segment, 
light hitting rhodopsin eannot produce a signal. At the same 
time, the less sensitive eone system and other retinal neurons 
rapidly adapt, and retinal sensitivity deereases dramatieally. 
Within about 60 seeonds, the eones, initially overexcited by the 
bright light, are sufficiently desensitized to take over. Visual acu- 
ity and eolor vision continue to improve over the next 5-10 
minutes. Thus, during light adaptation, we lose retinal sensitiv- 
ity (rod hmetion) but gain visual acuity. 

Dark Adaptation Dark adaptation, essentially the reverse of 
light adaptation, occurs when we go from a well-lit area into a 
dark one. Initially, we see nothing but velvety blaekness because 
(1) our eones stop hmetioning in low-intensity light, and (2) the 
bright light bleaehed our rod pigments, and the rods are still 
turned offi 

But onee we are in the dark, rhodopsin accumulates, trans- 
ducin returns to the outer segment, and retinal sensitivity in- 
ereases. Dark adaptation is much slower than light adaptation 
and ean go on for hours. However, there is usually enough 
rhodopsin within 20-30 minutes to allow adequate dim-light 
vision. 

During both light and dark adaptation, reflexive ehanges 
occur in pupil size. Bright light shining in one or both eyes 
eonstriets both pupils (elieits the pupillary and consensual light 
reflexes). These pupillary reflexes are mediated by the preteetal 
nucleus of the midbrain and by parasympathetie fibers. In dim 
light, the pupils dilate, allowing more light to enter the eye. 
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Night blindness , or nyetalopia (nic"tà-lo'pe-uh), is a eondition 
in which rod hmetion is serkmsly hampered, impairing ones 
ability to drive safely at night. In countries where malnutrition 
is eommon, the most eommon cause of night blindness is pro- 
longed vitamin A defieieney, which leads to rod degeneration. 


Vitamin A supplements restore ffinetion if they are adminis- 
tered early. 

In countries where nutrition isnt a problem, retinitis 
pigmentosa —a group of degenerative retinal diseases that destroy 
rods—are the most eommon causes of night blindness. Retinitis 
pigmentosa results from pigment epithelial eells that are unable to 
reeyele the tips of the rods as they get sloughed offi + 



Check Your Understanding 


7. For eaeh of the following, indieate whether it applies to 
rods or eones: vision in bright light; only one type of visual 
pigment; most abundant in the periphery of the retina; many 
feed into one ganglion eell; eolor vision; higher sensitivity; 
higher acuity. 

8. What does bleaehing of the pigment mean and when does it 
happen? 

_ For ansvvers, see Appendix H. 


Visual Pathways and Proeessing 

Traee the visual pathway to the visual cortex, and briefly 
deseribe the steps in visual proeessing. 


The Visual Pathvvay to the Brain 

As we deseribed earlier, the axons of the retinal ganglion eells 
exit the eye in the optie nerves Figure 15.19). At the X-shaped 
optie ehiasma ( ehiasm = eross), fibers frorn the medial aspeet 
of eaeh eye eross over to the opposite side and then eontimie on 
via the optie traets. As a result, eaeh optie traet 

■ Contains fibers from the lateral (temporal) aspeet of the eye 
on the same side and fibers from the medial (nasal) aspeet of 
the opposite eye 

■ Carries all the information frorn the same half of the visual 
field 


r 


15 


L 


Notiee that, because the lens system of eaeh eye reverses all 
images, the medial half of eaeh retina reeeives light rays frorn 
the temporal (lateralmost) part of the visual field (that is, from 
the far left or far right rather than from straight ahead), and the 
lateral half of eaeh retina reeeives an image of the nasal (eentral) 
part of the visual field. Consequently, the left optie traet earries 
(and sends on) a eomplete representation of the right half of the 
visual field, and the opposite is true for the right optie traet. 

The paired optie traets sweep posteriorly around the hypo- 
thalamus and send most of their axons to synapse with neurons 
in the lateral geniculate nuclei (eontained within the lateral 
geniculate bodies) of the thalamus. The lateral geniculate nuclei 
maintain the fiber separation established at the ehiasma, but 
they balanee and eombine the retinal input for delivery to the 
visual cortex. Axons of these thalamie neurons projeet through 
the internal capsule to form the optie radiation of fibers in the 
eerebral white matter (Figure 15.19). These fibers projeet to the 
primary visual cortex in the oeeipital lobes, where conscious 
pereeption of visual images (seeing) occurs. 

Some nerve fibers in the optie traets send branehes to the 
midbrain. One set of these fibers ends in the superior colliculi, 
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Both eyes 
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Right eye 


Left eye 


Supra- 
ehiasmatie 
nucleus 


Preteetal 

nucleus 


Lateral 
geniculate 
nucleus of 
thalamus 


Superior 

colliculus 



Optie nerve 


Optie ehiasma 
Optie traet 

Lateral 
genieiilate 
nucleus 


Superior 
colliculus 
(seetioned) 

Llnerossed 
(ipsilateral) fiber 

Orossed 

(eontralateral) fiber 


Optie 


radiation 



Oeeipital 

lobe 

(primary visual 
cortex) 


Corpus callosum 


(a) The visual fields of the two eyes overlap eonsiderably. 

Note that fibers from the lateral portion of eaeh retinal field 
do not eross at the optie ehiasma. 


(b) Photograph of human brain, with the right side 
disseeted to reveal internal structures. 


gure 15.19 Visual pathvvay to the brain and visual fields, inferior view. 


visual reflex eenters eontrolling the extrinsic muscles of the eyes. 
Another set eomes from a small subset of ganglion eells in the 
retina that eontain the visual pigment melanopsin , dubbed the 
eireadian pigment. These ganglion eells respond direetly to light 
stimuli and their fibers projeet to the preteetal nuclei, which 
mediate pupillary light reflexes, and to the suprachiasmatic nu- 
cleus of the hypothalamus, which fimetions as the “timer” to set 
our daily biorhythms. 

Depth Pereeption 

Notiee that both eyes are set anteriorly and look in approxi- 
mately the same direetion. Their visual fields, eaeh about 170 
degrees, overlap to a eonsiderable extent, and eaeh eye sees a 


slightly diíferent view (Figure 15.19a). The visual cortex fuses 
the slightly difiFerent images delivered by the two eyes, providing 
us with depth pereeption (or three-dimensional vision), an 
accurate means of loeating objeets in spaee. 

In eontrast, many animals (pigeons, rabbits, and others) have 
panoramie vision. Their eyes are plaeed more laterally on the 
head, so that the visual fields overlap very little, and erossover 
of the optie nerve fibers is almost eomplete. Consequently, eaeh 
visual cortex reeeives input prineipally from a single eye and a 
totally difiFerent visual field. 

Depth pereeption depends on the two eyes working together. 
If only one eye is used, depth pereeption is lost, and the person 
must learn to judge an objeets position based on learned cues 
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(for example, nearer objeets appear larger, and parallel lines 
eonverge with distanee). 
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The visual systems pathways explain patterns of blindness that 
follow damage to diíferent visual structures. Loss of an eye or 
destmetion of one optie nerve eliminates tme depth pereep- 
tion entirely, and peripheral vision on the damaged side. For 
example, if the “left eye” in Figure 15.19 was lost in a hunting 
aeeident, nothing would be seen in the visual field area that is 
stippled yellow in that figure. 

If neural destruction occurs beyond the optie ehiasma—in 
an optie traet, the thalamus, or visual cortex—then part or all of 
the opposite half of the visual field is lost. For example, a stroke 
affeeting the left visual cortex leads to blindness in the right half 
of the visual field. However, sinee the right (undamaged) visual 
cortex still reeeives inputs from both eyes, depth pereeption in 
the remaining half of the visual field is retained.+ 


Visnal Proeessing 

How does information reeeived by rods and eones beeome vi- 
sion? Visual proeessing begins in the retina. 

Retinal eells simplify and eondense the information from rods 
and eones, splitting it into a number of difierent c ehannels,” eaeh 
with its own type of ganglion eell. These c ehannels” include infor- 
mation about eolor and brightness, but also about more complex 
aspeets of what we see—the angle, direetion and speed of move- 
ment of edges (sudden ehanges in brightness or eolor). Extracting 
information about edges depends on a type of proeessing ealled 
lateral inhibition , a kind of eontrast enhaneement, which is the 
job of the amaerine and horizontal eells mentioned on p. 551. 

The ganglion eells pass the proeessed information to the lat- 
eral geniculate nuclei of the thalamus. There, the retinal axons 
from eaeh visual field of the two eyes are eombined in prepara- 
tion for depth pereeption, input from eones is emphasized, and 
eontrast is further sharpened. 

The primary visual cortex , also ealled the striate cortex, 
reeeives the thiek bundle of fibers eoming in from the lateral 
geniculate nucleus. This area eontains an accurate topographi- 
eal map of the retina, with the left visual cortex reeeiving input 
from the right visual field and viee versa. Visual proeessing here 
occurs at a relatively basie level, with the proeessing neurons 
responding to dark and bright edges (eontrast information) and 
objeet orientation. 

The striate cortex also provides form, eolor, and motion in- 
puts to visual assoeiation areas eolleetively ealled the prestriate 
eortiees. The more anterior prestriate eortiees are oeeipital lobe 
eenters that continue proeessing visual information eoneerned 
with form, eolor, and movement. 

Functional neuroimaging of humans has revealed that eom- 
plex visual proeessing extends well forward into the temporal, 
parietal, and frontal lobes via two parallel streams: 

■ The cc what” proeessing stream extends through the ventral 
part of the temporal lobe and speeializes in identifying ob- 
jeets in the visual field. 


■ The cc where” proeessing stream takes a dorsal path through 
the parietal cortex all the way to the posteentral gyrus and 
uses information from the primary visual cortex to assess the 
loeation of objeets in spaee. 

Output from both these regions then passes to the frontal 
cortex, which uses that information to direet aetivities that, 
among other things, ean guide movements such as reaehing for 
a juicy peaeh. 



Check Your Llnderstanding 


9. Which part of the visual field would be affeeted by a tumor 
in the right visual cortex? By a tumor eompressing the right 
optie nerve? 

_ For ansvvers, see Appendix H. 


The ehemieal Senses: 

Smell andTaste 

Deseribe the loeation, straetore, and afferent pathways of 
smell and taste reeeptors, and explain howthese reeeptors 
are aetivated. 


Smell and taste are gritty, primitive senses that alert us to 
whether that cc stuff” nearby (or in our mouth) is to be savored or 
avoided. The reeeptors for smell (olfaetion) and taste (gustation) 
are ehemoreeeptors (they respond to ehemieals in an aqueous 
solution). They eomplement eaeh other and respond to differ- 
ent elasses of ehemieals. Smell reeeptors are excited by airborne 
ehemieals that dissolve in fluids eoating nasal membranes, and 
taste reeeptors are excited by food ehemieals dissolved in saliva. 


r 
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Olfaetory Epithelium and the Sense 
of Smell 

Although our olfaetory sense ( olfaet = to smell) is far less acute 
than that of many other animals, the human nose is still no 
slouch in pieking up small differenees in odors. Some people 
eapitalize on this ability by beeoming wine tasters. 


Loeation and Structure of Olfaetory Reeeptors 

Olfaetion deteets ehemieals ( odorants ) in sohition. The organ 
of smell is a yellow-tinged pateh (about 5 em 2 ) of pseudostrati- 
fied epithelmm, ealled the olfaetory epithelium, loeated in the 
roof of the nasal eavity i* jure 15.20a . Air entering the nasal 
eavity must make a hairpin turn to stimulate olfaetory reeeptors 
before entering the respiratory passageway below, so the human 
olfaetory epithelium is in a poor position for doing its job. (This 
is why sniffing, which draws more air superiorly aeross the ol- 
faetory epithelium, intensifies the sense of smell.) 

The olfaetory epithelium eovers the superior nasal eoneha 
on eaeh side of the nasal septum, and eontains millions of bowl- 
ing pin-shaped reeeptor eells—the olfaetory sensory neurons. 
These are surrounded and cushioned by columnar support- 
ing eells, which make up the bulk of the penny-thin epithelial 









566 


UNIT 3 Regulation and Integration of the Body 




15 


J 


Olfaetory 

epithelium 



Olfaetory traet 
Olfaetory bulb 


asal 
eonehae 


Route of 
inhaled air 



Olfaetory 

traet 


Olfaetory 

gland 


Olfaetory 
epithelium 


Mucus 



Mitral eell 
(output eell) 

Glomemli 
Olfaetory bulb 

Oribriform plate 
of ethmoid bone 

Filaments of 
olfaetory nerve 

Lamina propria 
eonneetive tissue 

Olfaetory axon 
Olfaetory stem eell 

Olfaetory sensory 
neuron 

Supporting eell 

Dendrite 
Olfaetory eilia 



Route of inhaled air 
eontaining odor molecules 


(b) 

gure 15.20 Olfaetory reeeptors. (a) Site of olfaetory epithelium in the superior nasal 
eavity. (b) An enlarged vievv of the olfaetory epithelium shovving the course of the fibers 
[filaments of the olfaetory nerve (I)] through the ethmoid bone. These synapse in the glomeruli 
of the overlying olfaetory bulb. The mitral eells are the output eells of the olfaetory bulb. 


membrane (Figure 15.20b). The supporting eells eontain a 
yellow-brown pigment similar to lipofuscin, which gives the 
olfaetory epithelium its yellow hue. At the base of the epithe- 
lium lie the short olfaetory stem eells. 

The olfaetory sensory neurons are unusual bipolar neurons. 
Eaeh has a thin apieal dendrite that terminates in a knob from 
which several long eilia radiate. These olfaetory eilia, which 
substantially inerease the reeeptive surface area, typieally lie flat 
on the nasal epithelium and are eovered by a eoat of thin mu- 
cus produced by the supporting eells and by olfaetory glands in 
the underlying eonneetive tissue. This mucus is a solvent that 
c captures” and dissolves airborne odorants. IJnlike other eilia in 
the body, which beat rapidly in a eoordinated manner, olfaetory 
eilia are largely nonmotile. 

The slender, nonmyelinated axons of the olfaetory sensory 
neurons are gathered into small faseieles that eolleetively form the 
filaments of the olfaetory nerve (eranial nerve I). They projeet 
superiorly through the openings in the eribriform plate of the eth- 
moid bone, where they synapse in the overlying olfaetory bulbs. 

Olfaetory sensory neurons are also unusual because they are 
one of the few types of neurons that undergo notieeable turn- 
over throughout adult life. Their superficial loeation puts them 


at risk for damage, and their typieal life span is 30-60 days. 
Olfaetory stem eells in the olfaetory epithelium difiFerentiate to 
replaee them. 

Speeifìeity of Olfaetory Reeeptors 

Smell is diíficult to researeh because any given odor (say, tobaeeo 
smoke) may be made up of hundreds of diíferent ehemieals. 
Taste has been neatly paekaged into five taste qualities as you 
will see, but seienee has yet to diseover any similar means for 
elassifying smell. Humans ean distinguish 10,000 or so odors, 
but researeh suggests that our olfaetory sensory neurons are 
stimulated by diíferent eombinations of a more limited number 
of olfaetory qualities. 

There are about 400 cc smell genes” in humans that are aetive 
only in the nose. Eaeh gene eneodes a unique reeeptor protein. 
It appears that eaeh protein responds to one or more odors and 
eaeh odor binds to several diíferent reeeptor types. However, 
eaeh reeeptor eell has only one type of reeeptor protein. 

Olfaetory neurons are exquisitely sensitive—in some eases, 
just a few molecules aetivate them. Some of what we eall smell 
is really pain. The nasal eavities eontain pain and temperature 
reeeptors that respond to irritants such as the sharpness of 
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gure 15.21 Olfaetory transduction proeess. A portion of olfaetory cilium membrane 
is shovvn. 


ammonia, the hotness of ehili peppers, and the C chill” of men- 
thol. Impulses from these reeeptors reaeh the eentral nervous 
system via afferent fibers of the trigeminal nerves. 

Physiology of Smell 

For us to smell a particular odorant, it must be volatile —that 
is, it must be in the gaseous state as it enters the nasal eavity. 
Additionally, it must dissolve in the fluid eoating the olfaetory 
epithelium. 

Aetivation of Olfaetory Sensory Neurons Dissolved odor- 
ants stimulate olfaetory sensory neurons by binding to re- 
eeptor proteins in the olfaetory cilium membranes, opening 
eation ehannels and generating a reeeptor potential. Ulti- 
mately (assuming threshold stimulation) an aetion potential 
is conducted to the first relay station in the olfaetory bulb. 

Smell Transduction Transduction of odorants uses a re- 
eeptor linked to a G protein. The events that follow odorant 
binding will be easy for you to remember if you eompare 
them to what you already know: general meehanisms of re- 
eeptors and G proteins (see Figure 11.21) and phototrans- 
duction (see Figure 15.17). 

As gure 15.21 shows, olfaetory transduction begins when 
an odorant binds to a reeeptor. This event aetivates G proteins 
(G olf ), which aetivate enzymes (adenylate eyelases) that synthe- 
size eyelie AMP as a seeond messenger. Cyclic AMP then aets 
direetly on a plasma membrane eation ehannel, causing it to 
open, allowing Na + and Ca 2+ to enter. 

Na + influx leads to depolarization and impulse transmission. 
Ca 2+ influx causes the transduction proeess to adapt, deereasing 
its response to a sustained stimulus. This olfaetory adaptation 
helps explain how a person working in a paper mill or sewage 
treatment plant ean still enjoy hrneh! 


The Olfaetory Pathway 


As we have already noted, axons of the olfaetory sensory neurons 
form the olfaetory nerves that synapse in the overlying olfae- 
tory bulbs, the distal ends of the olfaetory traets (see Table 13.2 
on p. 494). There, the filaments of the olfaetory nerves synapse 
with mitral eells (mi'tral), which are seeond-order sensory neu- 
rons, in complex structures ealled glomeruli (glo-mer'u-li; cc little 
balls”) (see Figure 15.20). 

Axons from neurons bearing the same kind of reeeptor eon- 
verge on a given type of glomerulus. That is, eaeh glomerulus 
represents a single aspeet of an odor (like one note in a ehord) 
but eaeh odor aetivates a unique set of glomerali (the ehord 
itself). Different odors aetivate diíferent subsets of glomerali 
(making diíferent ehords which may have some of the same 
notes). The mitral eells refine the signal, amplify it, and then 
relay it. The olfaetory bulbs also house amaerine granule eells , 
GABA-releasing eells that inhibit mitral eells, so that only highly 
excitatory olfaetory impulses are transmitted. 

When the mitral eells are aetivated, impulses flow from the 
olfaetory bulbs via the olfaetory traets (eomposed mainly of 
mitral eell axons) to the piriform lobe of the olfaetory cortex. 
From there, two major pathways take information to various 
parts of the brain. One pathway brings information to part 
of the frontal lobe just above the orbit, where smells are eon- 
sekrasly interpreted and identified. Only some of this informa- 
tion passes through the thalamus. 

The other pathway flows to the hypothalanras, amygdala, 
and other regions of the limbie system. There, emotional re- 
sponses to odors are elieited. Smells assoeiated with danger— 
smoke, eooking gas, or skunk seent—trigger the sympathetie 
fight-or-flight response. Appetizing odors stimulate salivation 
and the digestive traet, and unpleasant odors ean trigger protee- 
tive reflexes such as sneezing and ehoking. 
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(a) Taste buds are assoeiated with 

fungiform, foliate, and vallate papillae. 


(b) Enlarged seetion of a 
vallate papilla. 


(e) Enlarged view of a taste bud (210x) 


Figure 15.22 Loeation and structure of taste buds on the tongue. (For a related image, 
see A BriefAtlas ofthe Human Body, Figure 62.) 


“ Taste Buds and the Sense of Taste 

The word taste eomes from the Latin taxare , meaning “to touch, 
estimate, or judge.” When we taste things, we are in faet inti- 
mately testing or judging our environment, and the sense of 
taste is eonsidered by many to be the most pleasurable of the 
speeial senses. 

Loeation and Structure of Taste Buds 

Most of our 10,000 or so taste buds —the sensory organs for 
taste—are loeated on the tongue. A few taste buds are seattered on 
the soft palate, inner surface of the eheeks, pharynx, and epiglottis 
of the larynx, but most are found in papillae (pah-pil'e), peglike 
projeetions of the tongue mucosa that make the tongue surface 
slightly abrasive. Taste buds are loeated mainly on the tops of the 
mushroom-shaped fimgiform papillae (fun'jí-form) (which are 
seattered over the entire tongue surface) and in the epithelium of 
the side walls of the foliate papillae and of the large round val- 
late papillae (val'àt). The vallate papillae are the largest and least 
numerous papillae, and 7 to 12 of them form an inverted V at the 
baek of the tongue Figure 15.22a, b] . 

Eaeh flask-shaped taste bud eonsists of 50 to 100 epithelial 
eells of two major types: gustatory epithelial eells and basal epi- 
thelial eells (Figure 15.22c). 


Gustatory Epithelial Cells The gustatory epithelial eells are 

the reeeptor eells for taste—the taste eells. Long mierovilli ealled 
gustatory hairs projeet from the tips of all gustatory epithelial 
eells and extend through a taste pore to the surface of the epi- 
thelium, where they are bathed by saliva. The gustatory hairs are 
the sensitive portions ( reeeptor membranes) of the gustatory epi- 
thelial eells. Coiling intimately around the gustatory epithelial 
eells are sensory dendrites that represent the initial part of the 
gustatory pathway to the brain. Eaeh afferent fiber reeeives sig- 
nals from several gustatory epithelial eells within the taste bud. 

There are at least three kinds of gustatory epithelial eells. One 
kind forms traditional synapses with the sensory dendrites and 
releases the neurotransmitter serotonin. The other two kinds 
laek synaptie vesieles, but at least one releases ATP that aets as a 
neurotransmitter. 

Basal Epithelial Cells Because of their loeation, taste bud eells 
are subjected to frietion and are routinely burned by hot foods. 
Luckily, they are among the most dynamie eells in the body, and 
they are replaeed every seven to ten days. Basal epithelial eells 
aet as stem eells, dividing and differentiating into new gustatory 
epithelial eells. 
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BasieTaste Sensations 

Normally, our taste sensations are eomplieated mixtures of 
qualities. However, when taste is tested with pure ehemieal 
compounds, all taste sensations ean be grouped into one of five 
basie modalities: sweet, sour, salty, bitter, and umami. 

■ Sweet taste is elieited by many organie substances including 
sugars, saeeharin, aleohols, some amino aeids, and some lead 
salts (such as those found in lead paint). 

■ Sour taste is produced by aeids, speeifieally their hydrogen 
ions (H + ) in solution. 

■ Salty taste is produced by metal ions (inorganie salts); table 
salt (sodium ehloride) tastes the “saltiest.” 

■ Bitter taste is elieited by alkaloids (such as quinine, nieotine, 
eaífeine, morphine, and stryehnine) as well as a number of 
nonalkaloid substances, such as aspirin. 

■ Umami (u-mam'e; “delicious”), a subtle taste diseovered by 
the Japanese, is elieited by the amino aeids glutamate and as- 
partate, which appear to be responsible for the “beef taste” of 
steak, the eharaeteristie tang of aging eheese, and the flavor 
of the food additive monosodium glutamate. 

In addition, there is growing evidenee for our ability to taste 
long-ehain fatty aeids from lipids. This possible sixth modality 
may help explain our liking for fatty foods. 

Keep in mind that many substances produce a mixture of 
these basie taste sensations, and taste buds generally respond to 
all five. However, it appears that a single taste eell has reeeptors 
for only one taste modality. 

Although taste maps that assign speeifie tastes to various 
areas of the tongue are eommon, researehers have known for 
years that these maps are dubious. All areas that eontain taste 
buds ean deteet all modalities of taste. 

Taste likes and dislikes have homeostatie value. Umami 
guides the intake of proteins, and a liking for sugar and salt 
helps satisfy the body s need for earbohydrates and minerals (as 
well as some amino aeids). Many sour, naturally aeidie foods 
(such as oranges, lemons, and tomatoes) are rieh sources of vi- 
tamin C, an essential vitamin. On the other hand, intensely sour 
tastes warn us of spoilage. Likewise, many natural poisons and 
spoiled foods are bitter. Consequently, our dislike for sourness 
and bitterness is proteetive. 

Physiology of Taste 

For a ehemieal to be tasted it must dissolve in saliva, diffuse into 
a taste pore, and eontaet the gustatory hairs. 

Aetivation of Taste Reeeptors Gustatory epithelial eells eon- 
tain neurotransmitters. When a food ehemieal, or tastant , binds 
to reeeptors in the gustatory epithelial eell membrane, it induces 
a graded depolarizing potential that causes neurotransmitter re- 
lease. Binding of the neurotransmitter to the assoeiated sensory 
dendrites triggers generator potentials that elieit aetion poten- 
tials in these fibers. 

The different gustatory epithelial eells have different thresh- 
olds for aetivation. In line with their proteetive nature, the bitter 


reeeptors deteet substances present in minute amounts. The 
other reeeptors are less sensitive. Taste reeeptors adapt rapidly, 
with partial adaptation in 3-5 seeonds and eomplete adaptation 
in 1-5 minutes. 

Taste Trarisduction The meehanisms of taste transduction are 
only now beginning to beeome elear. Three different meeha- 
nisms underlie how we taste. 

■ Salty taste is due to Na + influx through Na + ehannels, which 
direetly depolarizes gustatory epithelial eells. 

■ Sour is mediated by H + , which aets intracellularly to open 
ehannels that allow other eations to enter. 

■ Bitter, sweet, and umami responses share a eommon meeha- 
nism, but eaeh occurs in a different eell. Eaeh tastes unique 
set of reeeptors is coupled to a eommon G protein ealled 
gustducin. Aetivation leads to the release of Ca 2+ from intra- 
cellular stores, which causes eation ehannels in the plasma 
membrane to open, thereby depolarizing the eell and releas- 
ing the neurotransmitter ATP. 


The Gustatory Pathway 


Afferent fibers earrying taste information from the tongue are 
found primarily in two eranial nerve pairs. A braneh of the faeial 
nerve (VII), the ehorda tympani , transmits impulses from taste 
reeeptors in the anterior two-thirds of the tongue gure 15.23’ . 
The lingual braneh of the glossopharyngeal nerve (IX) serviees 
the posterior third and the pharynx just behind. Taste impulses 
from the few taste buds in the epiglottis and the lower pharynx 
are conducted primarily by the vagus nerve (X). 

These afferent fibers synapse in the solitary nucleus of 
the medulla, and from there impulses stream to the thalamus 
and ultimately to the gustatory cortex in the insula. Fibers also 
projeet to the hypothalamus and limbie system structures, re- 
gions that determine our appreeiation of what we are tasting. 

An important role of taste is to trigger reflexes involved in 
digestion. As taste impulses pass through the solitary nucleus, 
they initiate reflexes (via synapses with parasympathetie nuclei) 
that inerease seeretion of saliva into the mouth and of gastrie 
juice into the stomaeh. Saliva eontains mucus that moistens 
food and digestive enzymes that begin digesting stareh. Aeidie 
foods are particularly strong stimulants of the salivary reflex. 
On the other hand, when we eat revolting or foul-tasting sub- 
stanees, the taste may initiate proteetive reaetions such as gag- 
ging or reflexive vomiting. 
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lnfluence of Other Sensations on Taste 

Taste is 80% smell. When nasal eongestion (or just pinehing 
your nostrils) bloeks aeeess to your olfaetory reeeptors, food 
tastes bland. Without smell, our morning eoffee would laek its 
riehness and simply taste bitter. 

The mouth also eontains thermoreeeptors, meehanoreeep- 
tors, and noeieeptors, and the temperature and texture of foods 
ean enhanee or detraet from their taste. “Hot” foods such as 
ehili peppers actually bring about their pleasurable effeets by 
exciting pain reeeptors in the mouth. 
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gure 15.23 The gustatory pathway. Taste signals are relayed 
from the taste buds to the gustatory area of the eerebral cortex. 


Homeostatie imbalanees 
of the Chemical Senses 

Most olfaetory disorders, or anosmias (an-oz'me-ahz; “with- 
out smells”), result from head injuries that tear the olfaetory 
nerves, the aftereffeets of nasal eavity inflammation, and neuro- 
logieal disorders such as Parkinsons disease. Some people have 
imeinatefits (un'sih-nàt), olfaetory hallucinations during which 
they experience a particular (usually unpleasant) odor, such as 
rotting meat. Olfaetory auras experienced by some epilepties 
just before they have a seizure are transient uncinate fits. These 
hallucinations ean result from irritation of the olfaetory path- 
way by brain surgery or head trauma. 

Taste disorders are less eommon than disorders of smell, in 
part because the taste reeeptors are served by three different 
nerves and thus are less likely to be “put out of business” eom- 
pletely. Causes of taste disorders include upper respiratory traet 


infeetions, head injuries, ehemieals or medieations, or head and 
neek radiation for eaneer treatment. Zine supplements may 
help some eases of radiation-induced taste disorders. 



Check Your IJnderstanding 


10. Name the five taste modalities. Name the three types of 
papillae that have taste buds. 

11. Olfaetory sensory neurons have eilia and gustatory epithelial 
eells have hairs. Hovv do these structures help the eells 
perform their functions? 

_ For ansvvers, see Appendix H. 


The Ear: Hearing and Balanee 

Deseribe the structure and general function of the ooter, 
middle, and ìnternal ears. 

Deseribe the sound conduction pathway to the fluids of 
the internal ear # and follow the auditory pathway from the 
spiral organ to the temporal cortex. 

Explain how we are able to differentiate piteh and 
loudness # and loealize the source of sounds. 

s List possible causes and symptoms of otitis media # deafness # 
and Ménière's syndrome. 

At first glanee, the maehinery for hearing and balanee appears 
very emde—flmds must be stirred to stimulate the meehanore- 
eeptors of the internal ear. Nevertheless, our hearing appara- 
tus allows us to hear an extraordinary range of sound, and our 
equilibrium (balanee) reeeptors continually inform the nervous 
system of head movements and position. Although the organs 
serving these two senses are structurally intereonneeted within 
the ear, their reeeptors respond to different stimuli and are aeti- 
vated independently of one another. 

Structure of the Ear 

The ear is divided into three major areas: external ear, middle 
ear, and internal ear -igure 15.24a' . The external and middle 
ear structures are involved with hearing only and are rather sim- 
ply engineered. The internal ear fimetions in both equilibrium 
and hearing and is extremely complex. 

External Ear 

The external (outer) ear eonsists of the auricle and the external 
acoustic meatus. The auricle, or pinna, is what most people eall 
the ear—the shell-shaped projeetion surrounding the opening of 
the external acoustic meatus. The auricle is eomposed of elastie 
eartilage eovered with thin skin and an oeeasional hair. Its rim, 
the helix, is somewhat thieker, and its fleshy, dangling lobule 
(“earlobe”) laeks supporting eartilage. The fimetion of the auricle 
is to fimnel sound waves into the external acoustic meatus. 

The external acoustic meatus (auditory eanal) is a short, 
curved tube (about 2.5 em long by 0.6 em wide) that extends 
from the auricle to the eardrum. Near the auricle, its framework 
is elastie eartilage; the remainder of the eanal is earved into the 
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(b) Middle and internal ear 


Figure 15.24 Structure of the ear. The inner ear structures in (b) appear as though they are 
veiled because they are eavities vvithin the temporal bone. 
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temporal bone. The entire eanal is lined with skin bearing hairs, 
sebaceous glands, and modified apoerine sweat glands ealled 
ceruminous glands (sé-roo'mí-nus). These glands seerete 
yellow-brown waxy cerumen, or earwax (eere = wax), which 
provides a stieky trap for foreign bodies and repels inseets. 

In many people, the ear is naturally eleansed as the ceru- 
men dries and then falls out of the external acoustic meatus. 
Jaw movements as a person eats, talks, and so on, ereate an un- 
notieeable eonveyor-belt effeet that moves the wax out. In other 
people, eemmen builds up and beeomes eompaeted. 

Sound waves entering the external acoustic meatus eventu- 
ally hit the tympanie membrane, or eardmm (tympanum = 
drum), the boundary between the outer and middle ears. The 
eardmm is a thin, transhieent, eonneetive tissue membrane, 
eovered by skin on its external faee and by mucosa internally. 
Shaped like a flattened eone, its apex protmdes medially into 
the middle ear. 

Sound waves make the eardmm vibrate. The eardmm, in 
turn, transfers the sound energy to the tiny bones of the middle 
ear and sets them vibrating. 


Middle Ear 
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The middle ear, or tympanie eavity, is a small, air-filled, 
mucosa-lined eavity in the petrous portion of the temporal 
bone. It is flanked laterally by the eardmm and medially by a 
bony wall with two openings, the superior oval window and the 
inferior round window. Superiorly the tympanie eavity arehes 
upward as the epitympanie reeess, the “roof ” of the middle ear 
eavity. The mastoid antrum, a eanal in the posterior wall of the 
tympanie eavity, allows it to communicate with mastoid air eells 
housed in the mastoid proeess. 

The anterior wall of the middle ear abuts the internal earotid ar- 
tery (the main artery supplying the brain) and eontains the open- 
ing of the pharyngotympanie (auditory) tube (formerly ealled 
the eustachian tube). The pharyngotympanie tube mns obliquely 
downward to link the middle ear eavity with the nasopharynx (the 
superiormost part of the throat), and the mucosa of the middle ear 
is continuous with that lining the pharynx (throat). 

Normally, the pharyngotympanie tube is flattened and 
elosed, but swallowing or yawning opens it briefly to equalize 
pressure in the middle ear eavity with external air pressure. This 
is important because the eardmm vibrates freely only if the 
pressure on both of its surfaces is the same; otherwise sounds 
are distorted. The ear-popping sensation of the pressures equal- 
izing is familiar to anyone who has flown in an airplane. 



Homeostatie imbalanee 15.12 


Otitis media (me'de-ah), or middle ear inflammation, is a fairly 
eommon result of a sore throat, espeeially in ehildren, whose 
pharyngotympanie tubes are shorter and mn more horizon- 
tally. Otitis media is the most frequent cause of hearing loss in 
ehildren. In acute infectious forms, the eardmm bulges and be- 
eomes inflamed and red. Most eases of otitis media are treated 
with antibioties. When large amounts of fluid or pus accumulate 
in the eavity, an emergeney myringotomy (laneing of the ear- 
dmm) may be required to relieve the pressure, and a tiny tube 


View 

V 


Superior Malleus lncus Epitympanie reeess 


À 



Pharyngotym- Tensor Tympanie Stapes Stapedius 

panie tube tympani membrane muscle 

muscle (medial view) 


gure 15.25 The three auditory ossieles and assoeiated 
skeletal muscles. Right middle ear, medial vievv. 



implanted in the eardmm permits pus to drain into the external 
ear. The tube falls out by itself within a year. + 

The tympanie eavity is spanned by the three smallest bones in 
the body: the auditory ossieles (Figure 15.24 and igure 15.2! ). 
These bones, named for their shape, are the malleus (mal'e-us; 
“hammer”); the incus (ing'kus; “anvil”); and the stapes (sta'pèz; 
“stirmp”). The “handle” of the malleus is secured to the eardmm, 
and the base of the stapes fits into the oval window. 

Tiny ligaments suspend the ossieles, and mini synovial joints 
link them into a ehain that spans the middle ear eavity. The in- 
cus articulates with the malleus laterally and the stapes medially. 
The ossieles transmit the vibratory motion of the eardmm to the 
oval window, which in turn sets the fluids of the internal ear into 
motion, eventually exciting the hearing reeeptors. 

Two tiny skeletal muscles are assoeiated with the ossieles 
(Figure 15.25). The tensor tympani (ten'sor tim'pah-ni) arises 
from the wall of the pharyngotympanie tube and inserts on the 
malleus. The stapedius (stah-pe'de-us) runs from the posterior 
wall of the middle ear to the stapes. When loud sounds assault 
the ears, these muscles eontraet reflexively to limit the ossieles 
vibration and minimize damage to the hearing reeeptors. 

Internal Ear 

The internal ear is also ealled the labyrinth ( c maze”) because 
of its eomplieated shape (see Figure 15.24). It lies deep in the 
temporal bone behind the eye soeket and provides a secure site 
for all of the delieate reeeptor maehinery. 
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Figure 15.26 Membranous labyrinth of the internal ear. The membranoiis labyrinth 
(blue) lies vvithin the ehambers of the bony labyrinth (tan). The loeations of the sensory organs 
for hearing (spiral organ) and equilibrium (maculae and eristae ampullares) are shovvn in purple. 


The internal ear has two major divisions: the bony labyrinth 
and the membranous labyrinth. 

■ The bony labyrinth is a system of tortuous ehannels worm- 
ing through the bone. The views of the bony labyrinth typi- 
eally seen in textbooks, including this one, are somewhat 
misleading because we are talking about a eavity here. The 
representation in Figure 15.24 ean be eompared to a plaster 
of paris east of the eavity or hollow spaee inside the bony 
labyrinth. 

■ The membranous labyrinth is a continuous series of mem- 
branous saes and ducts eontained within the bony labyrinth 
and (more or less) following its contours gure 15.26] . 

The bony labyrinth is filled with perilymph, a fluid similar to 
eerebrospinal fluid and continuous with it. The membranous lab- 
yrinth is suspended in the surrounding perilymph, and its inte- 
rior eontains endolymph, which is ehemieally similar to K + -rich 
intracellular fluid. These two fluids conduct the sound vibrations 
involved in hearing and respond to the meehanieal forees occur- 
ring during ehanges in body position and aeeeleration. 

The bony labyrinth has three regions: the vestibule , the semi- 
circular eanals , and the eoehlea. 

Vestibule The vestibule is the eentral egg-shaped eavity of the 
bony labyrinth. It lies posterior to the eoehlea, anterior to the 
semicircular eanals, and flanks the middle ear medially. In its 
lateral wall is the oval window. 

Suspended in the vestibular perilymph and united by a small 
duct are two membranous labyrinth saes, the saccule and utri- 
ele (u'trí-kl) (Figure 15.26). The smaller saccule is continuous 
with the membranous labyrinth extending anteriorly into the 
eoehlea (the eoehlear duct ), whereas the utricle is continuous 
with the semicircular ducts extending into the semicircular 


eanals posteriorly. The saccule and utricle house equilibrium 
reeeptor regions ealled maculae that respond to the pull of grav- 
ity and report on ehanges of head position. 

Semicircular Canais The semicircular eanals lie posterior and 
lateral to the vestibule, and eaeh of these eanals defines about 
two-thirds of a eirele. The eavities of the bony semicircular ea- 
nals projeet from the posterior aspeet of the vestibule, eaeh ori- 
ented in one of the three planes of spaee. Aeeordingly, there is 
an anterior , a posterior , and a lateral semicircular eanal in eaeh 
internal ear. The anterior and posterior eanals are oriented at 
right angles to eaeh other in the vertieal plane, whereas the lat- 
eral eanal lies horizontally (Figure 15.26). 

Snaking through eaeh semicircular eanal is a eorrespond- 
ing membranous semicircular duct, which communicates 
with the utricle anteriorly. Eaeh of these ducts has an enlarged 
swelling at one end ealled an ampulla, which houses an equi- 
librium reeeptor region ealled a erista ampullaris (literally, erest 
of the ampulla). These reeeptors respond to angular (rotational) 
movements of the head. 
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Cochlea The eoehlea (kok'le-ah), from the Latin cc snail,” is 
a spiral, eonieal, bony ehamber about the size of a split pea. 
It extends from the anterior part of the vestibule and eoils for 
about 2Vi turns around a bony pillar ealled the modiolus (mo- 
di'o-lus) Figure 15.27a . Running through its eenter like a 
wedge-shaped worm is the membranous eoehlear duct, which 
ends blindly at the eoehlear apex. The eoehlear duct houses the 
reeeptor organ of hearing, ealled the spiral organ or the organ 
ofCorti (Figures 15.26 and 15.27b). 

The eoehlear duct and the osseous spiral lamina, a thin 
shelflike extension of bone that spirals up the modiolus like the 
thread on a screw, together divide the eavity of the bony eo- 
ehlea into three separate ehambers or sealae ( seala = ladder). 
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gure 15.27 Anatomy of the eoehlea. (a) Lateral vievv of part 
of the internal ear vvith a vvedge-shaped seetion removed from the 
eoehlea. (b) Magnified eross seetion of one turn of the eoehlea, 
shovving the relationship of the three sealae. This eross seetion has 
been rotated from its position in (a). (e) Detailed structure of the 
spiral organ. (d) Eleetron mierograph of eoehlear hair eells (550x). 
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(a) A strnek tuning fork alternately eompresses and rarefies the air 
molecules around it, ereating alternate zones of high and low 
pressure. 



(b) Sound waves radiate 
outward in all direetions. 


Figure 15.28 Sound: Source and propagation. The graph in (a) shovvs that plotting the 
oseillating air pressures yields a sine vvave. The height (amplitude) of the erests is proportional to 
the energy, or intensity, of the sound vvave. The distanee betvveen tvvo eorresponding points on 
the vvave (erests or troughs) is the vvavelength. 


The seala vestibuli (ska'lah vés-tì'bu-li), which lies supe- 
rior to the eoehlear duct, is continuous with the vestibule 
and abuts the oval window. The middle seala media is the 
eoehlear duct itself. The seala tympani, which terminates 
at the membrane-eovered round window, is inferior to the 
eoehlear duct. 

Sinee the seala media is part of the membranous labyrinth, it 
is filled with endolymph. The seala vestibuli and the seala tym- 
pani, both part of the bony labyrinth, eontain perilymph. The 
perilymph-eontaining ehambers are continuous with eaeh other 
at the eoehlear apex, a region ealled the helieotrema (hel"ì-ko- 
tre'mah; “the hole in the spiral”). 

The “roof” of the eoehlear duct, separating the seala me- 
dia from the seala vestibuli, is the vestibular membrane (Fig- 
ure 15.27b). The ducts external wall, the stria vascularis, is 
eomposed of an unusual riehly vascularized mucosa that se- 
eretes endolymph. The “floor” of the eoehlear duct is eomposed 
of the osseous spiral lamina and the flexible, fibrous basilar 
membrane, which supports the spiral organ. (We will deseribe 
the spiral organ when we discuss hearing.) The basilar mem- 
brane, which plays a eritieal role in sound reeeption, is narrow 
and thiek near the oval window and gradually widens and thins 
as it approaehes the eoehlear apex. The eoehlear nerve , a division 
of the vestibiiloeoehlear nerve (VIII), runs from the spiral organ 
through the modiolus on its way to the brain. 

Table 15.2 summarizes the structures of the internal ear and 
their fimetions. 


Physiology of Hearing 

We ean summarize human hearing in a single sprawling sen- 
tenee: Sounds set up vibrations in air that beat against the 
eardmm that pushes a ehain of tiny bones that press fluid in the 


internal ear against membranes that set up shearing forees that 
pull on the tiny hair eells that stimulate nearby neurons that give 
rise to impulses that travel to the brain, which interprets them— 
and you hear. Before we unravel this intriguing sequence, let us 
deseribe sound, the stimulus for hearing. 



Overview: Properties of Sound 

Light ean be transmitted through a vacuum (for instanee, outer 
spaee), but sound depends on an elastie medium for its trans- 
mission. Sound also travels much more slowly than light. Its 
speed in dry air is only about 331 m/s (0.2 mi/s), as opposed to 
about 300,000 km/s (186,000 mi/s) for light. A lightning flash 
is almost instantly visible, but the sound it ereates (thunder) 
reaehes our ears much more slowly. (For eaeh seeond between 
the lightning bolt and the roll of thunder, the storm is 1/5 mile 
farther away.) The speed of sound is fastest in solids and slowest 
in gases, but it is eonstant in a given medium. 

Soimd is a pressure disturbance—alternating areas of high and 
low pressure—produced by a vibrating objeet and propagated by 
the molecules of the medium. Consider a vibrating tuning fork 
(Figiire 15.28a] . If the tuning fork is stmek on the left, its prongs 
will move first to the right, ereating an area of high pressure by 
eompressing the air molecules there. Then, as the prongs rebound 
to the left, the air on the left will be eompressed, and the region on 
the right will be a rarefied , or low-pressure, area (sinee most of its 
air molecules have been pushed farther to the right). 

As the fork vibrates alternately from right to left, it produces a 
series of eompressions and rarefaetions, eolleetively ealled a sound 
wave , which moves outward in all direetions (Figure 15.28b). 
However, the individual air molecules just vibrate baek and forth 
for short distanees as they bump other molecules and rebound. 
Because the outward-moving molecules give up kinetie energy 
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Table 15.2 Summary of the Internal Ear 

BONY LABYRINTH 

MEMBRANOUS LABYRINTH 

FUNCTION 

RECEPTOR REGION 

Semieireiilar eanals 

Semicircular ducts 

Equilibrium: rotational (angular) aeeeleration 

Crista ampullaris 

Vestibule 

Utricle and saccule 

Equilibrium: head position relative to gravity, linear aeeeleration 

Macula 

Cochlea 

Cochlear duct (seala media) 

Hearing 

Spiral organ 


to the molecules they bump, energy is always transferred in the 
direetion the sound wave is traveling. For this reason, the energy 
of the wave deelines with time and distanee, and the sound dies 
a natural death. 

We ean illustrate a sound wave as an S-shaped curve, or sine 
wave , in which the eompressed areas are erests and the rarefied 
areas are troughs (Figure 15.28a). Sound ean be deseribed in 
terms of two physieal properties that you ean see in this sine 
wave graph: frequency and amplitude. 

Frequency Frequency is defined as the number of waves that 
pass a given point in a given time. The sine wave of a pure tone 
has erests and troughs that repeat at definite distanees. The 
distanee between two consecutive erests (or troughs) is the 

— High frequency (short wavelength) = high piteh 


wavelength of the sound and is eonstant for a particular tone. 
The shorter the wavelength, the higher the frequency of the 
sound (Figure 15.29a). 

The frequency range of human hearing is from 20 to 20,000 
waves per seeond, or hertz ( Hz ). Our ears are most sensitive 
to frequencies between 1500 and 4000 Hz and, in that range, 
we ean distinguish frequencies difiFering by only 2-3 Hz. We 
pereeive difiFerent sound frequencies as differenees in piteh: the 
higher the frequency, the higher the piteh. 

A tuning fork produces a tone —a pure (but bland) sound 
with a single frequency—but most sounds are mixtures of sev- 
eral frequencies. This eharaeteristie of sound, ealled quality, 
enables us to distinguish between the same musical note—say, 
high C—sung by a soprano or played on a piano or elarinet. 
Sound quality also provides the riehness and complexity of 
sounds (and music) that we hear. 



Low frequency (long wavelength) = low piteh 




0.01 0.02 0.03 

Time (s) 

(a) Frequency is pereeived as piteh. 


High amplitude = loud 
Low amplitude = soft 




0.01 0.02 0.03 

Time (s) 

(b) Amplitude (size or intensity) is pereeived as loudness. 


Amplitude The amplitude, or height, of the sine wave erests 
reveals a sounds intensity, which is related to its energy, or the 
pressure differenees between its eompressed and rarefied areas 
(Figure 15.29b). 

Loudness refers to our subjective interpretation of sound 
intensity. Because we ean hear such an enormous range of in- 
tensities, from the proverbial pin drop to a jet engine 10 million 
times more intense, sound intensity (and loudness) is measured 
in logarithmie units ealled deeibels (dB) (des'í-belz). 

On a elinieal audiometer, the deeibel seale is arbitrarily set 
to begin at 0 dB, which is the threshold of hearing (barely au- 
dible sound) for normal ears. Eaeh 10-dB inerease represents 
a tenfold inerease in sound intensity. A sound of 10 dB has 10 
times more energy than one of 0 dB, and a 20-dB sound has 
100 times (10 X 10) more energy. However, the same 10-dB 
inerease represents only a twofold inerease in loudness. In other 
words, most people would report that a 20-dB sound seems 
about twice as loud as a 10-dB sound. The normal range of hear- 
ing (from barely audible to the loudest sound we ean proeess 
without excruciating pain) extends over a range of 120 dB. (The 
threshold of pain is 120 dB.) 

Severe hearing loss occurs with frequent or prolonged ex- 
posure to sounds with intensities greater than 90 dB, and in the 
U.S., employees exposed to occupational noise over that range 
must wear ear (hearing) proteetion. That mimber beeomes 
more meaningful when you realize that a normal eonversation 
is in the 50-dB range, a noisy restaurant has 70-dB levels, and 
amplified roek music is 120 dB or more, far above the 90-dB 
danger zone. 


gure 15.29 Frequency and amplitude of sound vvaves. 
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tympanie membrane. 

@ Auditory ossieles vibrate. 
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Sounds in the hearing range go 
through the eoehlear duct, vibrating 
the basilar membrane and 
defleeting hairs on inner hair eells. 


Figure 15.30 Pathway of sound waves and resonanee of 
the basilar membrane. The eoehlea is depieted as if uncoiled. The 
graph in the bottom panel of (b) represents fibers that span the 


(a) Route of sound waves through the ear 


vvidth of the basilar membrane. The stiffness of these fibers "tunes" 
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speeifie regions of the basilar membrane to vibrate at speeifie 
frequencies. 


Transmission of Sound to the Intemal Ear 

Hearing occurs when the auditory area of the temporal lobe 
cortex is stimulated. However, before this ean happen, sound 
waves must be propagated through air, membranes, bones, 
and fluids to stimulate reeeptor eells in the spiral organ g- 

ure 15.30a). 

Airborne sound entering the external acoustic meatus strikes 
the tympanie membrane and sets it vibrating at the same fre- 
quency. The greater the intensity, the farther the membrane is 
displaeed in its vibratory motion. The motion of the tympanie 
membrane is amplified and transferred to the oval window by 
the ossiele lever system, which aets much like a hydraulic press 
or piston to transfer the same total foree hitting the eardram to 
the oval window. 

Because the tympanie membrane is 17-20 times larger than 
the oval window, the pressure (foree per unit area) actually ex- 
erted on the oval window is about 20 times that on the tympanie 
membrane. This inereased pressure overeomes the stiffness and 
inertia of eoehlear flmd and sets it into wave motion. This situ- 
ation ean be roughly eompared to the differenee in pressure 
relayed to the floor by the broad rubber heels of a mans shoes 
versus a womans tiny spike heels. The mans weight—say, 70 kg 
(about 150 pounds)—is spread over several square inehes, and 
his heels will not make dents in a pliable vinyl floor. But spike 
heels eoneentrate the same 70-kg foree in an area of about 2.5 
em 2 (1 square ineh) and will dent the floor. 
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(b) Different sound frequencies eross the basilar membrane at 
different loeations. 
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Tip links 



Stereoeilia 


gure 15.31 Photo of stereoeilia on a hair eell. Note the 
preeise order of the stereoeilia. 


Resonanee of the Basilar Membrane 
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As the stapes roeks baek and forth against the oval window, it 
sets the perilymph in the seala vestibuli into a similar baek-and- 
forth motion. A pressure wave travels through the perilymph 
from the basal end toward the helieotrema, much as a pieee of 
rope held horizontally ean be set into wave motion by move- 
ments initiated at one end. 

Fluids eannot be eompressed. Think of what happens when 
you sit on a water bed—you sit cc here ’ and it bulges over cc there.” 
In a similar way, eaeh time the stapes forees the fluid adjaeent 
to the oval window medially, the membrane of the round win- 
dow bulges laterally into the middle ear eavity and aets as a 
pressure valve. 

Sounds of very low frequency (below 20 Hz) ereate pressure 
waves that take the eomplete route through the eoehlea—up 
the seala vestibuli, around the helieotrema, and baek toward 
the round window through the seala tympani (Figure 15.30a). 
These low-frequency sounds do not aetivate the spiral organ 
and so are below the range of hearing. 

In eontrast, sounds with frequencies high enough to hear 
ereate pressure waves that take a cc shortcuf ’ and are transmitted 
through the eoehlear duct into the perilymph of the seala tym- 
pani. As a pressure wave deseends through the flexible eoehlear 
duct, it vibrates the entire basilar membrane. 

Maximal displaeement of the membrane occurs where the 
fibers of the basilar membranes are cc tuned” to a particular 
sound frequency (Figure 15.30b). This eharaeteristie of maxi- 
mum movement at a particular frequency is ealled resonanee. 
The fibers of the basilar membrane span its width like the strings 
of a harp. The fibers near the oval window (eoehlear base) are 
short and stiff, and they resonate in response to high-frequency 
pressure waves (Figure 15.30b). The longer, more floppy basilar 
membrane fibers near the eoehlear apex resonate in time with 


lower-frequency pressure waves. As a result, the resonanee of 
the basilar membrane meehanieally proeesses sound signals be- 
fore the signals ever reaeh the reeeptors. 

Excitation of Hair Cells in the Spiral Organ 

The spiral organ, which rests atop the basilar membrane, is 
eomposed of supporting eells and hearing reeeptor eells ealled 
eoehlear hair eells. The hair eells are arranged fimetionally— 
speeifieally, one row of inner hair eells and three rows of outer 
hair eells —sandwiched between the teetorial and basilar mem- 
branes (see Figure 15.27c). Afferent fibers of the eoehlear nerve 
[a division of the vestibulocochlear nerve (VIII)] eoil about the 
bases of the hair eells. 

The hair eells have numerous stereoeilia (actually long mi- 
erovilli) and a single kinocilium (a true cilium) protruding from 
their apiees. The “hairs” (stereoeilia) of the hair eells are stiff- 
ened by aetin filaments and linked together by fine fibers ealled 
tip links Figure 15.31 . The stereoeilia protmde into the K + - 
rieh endolymph, and the longest are enmeshed in the overlying, 
stiff gel-like teetorial membrane (see Figure 15.27c). 

Transduction of sound stimuli occurs after loealized move- 
ments of the basilar membrane cc tweak” or defleet the trapped 
stereoeilia of the hair eells. Bending the stereoeilia toward the 
kinocilium puts tension on the tip links, which in turn opens 
eation ehannels in the adjaeent shorter stereoeilia like a rope 
pulling on a trap door. This results in an inward K + (and Ca 2+ ) 
current and a graded depolarization (reeeptor potential). Bend- 
ing the eilia away from the kinocilium relaxes the tip links, 
eloses the meehanieally gated ion ehannels, and allows repolari- 
zation and even a graded hyperpolarization. 

Depolarization inereases intracellular Ca 2+ and so inereases 
the hair eells release of neurotransmitter (glutamate), which 
causes the afferent eoehlear fibers to transmit a faster stream of 
impulses to the brain for auditory interpretation. Hyperpolari- 
zation produces the exact opposite effeet. As you might guess, 
aetivation of the hair eells occurs at points of vigorous basilar 
membrane vibration. 

The vast majority of the sensory fibers of the spiral ganglia 
(90-95%) serviee the inner hair eells, which shoulder nearly 
the entire responsibility for sending auditory messages to the 
brain. By eontrast, most fibers eoiling around the more numer- 
ous outer hair eells are efferent fibers that eonvey messages from 
brain to ear. So what do the outer hair eells do? 

The outer hair eells aet on the basilar membrane itself. When 
outer hair eells depolarize and hyperpolarize as the basilar 
membrane moves, they eontraet and streteh in a type of eelhilar 
boogie ealled fast motility. Their strange behavior ehanges the 
stiffness of the basilar membrane. 

Outer hair eell motility serves two functions: 

■ It inereases the responsiveness of the inner hair eells by am- 
plifying the motion of the basilar membrane—a kind of eo- 
ehlear tuning. 

■ It may help proteet the inner hair eells from damage. Loud 
sounds aetivate a negative feedbaek loop from the brain 
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stem to the outer hair eells via the eíferent fibers, which re- 
lease neurotransmitters that cause the outer hair eells to 
stifiFen. This dampens the motion of the basilar membrane 
and spreads the sound energy over a wider area. 

The Auditory Pathway to the Brain 

The aseending auditory pathway transmits auditory informa- 
tion primarily from the eoehlear reeeptors (the inner hair eells) 
to the eerebral cortex. Impulses generated in the eoehlea pass 
through the spiral ganglion, where the auditory bipolar eells 
reside, and along the afferent fibers of the eoehlear nerve to the 
eoehlear nuclei ofthe medulla Figure 15.32). 

From there, neurons projeet to the superior olivary nucleus, 
which lies at the junction of the medulla and pons. Beyond this, 
axons aseend in the lateral lemniscus (a fiber traet) to the infe- 
rior colliculus (auditory reflex eenter in the midbrain), which 
projeets to the medial geniculate nucleus of the thalamus. Ax- 
ons of the thalamie neurons then projeet to the primary audi- 
tory cortex, which provides conscious awareness of sound. 

The auditory pathway is unusual because not all of the fibers 
from eaeh ear eross over to the other side of the brain. For this 
reason, eaeh auditory cortex reeeives impulses from both ears. 

Auditory Proeessing 

If you are at a Broadway musical, the sound of the instmments, 
the aetors’ voiees, mstling of elothing, and elosing of doors are 
all intermingled in your awareness. Yet, your auditory cortex ean 
distinguish the separate parts of this auditory jumble. Whenever 
the diíferenee between sound wavelengths is sufficient for dis- 
erimination, you hear two separate and distinet tones. In faet, 
the analytie powers of the auditory cortex are so great that we are 
able to piek single instmments out of a whole orehestra. 

Cortical proeessing of sound stimuli is complex. For exam- 
ple, eertain eortieal eells depolarize at the beginning of a par- 
ticular tone, and others depolarize when the tone ends. Some 
eortieal eells depolarize continuously, and others appear to have 
high thresholds (low sensitivity), and so on. Here we will eon- 
eentrate on the more straightforward aspeets of eortieal pereep- 
tion of piteh, loudness, and sound loeation. 

Pereeption of Piteh As we explained, sound waves of different 
frequencies aetivate hair eells in different positions along the 
length of the basilar membrane, and impulses from speeifie hair 
eells are interpreted as speeifie pitehes. When a sound is eom- 
posed of tones of many frequencies, it aetivates several popula- 
tions of eoehlear hair eells and eortieal eells simultaneously, and 
we pereeive multiple tones. 

Deteetion of Loudness Louder sounds cause larger move- 
ments of the tympanie membrane, auditory ossieles, and oval 
window, and pressure waves of greater amplitude in the fluids 
of the eoehlea. These larger waves in turn cause larger move- 
ments of the basilar membrane, larger defleetions of the hairs 
on the hair eells, and larger graded potentials in the hair eells. 
As a result, they release more neurotransmitter and generate 
more frequent aetion potentials. The brain interprets more 
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Figure 15.32 The auditory pathway. This simplified diagram 
shovvs only the pathvvay from the right ear. 



frequent aetion potentials as greater loudness. In addition, as 
more neurotransmitter is released, more of the 10 or so bipolar 
eells eonneeted to a given hair eell are reemited to fire aetion 
potentials. 


Loealization of Sound Several brain stem nuclei (most im- 
portantly the superior olivary nuclei) help us loealize a sounds 
source in spaee by means of two cues: the relative intensity and 
the relative timing of sound waves reaehing the two ears. If the 
sound source is direetly in front, in baek, or overhead, the in- 
tensity and timing cues are the same for both ears. However, 
when sound eomes from one side, it aetivates the reeeptors of 
the nearer ear slightly earlier and also more vigorously (because 
of the greater intensity of the sound waves entering that ear). 



Check Your Understandingf 


12. Apart from the bony boundaries, vvhieh structure separates 
the external from the middle ear? Which tvvo (nonbone) 
structures separate the middle from the inner ear? 

13. Which structure inside the spiral organ allovvs us to 
differentiate sounds of different piteh? 

14. If the brain stem did not reeeive input from both ears, vvhat 
would you not be able to do? 

_ For ansvvers, see Appendix Fi. 
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gure 15.33 Structure of a macula. The "hairs" of the reeeptor 
eells of a maeiila projeet into the gelatinous otolith membrane. 
Vestibular nerve fibers surround the base of the hair eells. 


Equilibrium and Orientation 

Explain how the balanee organs of the semicircular eanals 
and the vestibule help maintain equilibrium. 

The equilibrium sense is not easy to deseribe because it does not 
cc see,” cc hear,” or cc feel,” but responds (frequently without our aware- 
ness) to various head movements. Furthermore, this sense de- 
pends not only on inputs from the internal ear but also on vision 
and information from streteh reeeptors of muscles and tendons. 

The equilibrium reeeptors in the semicircular eanals and ves- 
tibule are eolleetively ealled the vestibular apparatus. Under 
normal eonditions, they send signals to the brain that initiate 
reflexes needed to make the simplest ehanges in position as well 
as more complex moves such as serving a tennis ball preeisely to 
the right spot (your opponents baekhand). 

The equilibrium reeeptors of the vestibular apparatus ean be 
divided into two functional arms. The reeeptors in the vestibule 
monitor linear aeeeleration and the position of the head with 
respeet to gravity. Because gravity is eonstant, this is sometimes 


ealled our sense of statie equilibrium. The semicircular eanals 
monitor ehanges in head rotation, sometimes ealled our sense 
of dynamie equilibrium. 

The Maculae 

The maculae (mak'u-le; cc spots”), one in eaeh saccule wall and 
one in eaeh utricle wall fFigure 15.33' , are sensory reeeptor 
organs that monitor the position of the head in spaee. In so do- 
ing, they play a key role in eontrolling posture. They respond to 
linear aeeeleration, that is, ehanges in straight-line speed and 
direetion, but not rotation. 

Anatomy of a Macula Eaeh macula is a flat epithelial pateh 
eontaining hair eells. These hair eells, like all those of the inter- 
nal ear, have stereoeilia plus one kinocilium that projeet into a 
gel-like mass. Supporting eells surround the maculas seattered 
hair eells (Figure 15.33). The cc hairs” of the hair eells are em- 
bedded in the overlying otolith membrane (o'to-lith), a jelly- 
like mass studded with tiny stones (calcium earbonate erystals) 
ealled otoliths ( cc ear stones”). The otoliths, though small, are 
dense and they inerease the membranes weight and its inertia 
(resistanee to ehanges in motion). 

In the utricle, the macula is horizontal, and the hairs are ver- 
tieally oriented when the head is upright (Figure 15.33). For 
this reason, the utricular maculae respond best to aeeeleration 
in the horizontal plane and tilting the head to the side, because 
vertieal (up-down) movements do not displaee their horizontal 
otolith membrane. 

In the saccule, on the other hand, the macula is nearly vertieal, 
and the hairs protmde horizontally into the otolith membrane. 
The saccular maculae respond best to vertieal movements, such 
as the sudden aeeeleration of an elevator. 

The hair eells synapse with fibers of the vestibular nerve, 
whose endings eoil around their bases. Like the eoehlear nerve, 
the vestibular nerve is a subdivision of the vestibulocochlear 
nerve (VIII). The eell bodies of the sensory neurons are loeated 
in the nearby superior and inferior vestibular ganglia (see Fig- 
ure 15.26). 

Aetivating Macula Reeeptors What happens in the maculae 
that leads to sensory transduction? When your head starts or 
stops moving in a linear direetion, inertia causes the otolith 
membrane to slide backward or forward like a greased plate 
over the hair eells, bending the hairs. For example, when you 
start to run, the otolith membranes of the utricle maculae lag 
behind, bending the hairs backward. When you suddenly stop, 
the otolith membrane slides abmptly forward (just as you slide 
forward in your ear when you brake), bending the hair eells 
forward. Likewise, when you nod your head or fall, the otoliths 
roll inferiorly, bending the hairs of the maculae in the saccules. 

The hair eells release neurotransmitter continuously but 
movement of their hairs modifies the amount they release 
(Figure 15.34). 

■ When the hairs bend toward the kinocilium, the hair eells 

depolarize, stepping up their paee of neurotransmitter re- 

lease, and more impulses travels up the vestibular nerve to 

the brain. 
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When hairs bend toward 
the kinocilium, the hair eell 
depolarizes, exciting the 
nerve fiber, which generates 
more frequent aetion potentials 



When hairs bend away 
from the kinocilium, the hair eell 
hyperpolarizes, inhibiting the nerve 
fiber, and deereasing the aetion 
potential frequency. 


gure 15.34 The effeet of gravitational pull on a maoila reeeptor eell in the utricle. 


■ When the hairs bend away from the kinocilium, the reeep- 
tors hyperpolarize and release less neurotransmitter, gener- 
ating fewer impulses. 

In either ease, the brain is informed of the ehanging position of 
the head in spaee. 

It is important to understand that the maculae respond to 
ehanges in the veloeity of head movement (linear aeeeleration or 
deeeleration). Because most hair eells adapt quickly (resuming 
their basal level of neurotransmitter release), they do not report 
on unchanging head positions. In this way, the maculae help us 
to maintain normal head position with respeet to gravity. 

The Cristae Ampiillares 

The reeeptor for rotational aeeeleration, ealled the erista am- 
pullaris or simply erista , is a minute elevation in the ampulla 
of eaeh semicircular eanal (see Figure 15.26). Like the macu- 
lae, the eristae are excited by head movement (aeeeleration and 
deeeleration), but in this ease the major stimuli are rotational 
(angular) movements. When you twirl on the danee floor or 
suffer through a rough boat ride, these gyroseope-like reeeptors 
are working overtime. Sinee the semicircular eanals are loeated 
in all three planes of spaee, all rotational movements of the head 
disturb one or another pair of eristae (one in eaeh ear). 

Anatomy of a Crista Ampullaris Eaeh erista is eomposed of 
supporting eells and hair eells whose structure and hmetion are 
basieally the same as the hair eells of the eoehlea and maculae. In 
this ease, the gelled mass is an ampullary cupula (ku'pu-lah), 
which resembles a pointed eap igure 15.3! . The cupula is 
a delieate, loosely organized network of gelatinous strands that 
radiate outward to eontaet the “hairs” of eaeh hair eell. Den- 
drites of vestibular nerve fibers eneirele the base of the hair eells. 

Aetivating Crista Ampullaris Reeeptors The eristae respond 
to ehanges in the veloeity of rotational movements of the head. 
Because of its inertia, the endolymph in the semicircular ducts 
moves briefly in the direetion opposite the body s rotation, de- 
forming the erista in the duct. As the hairs bend, the hair eells 
depolarize and impulses reaeh the brain at a faster rate (Fig- 
ure 15.35c, middle panel). Bending the eilia in the opposite 


direetion causes hyperpolarization and generates fewer im- 
pulses. Because the axes of the hair eells in the eomplementary 
semicircular ducts are opposite, rotation in a given direetion 
depolarizes the reeeptors in one ampulla of the pair, and hyper- 
polarizes the reeeptors in the other. 

If the body continues to rotate at a eonstant rate, the endo- 
lymph eventually eomes to rest—it moves along at the same 
speed as the body and the hair eells are no longer stimulated. 
Consequently, if we are blindfolded, we eannot tell whether we 
are moving at a eonstant speed or not moving at all after the first 
few seeonds of rotation. However, when we suddenly stop mov- 
ing, the endolymph keeps on going, in eífeet reversing its diree- 
tion within the eanal. This sudden reversal in the direetion of 
hair bending alters membrane voltage in the reeeptor eells and 
modifies the rate of impulse transmission, which tells the brain 
that we have slowed or stopped (Figure 15.35c, right panel). 

The key point to remember when eonsidering both types of 
equilibrium reeeptors is that the rigid bony labyrinth moves 
with the body, while the flmds (and gels) within the membra- 
nous labyrinth are free to move at various rates, depending 
on the forees (such as gravity, aeeeleration, and so on) aeting 
on them. 


r 
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Vestibular Nystagmus Impulses transmitted from the semi- 
circular eanals are particularly important to reflex movements 
of the eyes. Vestibular nystagmus is a complex of rather strange 
eye movements that occurs during and immediately after 
rotation. 

As you rotate, your eyes slowly drift in the opposite direetion, 
as though fixed on some objeet in the environment. This reae- 
tion relates to the backflow of endolymph in the semicircular 
eanals. Then, because of CNS eompensating meehanisms, the 
eyes jump rapidly toward the direetion of rotation to establish a 
new fixation point. These alternating eye movements continue 
until the endolymph eomes to rest. 

When you stop rotating, at first your eyes continue to move 
in the direetion of the previous spin, and then they jerk rapidly 
in the opposite direetion. This sudden ehange is caused by the 
ehange in the direetion in which the eristae bend after you stop. 
Nystagmus is often aeeompanied by vertigo. 
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(a) Anatomy of a erista ampullaris in a semicircular eanal 
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At rest, the cupula stands upright. 


During rotational aeeeleration, endolymph 
moves inside the semicircular eanals in the 
direetion opposite the rotation (it lags behind 
due to inertia). Endolymph flow bends the 
cupula and excites the hair eells. 


As rotational movement slows, endolymph 
keeps moving in the direetion of rotation. 
Endolymph flow bends the cupula in the 
opposite direetion from aeeeleration and 
inhibits the hair eells. 


(e) Movement of the ampullary cupula during rotational aeeeleration and deeeleration 


gure 15.35 Loeation, structure # and function of a erista ampullaris in the internal ear. 


The Equilibrium Pathvvay to the Brain 

Our responses to body imbalanee, such as when we stumble, 
must be fast and reflexive. By the time we “thought about” eor- 
reeting our fall, we would already be on the ground! Aeeord- 
ingly, information from equilibrium reeeptors goes direetly to 


reflex eenters in the brain stem, rather than to the eerebral eor- 
tex as with the other speeial senses. 

The nerve pathways eonneeting the vestibular apparatus 
with the brain are complex. The transmission sequence begins 
when the hair eells in the vestibular apparatus are aetivated. As 
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lnput: Information about the body’s position in spaee eomes from three main sources 
and is fed into two major proeessing areas in the eentral nervous system. 



Central nervous 
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and joints) 
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Spinal motor eontrol 

(eranial nerve nuclei 


(eranial nerve XI nuclei 
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(eye movements) 


(neek, limb, and trunk 



movements) 


Output: Responses by the eentral nervous system provide fast reflexive eontrol of the 
miiseles serving the eyes, neek, limbs, and trunk. 


gure 15.36 Neural pathvvays of the balanee and orientation system. 



depieted in Figure 15.36, impulses travel initially to one of 
two destinations: the vestibular nuclei in the brain stem or the 
cerebellum. The vestibular nuclei, the major integrative eenter 
for balanee, also reeeive inputs from the visual and somatie 
reeeptors, particularly from proprioeeptors in neek muscles 
that report on the position of the head. These nuclei integrate 
this information and then send eommands to brain stem mo- 
tor eenters that eontrol the extrinsic eye muscles (eranial nerve 
nuclei III, IV, and VI) and reflex movements of the neek, limb, 
and trunk muscles (via the vestibulospinal traets). The ensuing 
reflex movements of the eyes and body allow us to remain fo- 
cused on the visual field and quickly adjust our body position to 
maintain or regain balanee. 

The cerebellum also integrates inputs from the eyes and so- 
matie reeeptors (as well as from the eerebmm). It eoordinates 
skeletal muscle aetivity and regulates muscle tone to maintain 
head position, posture, and balanee, often in the faee of rapidly 
ehanging inputs. Its “speeialty” is fine eontrol of delieate pos- 
tural movements and timing. 

Notiee that the vestibular apparatus does not aiitomatieally 
eompensate for forees aeting on the body. Its job is to send warn- 
ing signals to the eentral nervous system, which initiates the 
appropriate eompensations (righting) to keep your body bal- 
aneed, your weight evenly distributed, and your eyes focused on 
what you were looking at when the disturbance occurred. 


Homeostatie imbalanee 15.13 

Responses to equilibrium signals are totally reflexive, and usu- 
ally we are aware of vestibular apparatus aetivity only when its 
function is impaired. Equilibrium problems are usually ob- 
vious and unpleasant. Nausea, dizziness, and loss of balanee 
are eommon and there may be nystagmus in the absenee of 
rotational stimuli. 

Motion siekness has been difficult to explain, but it appears 
to be due to sensory input mismatehes. For example, if you are 
inside a ship during a storm, visual inputs indieate that your 
body is fixed with referenee to a stationary environment (your 
eabin). But as rough seas toss the ship about, your vestibular 
apparatus deteets movement and sends impulses that disagree 
with the visual information. The brain thus reeeives eonflieting 
signals, and its c eonffision ’ somehow leads to motion siekness. 

Warning signals, which preeede nausea and vomiting, in- 
clude excessive salivation, pallor, rapid deep breathing, and 
proffise sweating. Removal of the stimulus usually ends the 
symptoms. Over-the-counter antimotion drugs, such as 
meelizine (Bonine), depress vestibular inputs and help alleviate 
the symptoms. They are most effeetive when taken cc before the 
faet.” Seopolamine-eontaining timed-release skin patehes may 
also head off motion siekness. + 
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Check Your IJnderstanding 


15. For eaeh of the follovving phrases, indieate vvhether it applies 
to a macula or a erista ampullaris: inside a semicircular 
eanal; eontains otoliths; responds to linear aeeeleration 
and deeeleration; has a cupula; responds to rotational 
aeeeleration and deeeleration; inside a saccule. 

_ For ansvvers, see Appendix Fi. 


Homeostatie imbalanees 
of Hearing and Equilibrium 

Deafness 




15 




Any hearing loss, no matter how slight, is deafness of some sort. 
Deafness is elassified as conduction or sensorineural deafness, 
aeeording to its cause. 

Conduction deafness occurs when something hampers 
sound conduction to the fluids of the internal ear. For example, 
eompaeted earwax ean bloek the external acoustic meatus, or a 
perforated ( ruptured ) eardram ean prevent sound conduction 
from the eardram to the ossieles. But the most eommon causes 
of conduction deafness are middle ear inflammations (otitis 
media) and otoselerosis (o"to-sklé-ro'sis) of the ossieles. 

Otoselerosis (“hardening of the ear”) occurs when over- 
growth of bony tissue fuses the base of the stapes to the oval 
window or welds the ossieles to one another. In such eases, 
vibrations of the skull bones conduct sound to the reeeptors 
of that ear, which is far less satisfaetory. Otoselerosis is treated 
surgically. 

Sensorineural deafness results from damage to neural struc- 
tures at any point from the eoehlear hair eells to and including 
the auditory eortieal eells. This type of deafness typieally results 
from the gradual loss of hair eells throughout life. Hair eells ean 
also be destroyed at an earlier age by a single explosively loud 
noise or prolonged exposure to high-intensity sounds, such as 
roek bands or airport noise, which literally tear off their eilia. 
Other causes of sensorineural deafness are degeneration of the 
eoehlear nerve, strokes, and tumors in the auditory cortex. 

Hair eells dont normally regenerate in mammals, but re- 
searehers are seeking ways to prod supporting eells into dif- 
ferentiating into hair eells. For eongenital defeets or age- or 
noise-related eoehlear damage, eoehlear implants (deviees that 
eonvert sound energy into eleetrieal signals) ean be inserted 
into a drilled reeess in the temporal bone. The original eoehlear 
implants made human voiees sound tinny and robotlike, but 
modern versions are so effeetive that even ehildren born deaf 
ean hear well enough to learn to speak well. 


Tinnitus 

Tinnitus (tí-ni'tus) is a ringing or elieking sound in the ears in 
the absenee of auditory stimuli. It is usually a symptom rather 
than a disease. For example, tinnitus is one of the first symptoms 
of eoehlear nerve degeneration. It may also signal inflammation 
of the middle or internal ears and is a side effeet of some medi- 
eations, such as aspirin. 


Reeent evidenee suggests that tinnitus is analogous to phan- 
tom limb pain. In other words, it is “phantom eoehlear noise” 
caused by destraetion of some neurons in the auditory pathway 
and the subsequent ingrowth of nearby neurons whose signals 
are interpreted as noise by the CNS. 


Ménière’s Syndrome 

Classic Ménière’s syndrome (men"é-àrz') is a labyrinth disor- 
der that seems to affeet all three parts of the internal ear. The 
afflieted person has repeated attaeks of vertigo, nausea, and 
vomiting. Balanee is so disturbed that standing ereet is nearly 
impossible. A “howling” tinnitus is eommon, so hearing is im- 
paired (and ultimately lost) as well. The cause is uncertain, but 
it may result from excessive endolymph that distorts the mem- 
branous labyrinth, or a membrane rupture that allows the peri- 
lymph and endolymph to mix. 

Mild eases ean usually be managed by antimotion drags or a 
low-salt diet and diuretics to deerease endolymph fluid volume. 
In severe eases, draining the excess endolymph from the inter- 
nal ear may help. A last resort is removal of the entire malfunc- 
tioning labyrinth, which is usually deferred until hearing loss is 
eomplete. 



Check Your Llnderstanding' 


16. Six-year-old Mohammed has a eold and says his ears feel 
"full" and he "ean't hear vvell." Explain vvhat has happened 
in Mohammed's ears. Which type of deafness does 
Mohammed have—conduction or sensorineural? 

_ For ansvvers, see Appendix H. 


Developmental Aspeets 
of the Speeial Senses 

List ehanges that occur in the speeial sense organs with 
aging. 


Taste and Smell 

All the speeial senses are functional, to a greater or lesser degree, 
at birth. Smell and taste are sharp, and infants relish food that 
adults eonsider bland or tasteless. Some researehers elaim that 
smell is just as important as touch in guiding newborn infants 
to their mother s breast. However, very young ehildren seem 
indifferent to odors and ean play happily with their own feees. 

There are few problems with the ehemieal senses during 
ehildhood and young adulthood. Women generally have a more 
acute sense of smell than men, and nonsmokers have a sharper 
sense of smell than smokers. 

Beginning in the fourth deeade of life, our ability to taste and 
smell deelines due to the gradual loss of reeeptors, which are 
replaeed more slowly than in younger people. More than half 
of people over age 65 have serious problems deteeting odors, 
which may explain why some tend to douse themselves with 
large amounts of eologne, or pay little attention to formerly 
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disagreeable odors. Additionally, their sense of taste is poor. 
This along with the deeline in the sense of smell makes food 
taste bland and contributes to loss of appetite. 


also at risk for eertain eonditions that cause blindness, such as 
macular degeneration, glaucoma, eataraets, atheroselerosis, and 
diabetes mellitus. 


Vision 


Hearing and Balanee 


By the fourth week of development, the eyes begin forming as 
the optie vesieles that protmde from the dieneephalon (see 
Figure 12. le on p. 429). Soon these hollow vesieles indent to 
form double-layered optie cups, and their stalks form the optie 
nerves and provide a pathway for blood vessels to reaeh the eye 
interior. 

Onee an optie vesiele reaehes the overlying surface eeto- 
derm, it induces the eetoderm to thieken and then form a lens 
vesiele that pinehes oíf into the eavity of the optie cup, where 
it beeomes the lens. The lining (internal layer) of the optie cup 
beeomes the neural layer of the retina, and the outer layer forms 
the pigmented layer. The rest of the eye tissues and the vitre- 
ous humor are formed by mesenehymal eells derived from the 
mesoderm that surrounds the optie cup. 

In the darkness of the uterus, the fetus eannot see. Nonethe- 
less, even before the light-sensitive portions of the photoreeep- 
tors develop, the eentral nervous system eonneetions have been 
made and are functional. During infaney, synaptie eonneetions 
are fine-tuned, and the typieal eortieal fields that allow binocu- 
lar vision are established. 



Homeostatie imbalanee 15.14 


Congenital problems of the eyes are relatively uncommon, but 
their ineidenee is dramatieally inereased by eertain maternal in- 
feetions, particularly rubella (German measles) during the eriti- 
eal first three months of pregnaney. Common rabella sequels 
include blindness and eataraets. + 


As a rale, vision is the only speeial sense not fully functional 
at birth. Because the eyeballs are foreshortened, most babies 
are hyperopie. The newborn infant sees only in gray tones, eye 
movements are uncoordinated, and often only one eye at a time 
is used. The laerimal glands are not eompletely developed until 
about two weeks after birth, so babies are tearless for this period, 
even though they may ery histily. By 5 months, infants ean fol- 
low moving objeets with their eyes, but visual acuity is still poor 
( 20 / 200 ). 

By the age of 3 years, depth pereeption is present and eolor 
vision is well developed. Because the eyeball has grown, visual 
acuity has improved to about 20/30, providing a readiness to be- 
gin reading. By first grade, emmetropia has usually replaeed the 
initial hyperopia, and the eye reaehes its adult size at 8-9 years 
of age. Emmetropia usually continues until presbyopia begins to 
set in around age 40 owing to deereasing lens elastieity. 

With age, the lens loses its erystal elarity and diseolors. As a 
result, it begins to seatter light, causing a glare that is distress- 
ing when driving at night. The dilator pupillae muscles beeome 
less eífieient, so the pupils stay partly eonstrieted. These two 
ehanges together deerease the amount of light reaehing the ret- 
ina, and visual acuity is dramatieally lower in people over 70. In 
addition, the laerimal glands are less aetive and the eyes tend to 
be dry and more susceptible to infeetion. Elderly persons are 


The ear begins to develop in the three-week embryo. The inter- 
nal ears develop first, from thiekenings of the surface eetoderm 
ealled the otie plaeodes (o'tik plak'òds), which lie lateral to the 
hindbrain on eaeh side. The otie plaeode invaginates, forming the 
otie pit and then the otie vesiele, which detaehes from the surface 
epithelium. The otie vesiele develops into the membranous laby- 
rinth. The surrounding mesenehyme forms the bony labyrinth. 

The middle ear eavity and pharyngotympanie tube of the 
middle ear develop from pharyngeal pouches, lateral outpock- 
etings of the endoderm lining the pharynx. The auditory ossi- 
eles develop from neural erest eells. 

The external acoustic meatus and external faee of the tym- 
panie membrane of the external ear difiFerentiate from the pha- 
ryngeal eleft (branehial groove ), an indentation of the surface 
eetoderm, and the auricle develops from swellings of the sur- 
rounding tissue. 

Newborn infants ean hear, but early responses to sound are 
mostly reflexive—for example, erying and elenehing the eyelids 
in response to a startling noise. By the fourth month, infants will 
turn to the voiees of family members. Critical listening begins as 
toddlers inerease their vocabulary, and good language skills are 
elosely tied to the ability to hear well. 



Homeostatie imbalanee 15.15 


Congenital abnormalities of the ears are fairly eommon. Exam- 
ples include partly or eompletely missing pinnae and elosed or 
absent external acoustic meatuses. Maternal rabella during the 
first trimester eommonly results in sensorineural deafness. + 
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Except for ear inflammations, mostly due to infeetions, few 
problems aífeet the ears during ehildhood and adult life. By 
the 60s, however, deterioration of the spiral organ beeomes no- 
tieeable. We are born with approximately 30,000 hair eells, but 
their number deelines as they are damaged or destroyed by loud 
noises, disease, or drags (for example, the antibiotie streptomy- 
ein). The hair eells are replaeed, but at such a slow rate that there 
really is no fimetional regeneration. It is estimated that if we were 
to live 140 years, we would lose all of our hearing reeeptors. 

The ability to hear high-pitehed sounds leaves us first. This 
eondition, ealled presbycusis (pres"bì-ku'sis), is a type of sen- 
sorineural deafness. Although presbycusis is eonsidered a dis- 
ability of old age, it is beeoming much more eommon in younger 
people as our world grows noisier. 




Check Your LPnderstanding 

17. What age-related ehanges make it more difficult for the 


elderly to see at night? 


For ansvvers, see Appendix Fi 


Our abilities to see, hear, taste, and smell—and some of our 
responses to the effeets of gravity—are largely the work of our 
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brain. However, as we have diseovered in this final nervous 
system ehapter, the large and often elaborate sensory reeeptor 
organs that serve the speeial senses are works of art in and of 
themselves. 


The concluding ehapter of this unit deseribes how the body s 
ftmetions are eontrolled by ehemieals ealled hormones in a 
manner quite different from what we have deseribed for neural 
eontrol. 


Chapter Summary 


@ For more ehapter study tools, go to the Study Area 

of MasteringA&P at www.masteringaandp.com. 

There you will find: 

■ interaetive Physiology SP 
■ A&PFIix A&PFIix 
■ Praetiee Anatomy Lab PÀL 


PEx 


■ Videos, Praetiee Quizzes and Tests, MP3 Tutor Sessions, Case 
Studies, and much more! 

The Eye and Vision (pp. 545-565) 

1. The eye is enelosed in the bony orbit and cushioned by fat. 

Aeeessory Structures of the Eye (pp. 545-549) 

2. Eyebrows help to shade and proteet the eyes. 

3. Eyelids proteet and lubricate the eyes by reflex blinking. Within 
the eyelids are the orbicularis oculi and levator palpebrae 
superioris muscles, and modified sebaceous and sweat glands. 

4. The conjunctiva is a mucosa that lines the eyelids and eovers the 
anterior eyeball surface. Its mucus lubricates the eyeball surface. 

5. The laerimal apparatus eonsists of the laerimal gland (which 
produces a saline solution eontaining mucus, lysozyme, and 
antibodies), the laerimal canaliculi, the laerimal sae, and the 
nasolaerimal duct. 

6. The extrinsic eye muscles (superior, inferior, lateral, and medial 
rectus and superior and inferior oblique) move the eyeballs. 

Structure of the Eyeball (pp. 549-553) 

7. The wall of the eyeball is made up of three layers. The outermost 
fibrous layer eonsists of the selera and the eornea. The selera 
proteets the eye and gives it shape; the eornea allows light to enter 
the eye. 

8. Tfie middle, pigmented vascular layer (uvea) eonsists of the 
ehoroid, the eiliary body, and the iris. The ehoroid provides 
nutrients to the eye and prevents light seattering within the eye. 
The eiliary muscles of the eiliary body eontrol lens shape; the iris 
eontrols the size of the pupil. 

9. The inner layer, or retina, eonsists of an outer pigmented 
layer and an inner neural layer. The neural layer eontains 
photoreeeptors (rods and eones), bipolar eells, and ganglion eells. 
Ganglion eell axons form the optie nerve, which exits via the 
optie dise (“blind spot”). 

10. The posterior segment of the eyeball, behind the lens, eontains 
vitreous humor, which helps support the eyeball and keep the 
retina in plaee. The anterior segment, anterior to the lens, is 
filled with aqueous humor, formed by eapillaries in the eiliary 
proeesses and drained into the seleral venous sinus. Aqueous 
humor is a major faetor in maintaining intraocular pressure. 

11. The biconvex lens is suspended within the eye by the eiliary 
zonule attaehed to the eiliary body. The lens is the only adjustable 
refraetory structure of the eye. 


Opties and the Eye (pp. 553-556) 

12. Visible light is made up of those wavelengths of the 
eleetromagnetie speetmm that excite the photoreeeptors. 

13. Light is refraeted (bent) when passing from one transparent 
medium to another of different density. Concave lenses disperse 
light; convex lenses eonverge light and bring its rays to a foeal 
point. The greater the lens curvature, the more light bends. 

14. As light passes through the eye, the eornea and lens bend and focus 
it on the retina. The eornea accounts for most of the refraetion, but 
the lens allows aetive focusing for different distanees. 

15. Focusing for distant vision requires no speeial movements 
of the eye structures. Focusing for close-up vision requires 
aeeommodation (bulging of the lens), pupillary eonstrietion, and 
eonvergenee of the eyeballs. Cranial nerve III eontrols all three 
reflexes. 

16. Refraetory problems include presbyopia, myopia, hyperopia, and 
astigmatism. 

Photoreeeptors and Phototransdiietion (pp. 556-563) 

17. The outer segments of the photoreeeptors eontain light-absorbing 
visual pigment in membrane-bounded dises. 

18. The light-absorbing molecule retinal is eombined with various 
opsins to form the visual pigments. Rod visual pigment, 
rhodopsin, is a eombination of retinal and opsin. The three 
types of eones all eontain retinal, but eaeh has a different type of 
opsin. Eaeh eone type responds maximally to one eolor of light: 
red, blue, or green. The ehemistry of eone ftmetion is similar to 
that of rods. 

19. Rods respond to low-intensity light and provide night and 
peripheral vision. Cones are bright-light, high-diserimination 
reeeptors that provide eolor vision. Anything that must be viewed 
preeisely is focused on the eone-rieh fovea eentralis. 

20. When stmek by light, retinal ehanges shape (11 -eis to all- 
trans) and aetivates opsin. Aetivated opsin aetivates transducin 
(a G protein) which in turn aetivates PDE, an enzyme that 
breaks down eGMP, allowing the eation ehannels to elose. This 
hyperpolarizes the reeeptor eells and inhibits their release of 
neurotransmitter. 

21. Photoreeeptors and bipolar eells generate graded potentials only; 
ganglion eells generate aetion potentials. 

22. During light adaptation, photopigments are bleaehed and rods 
are inaetivated; then, as eones deerease their light sensitivity, 
high-acuity vision ensues. In dark adaptation, eones eease 
ftmetioning, and visual acuity deereases; rod ftmetion begins 
when sufficient rhodopsin has accumulated. 

Visual Pathways and Proeessing (pp. 563-565) 

23. The visual pathway to the brain begins with the optie nerve fibers 
(ganglion eell axons) from the retina. At the optie ehiasma, fibers 
from the medial half of eaeh retina eross over and continue in 
the optie traets to the thalanms. Thalamie neurons projeet to the 
visual cortex via the optie radiation. Fibers also projeet from the 
retina to the midbrain preteetal nuclei and the superior colliculi, 
and to the suprachiasmatic nucleus of the hypothalamus. 
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24. Eaeh eye reeeives a slightly different view of the visual fìeld. The 
visual eortiees fuse these views to provide depth pereeption. 

25. Retinal proeessing involves the seleetive destmetion of inputs so 
as to emphasize bright/dark or eolor eontrasts (edges). Thalamie 
proeessing subserves high-acuity eolor vision and depth pereeption. 
Cortical proeessing involves neurons of the striate (primary) 
cortex, which reeeive inputs from the retinal ganglion eells, and 
neurons of the prestriate (assoeiation) eortiees, which reeeive inputs 
from striate eortieal eells and mostly integrate inputs eoneerned 
with eolor, form, and movement. Visual proeessing also proeeeds 
anteriorly in the “whaf ’ and “where” proeessing streams via the 
temporal and parietal lobes, respeetively. 

The ehemieal Senses: Smell and Taste (pp. 565-570) 

The Olfaetory Epithelium and the Sense of Smell (pp. 565-567) 

1. The olfaetory epithelium is loeated in the roof of the nasal eavity. 
The olfaetory sensory neurons are eiliated bipolar neurons. Their 
axons are the fìlaments of the olfaetory nerve (eranial nerve I). 

2. Individual olfaetory neurons show a range of responsiveness to 
different ehemieals. Olfaetory neurons bearing the same odorant 
reeeptors synapse in the same glomerulus type. 

3. Olfaetory neurons are excited by volatile ehemieals that bind to 
reeeptors in the olfaetory eilia. 

4. Aetion potentials of the olfaetory nerve filaments are transmitted 
to the olfaetory bulb where the filaments synapse with mitral 
eells. The mitral eells send impulses via the olfaetory traet to the 
olfaetory cortex. Fibers earrying impulses from the olfaetory bulb 
also projeet to the limbie system. 

Taste Buds and the Sense of Taste (pp. 568-570) 

5. The taste buds are seattered in the oral eavity and pharynx but are 
most abundant on the tongue papillae. 

6. Gustatory epithelial eells, the reeeptor eells of the taste buds, have 
gustatory hairs (mierovilli) that serve as the reeeptor regions. The 
gustatory epithelial eells are excited by the binding of tastants 
(food ehemieals) to reeeptors on their mierovilli. 

7. The five basie taste qualities are sweet, sour, salty, bitter, and 
umami. 

8. The taste sense is served by eranial nerves VII, IX, and X, which 
send impulses to the solitary nucleus of the medulla. From there, 
impulses are sent to the thalamus and the gustatory cortex. 

Homeostatie imbalanees of the ehemieal Senses (p. 570) 

9. Most ehemieal sense dysfimetions are olfaetory disorders 
(anosmias). Common causes are trauma, inflammation, or 
neurological disorders. 

The Ear: Hearing and Balanee (pp. 570-584) 

Structure of the Ear (pp. 570-575) 

1. The auricle and external acoustic meatus eompose the external 
ear. The tympanie membrane, the boundary between the outer 
and middle ears, transmits sound waves to the middle ear. 

2. The middle ear is a small ehamber within the temporal bone, 
eonneeted by the pharyngotympanie tube to the nasopharynx. 
The ossieles, which help amplify sound, span the middle 

ear eavity and transmit sound vibrations from the tympanie 
membrane to the oval window. 

3. The internal ear eonsists of the bony labyrinth, within which 
the membranous labyrinth is suspended. The bony labyrinth 
ehambers eontain perilymph; the membranous labyrinth ducts 
and saes eontain endolymph. 


4. The vestibule eontains the saccule and utricle. The semicircular 
eanals extend posteriorly from the vestibule in three planes. They 
eontain the semicircular ducts. 

5. The eoehlea houses the eoehlear duct (seala media), eontaining the 
spiral organ, the reeeptor organ for hearing. Within the eoehlear 
duct, the hair (reeeptor) eells rest on the basilar membrane, and 
their hairs proj eet into the gelatinous teetorial membrane. 

Physiology of Hearing (pp. 575-579) 

6. Sound originates from a vibrating objeet and travels in waves 
eonsisting of alternating areas of eompression and rarefaetion of 
the medium. 

7. The distanee from erest to erest on a sine wave is the sounds 
wavelength; the shorter the wavelength, the higher the frequency 
(measured in hertz). Frequency is pereeived as piteh. 

8. The amplitude of sound is the height of the peaks of the sine 
wave, which refleet the sounds intensity. Sound intensity is 
measured in deeibels. Intensity is pereeived as loudness. 

9. Sound passing through the external acoustic meatus sets the 
tympanie membrane into vibration at the same frequency. The 
ossieles amplify and deliver the vibrations to the oval window. 

10. Pressure waves in eoehlear fluids set speeifie loeations on 
the basilar membrane into resonanee. At points of maximal 
membrane vibration, the vibratory motion alternately depolarizes 
and hyperpolarizes the hair eells of the spiral organ. Movements 
of the stereoeilia toward the kinocilium depolarize the hair eells 
and inerease the rate of impulse generation in the auditory nerve 
fibers. Movements away from the kinoeilimn have the opposite 
effeet. High-frequency sounds stimulate hair eells near the oval 
window; low-frequency sounds stimulate hair eells near the apex. 
Inner hair eells send most auditory inputs to the brain. Outer hair 
eells amplify the inner hair eells’ responsiveness. 

11. Impulses generated along the eoehlear nerve travel to the 
eoehlear nuclei of the medulla and from there through several 
brain stem nuclei to the medial geniculate nucleus of the 
thalamus and then the auditory cortex. Eaeh auditory cortex 
reeeives impulses from both ears. 

12. Auditory proeessing is analytie; eaeh tone is pereeived separately. 
Pereeption of piteh is related to the position of the excited hair 
eells along the basilar membrane. Intensity pereeption refleets the 
faet that as sound intensity inereases, basilar membrane motion 
inereases, and the frequency of impulse transmission to the 
cortex inereases. Cues for sound loealization include the intensity 
and timing of sound arriving at eaeh ear. 

Equilibrium and Orientation (pp. 580-584) 

13. The equilibrium reeeptor regions of the internal ear are ealled the 
vestibular apparatus. 

14. The reeeptors for linear aeeeleration and gravity are the maculae 
of the saccule and utricle. A macula eonsists of hair eells with 
stereoeilia and a kinoeilimn embedded in an overlying otolith 
membrane. Finear movements cause the otolith membrane to 
move, pulling on the hair eells and ehanging the rate of impulse 
generation in the vestibular nerve fibers. 

15. The reeeptor within eaeh semicircular duct, the erista ampullaris, 
responds to angular or rotational aeeeleration in one plane. It 
eonsists of a tuft of hair eells whose stereoeilia are embedded in 
the gelatinous ampullary cupula. Rotational movements cause the 
endolymph to flow in the opposite direetion, bending the cupula 
and either exciting or inhibiting the hair eells. 

16. Impulses from the vestibular apparatus are sent via vestibular 
nerve fibers mainly to the vestibular nuclei of the brain stem and 
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the cerebellum. These eenters initiate responses that fix the eyes 
on objeets and aetivate muscles to maintain balanee. 

Homeostatie imbalanees of Hearing and Equilibrium 

(p. 584) 

17. Conduction deafness results from interferenee with conduction 
of sound vibrations to the flmds of the internal ear. Sensorineural 
deafness refleets damage to neural structures. 

18. Tinnitus is an early sign of sensorinemal deafness; it may also 
result from inflammation or eertain dmgs. 

19. Ménières syndrome is a disorder of the membranous labyrinth. 
Symptoms include tinnitus, deafness, and vertigo. Excessive 
endolymph accumulation is the suspected cause. 

Developmental Aspeets of the Speeial Senses 

(pp.584-585) 

Taste and Smell (pp. 548-585) 

1. The ehemieal senses are sharpest at birth and gradually deeline 
with age as reeeptor eells are replaeed more slowly. 

Vision (p. 585) 

2. Congenital eye problems are uncommon, but maternal mbella 
ean cause blindness. 

3. The eye starts as an optie vesiele, an outpocketing of the 
dieneephalon that invaginates to form the optie cup, which 


beeomes the retina. Overlying eetoderm folds to form the lens 
vesiele, which gives rise to the lens. The remaining eye tissues and 
the aeeessory structures are formed by mesenehyme. 

4. The eye is foreshortened at birth and reaehes adult size at the age of 
8-9 years. Depth pereeption and eolor vision develop before age 3. 

5. With age, the lens loses its elastieity and elarity, there is a deeline 
in the ability of the iris to dilate, and visual acuity deereases. The 
elderly are at risk for eye problems resulting from dry eyes and 
disease. 

Hearing and Balanee (p. 585) 

6. The membranous labyrinth develops from the otie plaeode, an 
eetodermal thiekening lateral to the hindbrain. Mesenehyme 
forms the surrounding bony structures. Pharyngeal pouch 
endoderm, in conjunction with mesenehyme, forms most 
middle ear structures; the external ear is formed largely by 
eetoderm. 

7. Congenital ear problems are fairly eommon. Maternal mbella ean 
cause deafness. 

8. Response to sound in infants is reflexive. By the fourth month, an 
infant ean loeate sound. Critical listening develops in toddlers. 

9. The spiral organ deteriorates throughout life as noise, disease, 
and dmgs destroy eoehlear hair eells. Age-related loss of hearing 
(presbycusis) occurs in the 60s and 70s. 


Review Questions 

J 


Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. Aeeessory glands that produce an oily seeretion are the 
(a) conjunctiva, (b) laerimal glands, (e) tarsal glands. 

2. The portion of the fibrous layer that is white and opaque is the 
(a) ehoroid, (b) eornea, (e) retina, (d) selera. 

3. Which sequence best deseribes a normal route for the flow of 
tears from the eyes into the nasal eavity? (a) laerimal canaliculi, 
laerimal saes, nasolaerimal ducts; (b) laerimal ducts, laerimal 
canaliculi, nasolaerimal ducts; (e) nasolaerimal ducts, laerimal 
canaliculi, laerimal saes. 

4. Aetivation of the sympathetie nervous system causes 

(a) eontraetion of the sphineter pupillae muscles, (b) eontraetion 
of the dilator pupillae muscles, (e) eontraetion of the eiliary 
muscles, (d) a deerease in eiliary zonule tension. 

5. Damage to the medial reeti muscles would probably affeet 

(a) aeeommodation, (b) refraetion, (e) eonvergenee, (d) pupil 
eonstrietion. 

6. The phenomenon of dark adaptation is best explained by the faet 
that (a) rhodopsin does not fimetion in dim light, (b) rhodopsin 
breakdown occurs slowly, (e) rods exposed to intense light need 
time to generate rhodopsin, (d) eones are stimulated to fimetion 
by bright light. 

7. Bloekage of the seleral venous sinus might result in (a) a sty, 

(b) glaucoma, (e) conjunctivitis, (d) a eataraet. 

8. Nearsightedness is more properly ealled (a) myopia, (b) hyperopia, 
(e) presbyopia, (d) emmetropia. 

9. Of the neurons in the retina, the axons of which of these form the 
optie nerve? (a) bipolar eells, (b) ganglion eells, (e) eone eells, 

(d) horizontal eells. 


10. Which sequence of reaetions occurs when a person looks at a 
distant objeet? (a) pupils eonstriet, eiliary zonule (suspensory 
ligament) relaxes, lenses beeome less convex; (b) pupils dilate, 
eiliary zonule beeomes taut, lenses beeome less convex; (e) pupils 
dilate, eiliary zonule beeomes taut, lenses beeome more convex; 

(d) pupils eonstriet, eiliary zonule relaxes, lenses beeome more 
convex. 

11. During embryonie development, the lens of the eye forms 
(a) as part of the ehoroid eoat, (b) from the surface eetoderm 
overlying the optie cup, (e) as part of the selera, (d) from 
mesodermal tissue. 

12. The blind spot of the eye is (a) where more rods than eones are 
found, (b) where the macula lutea is loeated, (e) where only eones 
occur, (d) where the optie nerve leaves the eye. 

13. Olfaetory traet damage would probably aífeet your ability to 

(a) see, (b) hear, (e) feel pain, (d) smell. 

14. Sensory impulses transmitted over the faeial, glossopharyngeal, 
and vagus nerves are involved in the sensation of (a) taste, 

(b) touch, (e) equilibrium, (d) smell. 

15. Taste buds are found on the (a) anterior part of the tongue, 

(b) posterior part of the tongue, (e) palate, (d) all of these. 

16. Gustatory epithelial eells are stimulated by (a) movement of 
otoliths, (b) streteh, (e) substances in solution, (d) photons of 
light. 

17. Cells in the olfaetory bulb that aet as loeal “integrators” of 
olfaetory inputs are the (a) hair eells, (b) amaerine granule eells, 

(e) olfaetory stem eells, (d) mitral eells, (e) supporting eells. 

18. Olfaetory nerve filaments are found (a) in the optie bulbs, 

(b) passing through the eribriform plate of the ethmoid bone, 

(e) in the optie traets, (d) in the olfaetory cortex. 

19. Conduction of sound from the middle ear to the internal ear 
occurs via vibration of the (a) malleus against the tympanie 
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membrane, (b) stapes in the oval window, (e) incus in the round 
window, (d) stapes against the tympanie membrane. 

20. The transmission of sound vibrations through the internal ear 
occurs ehiefly through (a) nerve fibers, (b) air, (e) fluid, (d) bone. 

21. Which of the following statements does not eorreetly deseribe the 
spiral organ? (a) Sounds of high frequency sthmdate hair eells at 
the basal end, (b) the “hairs” of the reeeptor eells are embedded 
in the teetorial membrane, (e) the basilar membrane aets as a 
resonator, (d) the more numerous outer hair eells are largely 
responsible for our pereeption of sound. 

22. Piteh is to frequency of sound as loudness is to (a) quality, 

(b) intensity, (e) overtones, (d) all of these. 

23. The structure that allows pressure in the middle ear to be 
equalized with atmospherie pressure is the (a) pinna, 

(b) pharyngotympanie tube, (e) tympanie membrane, 

(d) oval window. 

24. Which of the following is important in maintaining the balanee 
of the body? (a) visual cues, (b) semieirailar eanals, (e) the 
saccule, (d) proprioeeptors, (e) all of these. 

25. Equilibrium reeeptors that report the position of the head in 
spaee relative to the pull of gravity are (a) spiral organs, 

(b) maculae, (e) eristae ampullares, (d) otoliths. 

26. Which of the following is not a possible cause of conduction 
deafness? (a) impaeted eemmen, (b) middle ear infeetion, 

(e) eoehlear nerve degeneration, (d) otoselerosis. 

27. Which of the following are intrinsie eye muscles? (a) superior 
rectus, (b) orbicularis oculi, (e) smooth muscles of the iris and 
eiliary body, (d) levator palpebrae superioris. 

28. Which lies elosest to the exact posterior pole of the eye? 

(a) optie nerve, (b) optie dise, (e) macula lutea, (d) point of entry 
of eentral artery into the eye. 

29. Otoliths (ear stones) are (a) a cause of deafness, (b) a type of 
hearing aid, (e) important in equilibrium, (d) the roek-hard 
petrous temporal bones. 

Short Answer Essay Questions 

30. Why do you often have to blow your nose after erying? 

31. How do rods and eones differ fimetionally? 

32. Where is the fovea eentralis, and why is it important? 

33. Deseribe the response of rhodopsin to light stimuli. What is the 
outcome of this easeade of events? 

34. Sinee there are only three types of eones, how ean you explain the 
faet that we see many more eolors? 

35. Where are the olfaetory sensory neurons, and why is that site 
poorly suited for their job? 

36. Eaeh olfaetory sensory neuron responds to a single type of 
odorant molecule. True or false? Explain your ehoiee. 

37. Name the five primary taste qualities and the eranial nerves that 
serve the sense of taste. 

38. Deseribe the effeet of aging on the speeial sense organs. 


( ì Critical Thinking 
9pvW and dinieal Applieation 
'oZy Questions 

1. During an ophthalmoseopie examination, Mrs. James was found 
to have bilateral papilledema. Further investigation indieated that 
this eondition resulted from a rapidly growing intraeranial tumor. 
First, define papilledema (see Related Clinical Terms). Then 
explain its presenee in terms of Mrs. James s diagnosis. 

2. Sally, a 9-year-old girl, told the elinie physieian that her “ear 
lump hurt’ 5 and she kept “getting dizzy and falling down.” As she 
told her story, she pointed to her mastoid proeess. An otoseopie 
examination of the external acoustic meatus revealed a red, 
swollen eardmm, and her throat was inflamed. Her eondition 
was deseribed as mastoiditis with seeondary labyrinthitis 
(inflammation of the labyrinth). Deseribe the most likely route of 
infeetion and the infeeted structures in Sally s ease. Also explain 
the cause of her dizziness and falling. 

3. Mr. Gaspe appeared at the eye elinie eomplaining of a ehip of 
wood in his eye. No foreign body was found, but the conjunctiva 
was obviously inflamed. What name is given to this inflammatory 
eondition, and where would you look for a foreign body that has 
been floating around on the eye surface for a while? 

4. Mrs. Orlando has been notieing flashes of light and tiny speeks 
in her right visual field. When she begins to see a “veil” floating 
before her right eye, she makes an appointment to see the eye 
doetor. What is your diagnosis? Is the eondition serious? Explain. 

5. David Norris, an engineering student, has been working in a 
nightclub to earn money to pay for his education. After about 
eight months, he notiees that he is having problems hearing high- 
pitehed tones. What is the cause-and-effect relationship here? 

6. Assume that a tumor in the pituitary gland or hypothalamus is 
protrading inferiorly and eompressing the optie ehiasma. What 
could be the visual outcome? 

7. Four-year-old Gary Zammer is brought to the ophthalmologist 
for a routine checkup on his vision. Gary is an albino. How do 
you think albinism affeets vision? 

8. Right before Jan, a senior eitizen, had a large plug of earwax 
eleaned from her ear, she developed a eonstant howling sound in 
her ear that would not stop. It was very annoying and stressfiil, 
and she had to go to counseling to learn how to live with this 
awful noise. What was her eondition ealled? 

9. During an anatomy and physiology lab exercise designed to 
teaeh the use of the ophthalmoseope, you notiee that your lab 
partner has difficulty seeing objeets in the darkened room. Upon 
examining her retina through the ophthalmoseope, you observe 
streaks and patehes of dark pigmentation at the baek of the eye. 
What might this eondition be? 

10. Henri, a ehef in a five-star Freneh restaurant, has been diagnosed 
with leukemia. He is about to undergo ehemotherapy, which 
will kill rapidly dividing eells in his body. He needs to continue 
working between bouts of ehemotherapy. What consequences of 
ehemotherapy would you prediet that might affeet his job as a ehef? 
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Related Clinical Temns 


Ageusia (ah-gu'ze-ah) Loss or impairment of the taste sense. 

Age-related macular degeneration (ARMD) Progressive 

deterioration of the macula lutea that destroys eentral vision; 
the main cause of vision loss in those over age 65. Buildup of 
pigments in the macula impairs functioning of the pigmented 
epithelium. Continued accumulation of pigment leads to the 
“dry” form of ARMD, in which many pigment eells and macular 
photoreeeptors die. The dry form is largely untreatable, although 
a speeifie eoektail of vitamins and zine slows its progression. 

Less eommon is the “wet” form in which new blood vessels from 
the ehoroid grow into the retina. Blood and fluids leak from 
these vessels, searring and detaehing the retina. The cause of wet 
ARMD is unknown, but several treatment options ean slow its 
progression—laser treatments that destroy some of the invading 
vessels and dmgs that prevent blood vessel growth. Clinical trials 
using RNA interferenee to inhibit vascular growth are underway. 

Blepharitis (blef'ah-ri'tis; blephar = eyelash; itis = inflammation) 
Inflammation of the margins of the eyelids. 


Enucleation (e-nu"kle-a'shun) Surgical removal of an eyeball. 

Exophthalmos (ek"sof-thal'mos; ex = out; ophthalmo = the 
eye) Anteriorly bulging eyeballs. Seen in some eases of 
hyperthyroidism. 

Labyrinthitis Inflammation of the labyrinth. 

Ophthalmology (of'thal-mol'o-je) The seienee that studies the eye 
and eye diseases. An ophthalmologist is a medieal doetor who 
speeializes in treating eye disorders. 



Case Study 


Speeial 


When emergeney personnel arrived 
on the seene of the bus erash, they 
found Brian Rhen, 42, sitting on the 
side of the road holding his head in 
his hands. He eomplained of a severe headaehe and nausea, and 
vvas evaluated and treated for a concussion. Several days later, 

Mr. Rhen began to experience recurring episodes of vertigo and 
vvas referred to a neurologist. (Vertigo is a sensation of motion or 
movement vvhile the person is stationary, and ean be aeeompanied 
by nausea and vomiting.) 

Mr. Rhen vvas diagnosed vvith benign paroxysmal positional 
vertigo (BPPV). With this eondition, vvhieh ean be caused by head 
trauma, vertigo ean be provoked by speeifie ehanges in head 
position. Mr. Rhen reported that his vertigo usually occurred 
vvhen rolling over in bed, or vvhen turning his head from side to 
side vvhile sitting up, and that these movements provoked the 
sensation of a spinning room, vvhieh led to nausea. The neurologist 
eonfirmed the diagnosis of BPPV by using a test ealled the Dix- 
Hallpike maneuver. During this test, the neurologist looks for 
nystagmus (involuntary, jerking eye movements) as he makes 
speeifie rotational ehanges to Mr. Rhen's head position. 


Optometrist A lieensed nonphysieian who measures vision and 
preseribes eorreetive lenses. 

Otalgia (o-tal'je-ah; algia = pain) Earaehe. 

Otitis externa Inflammation and infeetion of the external acoustic 
meatus, caused by baeteria or flrngi that enter the eanal 
from outside, espeeially when the eanal is moist (e.g., after 
swimming). 

Otoacoustic emissions Sounds generated by the movement of outer 
hair eells in the eoehlea. Stimulated otoacoustic emissions are an 
inexpensive way to sereen newborns for hearing defeets. 

Papilledema (pap"il-é-de'mah;pap/// = nipple; edema = swelling) 
Protmsion of the optie dise into the eyeball, which ean 
be observed by ophthalmoseopie examination; caused by 
eonditions that inerease intraeranial pressure. 

Seotoma (sko-to'mah; seoto = darkness) A blind spot other than 
the normal (optie dise) blind spot. Has many causes, including 
stroke or a brain tumor pressing on fibers of the visual pathway. 

Traehoma (trah-ko'mah; traeh = rough) A highly contagious 

baeterial (ehlamydial) infeetion of the conjunctiva and eornea. 
Common worldwide, it blinds millions of people in poor 
countries of Afriea and Asia. Treated with eye ointments 
eontaining antibiotie dmgs. 

Weber’s test Hearing test during which a sounding tuning fork is held 
to the forehead. In those with normal hearing, the tone is heard 
equally in both ears. The tone will be heard best in the “good” 
ear if sensorineural deafness is present, and in the “bad” ear if 
conduction deafness is present. 


1. The ear is divided into three major areas (eompartments). What 
are these three areas, and vvhieh of these areas is involved in 
Mr. Rhen's BPPV? 

2. What are the three main sources of sensory input that the body 
uses in order to eontrol balanee and equilibrium? 

3. Name the tvvo functional divisions of the vestibular apparatus. 
Identify the sensory reeeptor assoeiated vvith eaeh division, and 
state vvhieh aspeet of equilibrium eaeh reeeptor senses. 

4. BPPV ean be caused by otoliths that have been dislodged 
from the otolithie membrane of the maculae. Based on Mr. 
Rhen's symptoms and the head movements that provoke 
these symptoms, vvhat part of the vestibular apparatus are the 
displaeed otoliths novv affeeting? 

5. Explain vvhy nystagmus is assoeiated vvith the Dix-Hallpike 
maneuver. 


(Ansvvers in Appendix H) 
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Y ou don't have to vvateh CS/ to experience aetion-paeked drama. 

Molecules and eells inside your body have dynamie adventures on mieroseopie 
levels all the time. 

For instanee, when insulin molecules, earried passively along in the blood, attaeh to 
protein reeeptors of nearby eells, the response is dramatie: Glucose molecules disappear 
from the blood into the eells, and cellular aetivity aeeelerates. Such is the power of the 
seeond great eontrol system of the body, the endoerine system, which interaets with the 
nervous system to eoordinate and integrate the aetivity of body eells. 
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UNIT 3 Regulation and Integration of the Body 


The Endoerine System: 

An Overview 

indieate important differenees between hormonal and 
neural eontrols of body functioning. 

s List the major endoerine organs # and deseribe their body 
loeations. 

Distinguish between hormones, paracrines # and autocrines. 


As we have seen, the nervous system regulates the aetivity of 
muscles and glands via eleetroehemieal impulses delivered by 
neurons, and those organs respond within milliseeonds. The 
means of eontrol and speed of the endoerine system are very 
different: The endoerine system infhienees metabolie aetivity 
by means of hormones (hormone = to excite). Hormones are 
ehemieal messengers seereted by eells into the extracellular 
fluids. These messengers travel through the blood and regulate 
the metabolie function of other eells in the body. Binding of 
a hormone to cellular reeeptors initiates responses that typi- 
eally occur after a lag period of seeonds or even days. But, onee 
initiated, those responses tend to last much longer than those 
induced by the nervous system. 

Hormones ultimately target most eells of the body, produc- 
ing widespread and diverse effeets. The major proeesses that 
these “mighty molecules” eontrol and integrate include: 



Reproduction 
Growth and development 

Maintenanee of eleetrolyte, water, and nutrient balanee of the 
blood 


I ■ Regulation of eelhilar metabolism and energy balanee 
■ Mobilization ofbody defenses 


As you ean see, the endoerine system orehestrates proeesses that 
go on for relatively long periods, in some instanees eontimi- 
ously. The seientifie study of hormones and the endoerine or- 
gans is ealled endoerinology. 

Compared with other organs of the body, those of the endo- 
erine system are small and unimpressive. Indeed, to eolleet 1 kg 
(2.2 lb) of hormone-producing tissue, you would need to eolleet 
all the endoerine tissue from eight or nine adults! Unlike most 
organ systems, the endoerine organs are not grouped together 
but are widely seattered about the body. 

As we explained in Chapter 4, there are two kinds of glands: 

■ Exocrine glands produce nonhormonal substances, such as 
sweat and saliva, and have ducts that earry these substances 
to a membrane surface. 

■ Endoerine glands, also ealled ductless glands , produce hor- 
mones and laek ducts. They release their hormones into the 
surrounding tissue fluid (endo = within; erine = to seerete), 
and they typieally have a rieh vascular and lymphatie drain- 
age that reeeives their hormones. Most of the hormone- 
producing eells in endoerine glands are arranged in eords 
and branehing networks—a situation that maximizes eon- 
taet between them and the eapillaries surrounding them. 


Pineal gland 

Hypothalamus 
Pituitary gland 


Thyroid gland 

Parathyroid glands 
(on dorsal aspeet 
of thyroid gland) 

Thymus 


Adrenal glands 


Panereas 


Gonads 

• Ovary (female) 

• Testis (male) 



gure 16.1 Loeation of seleeted endoerine organs of the 
body. 


The endoerine glands include the pituitary, thyroid, parathy- 
roid, adrenal, and pineal glands Fígure 16.1 . The hypotha- 
lamus, along with its neural functions, produces and releases 
hormones, so we ean eonsider the hypothalamus a neuroendo- 
erine organ. In addition, several organs, such as the panereas, 
gonads (ovaries and testes), and plaeenta, eontain endoerine tis- 
sue and also perform other fimetions. 

Many other organs also eontain seattered endoerine eells 
or small clusters of endoerine eells. For example, adipose eells 
release leptin, the thymus releases thymie hormones, and 
hormone-producing eells are found in the walls of the small in- 
testine, stomaeh, kidneys, and heart—organs whose ehief func- 
tions have little to do with hormone production. We deseribe 
these other hormone-producing structures on pp. 621-622. 

Some physiologists include loeal ehemieal messengers— 
autocrines and paraerines—as part of the endoerine system, but 
that is not the consensus. Hormones are long-distanee ehemieal 
signals that travel in blood or lymph throughout the body. Au- 
toerines and paraerines, on the other hand, are short-distanee 
signals. Autocrines are ehemieals that exert their effeets on 
the same eells that seerete them. For example, eertain prosta- 
glandins released by smooth muscle eells cause those smooth 
muscle eells to eontraet. Paraerines also aet loeally (within the 
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same tissue) but aífeet eell types other than those releasing the 
paraerine ehemieals. For example, somatostatin released by one 
population of panereatie eells inhibits the release of insulin by a 
different population of panereatie eells. 



Check Your Understandingf 


1. For eaeh of the following statements, indieate whether it 
applies more to the endoerine system or the nervous system: 
rapid; diserete responses; eontrols growth and development; 
long-lasting responses. 

2. Which two endoerine glands are found in the neek? 

3. What is the differenee between a hormone and a paraerine? 

_ For ansvvers, see Appendix H. 


Hormones 

✓ Deseribe how hormones are elassified ehemieally. 

s Deseribe the two major meehanisms by which hormones 
bring about their effeets on their target tissues. 

Explain how hormone release is regulated. 

✓ List three kinds of interaetion of different hormones aeting 
on the same target eell. 


The ehemistry of Hormones 

Although a large variety of hormones are produced, nearly all 
of them ean be elassified ehemieally as either amino aeid based 
or steroids. 

■ Amino aeid based: Most hormones are amino aeid based. 
Molecular size varies widely in this group—from simple 
amino aeid derivatives (which include thyroxine eonstmeted 
from the amino aeid tyrosine and amines), to peptides (short 
ehains of amino aeids), to proteins (long polymers of amino 
aeids). 

■ Steroids: Steroid hormones are synthesized from eholesterol. 
Of the hormones produced by the major endoerine organs, 
only gonadal and adrenoeortieal hormones are steroids. 

Some researehers add a third elass, eieosanoids (i-ko'sà- 
noyds), which inehide leukotrienes and prostaglandins. Nearly 
all eell membranes release these biologieally aetive lipids (made 
from araehidonie aeid). Leukotrienes are signaling ehemieals 
that mediate inflammation and some allergie reaetions. Pros- 
taglandins have multiple targets and effeets, ranging from 
raising blood pressure and inereasing the expulsive uterine 
eontraetions of birth to enhaneing blood elotting, pain, and 
inflammation. 

Because the effeets of eieosanoids are typieally highly lo- 
ealized, affeeting only nearby eells, they generally aet as para- 
erines and autocrines and do not fit the definition of true 
hormones, which influence distant targets. For this reason, 
we will not eonsider this elass of hormonelike ehemieals here. 
Instead, we note their important effeets in later ehapters as 
appropriate. 


Meehanisms of Hormone Aetion 


All major hormones circulate to virtually all tissues, but a hor- 
mone influences the aetivity of only those tissue eells that have 
reeeptors for it. These eells are its target eells. Hormones bring 
about their eharaeteristie effeets by altering target eell aetivity. 
In other words, they inerease or deerease the rates of normal 
eelhilar proeesses. 

The preeise response depends on the target eell type. For ex- 
ample, when the hormone epinephrine binds to eertain smooth 
muscle eells in blood vessel walls, it stimulates them to eon- 
traet. Epinephrine binding to eells other than muscle eells may 
have a totally different effeet, but it does not cause those eells to 
eontraet. 

A hormone typieally produces one or more of the following 
ehanges: 

■ Alters plasma membrane permeability or membrane poten- 
tial, or both, by opening or elosing ion ehannels 

■ Stimulates synthesis of enzymes and other proteins within 
the eell 


■ Aetivates or deaetivates enzymes 

■ Induces seeretory aetivity 

■ Stimulates mitosis 

How does a hormone communicate with its target eell? In 
other words, how is hormone reeeptor binding harnessed to 
the intracellular maehinery needed for hormone aetion? The 
answer depends on the ehemieal nature of the hormone and 
the eelhilar loeation of the reeeptor. In general, hormones aet at 
reeeptors in one of two ways. 

1. Water-soluble hormones (all amino aeid-based hormones 
except thyroid hormone) aet on reeeptors in the plasma 
membrane. These reeeptors are usually coupled via regu- 
latory molecules ealled G proteins to one or more intra- 
cellular seeond messengers which mediate the target eells 
response. 

2. Lipid-soluble hormones (steroid and thyroid hormones) aet 
on reeeptors inside the eell , which direetly aetivate genes. 


r 


16 


L 


This will be easy for you to remember if you think about 
why the hormones must bind where they do. Reeeptors for 
water-soluble hormones must be in the plasma membrane 
sinee these hormones eannot enter the eell, and reeeptors for 
lipid-soluble steroid and thyroid hormones are inside the eell 
because these hormones ean enter the eell. Of course, things 
are not quite that clear-cut—steroid hormones ean exert some 
of their more immediate effeets via plasma membrane reeep- 
tors, and the seeond messengers of some water-soluble hor- 
mones ean turn genes on. 


Plasma Membrane Reeeptors 
and Seeond-Messenger Systems 

With the exception of thyroid hormone, amino aeid-based 
hormones exert their signaling effeets through intracellular 
seeond messengers generated when a hormone binds to a re- 
eeptor in the plasma membrane. You are already familiar with 
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Reeall from ehapter 3 that 
G protein signaling meehanisms 
are like a molecular relay raee. 



Hormone Reeeptor G protein Enzyme 2nd 
(1 st messenger) messenger 


(J) Hormone (1 st messenger) 


Adenylate eyelase 


binds reeeptor. 


Reeeptor 




© Reeeptor 
aetivates G 
protein (G s ). 


aetivates 

adenylate 

eyelase. 


eyelase eonverts 
ATP to eAMP 
(2nd messenger). 


Extracellular fluid 



16 


Triggers responses of 
target eell (aetivates 
enzymes, stimulates 
cellular seeretion, 
opens ion ehannel, ete.) 


Cytoplasm 




Figiire 16.2 Cyclic AMP seeond-messenger meehanism of water-soluble hormones. 


one of these seeond messengers, eyelie AMP (eAMP), which is 
used by neurotransmitters (Chapter 11) and olfaetory reeeptors 
(Chapter 15). 

The Cyclic AMP Signaling Meehanism As you reeall, this 
meehanism involves the interaetion of three plasma membrane 
eomponents—a hormone reeeptor, a G protein, and an effeetor 
enzyme (adenylate eyelase)—to determine intracellular levels of 
eyelie AMP. Figure 16.2 ilhistrates these steps: 

® Hormone binds reeeptor. The hormone, aeting as the first 
messenger, binds to its reeeptor in the plasma membrane. 

@ Reeeptor aetivates G protein. Hormone binding causes the 
reeeptor to ehange shape, allowing it to bind a nearby inae- 
tive G protein. The G protein is aetivated as the guanosine 
diphosphate (GDP) bound to it is displaeed by the high- 
energy compound guanosine triphosphate ( GTP ). The G 
protein behaves like a light switch: It is ‘off” when GDP is 
bound to it, and “on” when GTP is bound. 

@ G protein aetivates adenylate eydase. The aetivated G pro- 
tein (moving along the membrane) binds to the effeetor 
enzyme adenylate eyelase. Some G proteins (G s ) stinmlate 


adenylate eyelase (as shown in Figure 16.2), but others 
(Gi) inhibit adenylate eyelase. Eventually, the GTP bound 
to the G protein is hydrolyzed to GDP and the G protein 
beeomes inaetive onee again. (The G protein eleaves the 
terminal phosphate group off GTP in much the same way 
that ATPase enzymes hydrolyze ATP.) 

® Adenylate eydase eonverts ATP to eydie AMP. For as long 
as aetivated G s is bound to it, adenylate eyelase generates 
the seeond messenger eAMP from ATP. 

@ Cydic AMP aetivates protein kinases. eAMP, which is free 
to diffuse throughout the eell, triggers a easeade of ehemi- 
eal reaetions by aetivating protein kinases. Protein kinases 
are enzymes that phosphorylate (add a phosphate group to) 
various proteins, many of which are other enzymes. Be- 
cause phosphorylation aetivates some of these proteins and 
inhibits others, it may affeet a variety of proeesses in the 
same target eell at the same time. 

This type of intracellular enzymatie easeade has a huge am- 
plifieation effeet. Eaeh aetivated adenylate eyelase generates 
large numbers of eAMP molecules, and a single kinase enzyme 
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ean eatalyze hundreds of reaetions. As the reaetion easeades 
through one enzyme intermediate after another, the number of 
product molecules inereases dramatieally at eaeh step. A single 
hormone molecule binding to a reeeptor ean generate millions 
of final product molecules! 

The sequence of reaetions set into motion by eAMP depends 
on the type of target eell, the speeifie protein kinases it eontains, 
and the substrates within that eell available for phosphorylation 
by the protein kinase. For example, in thyroid eells, binding of 
thyroid-stimulating hormone promotes synthesis of the thyroid 
hormone thyroxine; in liver eells, binding of glucagon aetivates 
enzymes that break down glyeogen, releasing ghieose to the 
blood. Sinee some G proteins inhibit rather than aetivate ade- 
nylate eyelase, thereby reducing the eytoplasmie eoneentration 
of eAMP, even slight ehanges in levels of antagonistie hormones 
ean influence a target eells aetivity. 

The aetion of eAMP persists only briefly because the mol- 
ecule is rapidly degraded by the intracellular enzyme phos- 
phodiesterase. While at first glanee this may appear to be a 
problem, it is quite the opposite. Because of the amplifieation 
effeet, most hormones need to be present only briefly to cause 
results, and the quick work of phosphodiesterase means that no 
extracellular eontrols are neeessary to stop the aetivity. Its the 
continued presenee of hormones that maintains their continued 
aetion, if that is needed. 

The PIP 2 -Calcium Signaling Meehanism While eyelie AMP 
is the aetivating seeond messenger for many hormones, other 
hormones use different seeond messengers. For example, in the 
PIP 2 -calcium signaling meehanism, intracellular calcium ions 
aet as a seeond messenger. 

Like the eAMP signaling meehanism, the PIP 2 -calcium sig- 
naling meehanism involves a G protein (G q ) and a membrane- 
bound effeetor, in this ease an enzyme ealled phospholipase C. 
Phospholipase C splits a plasma membrane phospholipid ealled 
PIP 2 (phosphatidyl inositol bisphosphate) into two seeond 
messengers: diaeylglyeerol (DAG) and inositol trisphosphate 
(IP 3 ). DAG, like eAMP, aetivates a protein kinase enzyme, 
which triggers responses within the target eell. In addition, IP 3 
releases Ca 2+ from intracellular storage sites. 

The liberated Ca 2+ also takes on a seeond-messenger role, 
either by direetly altering the aetivity of speeifie enzymes and 
ehannels or by binding to the intracellular regulatory protein 
calmodulin. Onee Ca 2+ binds to calmodulin, it aetivates en- 
zymes that amplify the cellular response. 

Other Signaling Meehanisms Other hormones that bind plasma 
membrane reeeptors aet on their target eells through different 
signaling meehanisms. For example, eyelie guanosine monophos- 
phate (eGMP) is a seeond messenger for seleeted hormones. 

Still other hormones, such as insulin and eertain growth fae- 
tors, work without seeond messengers. The insulin reeeptor is a 
tyrosine kinase enzyme that is aetivated by autophosphorylation 
(addition of phosphate to several of its own tyrosines) when 
insulin binds. The aetivated insulin reeeptor provides doeking 
sites for intracellular relay proteins that, in turn, initiate a series 
of protein phosphorylations that trigger speeifie eell responses. 


intraeelliilar Reeeptors and Direet Gene Aetivation 

Being lipid soluble, steroid hormones (and, strangely, thyroid 
hormone, a small iodinated amine) diffhse into their target 
eells where they bind to and aetivate an intracellular reeeptor 
(Figure 16.3]. The aetivated reeeptor-hormone complex then 
makes its way to the nuclear ehromatin and binds to a speeifie 
region of DNA. (There are exceptions to these generalizations. 
For example, thyroid hormone reeeptors are always bound to 
DNA even in the absenee of thyroid hormone.) 

When the reeeptor-hormone complex binds to DNA, it 
“turns on ’ a gene; that is, it prompts transeription of DNA to 
produce a messenger RNA (mRNA). The mRNA is then trans- 
lated on the eytoplasmie ribosomes, producing speeifie proteins. 
These proteins include enzymes that promote the metabolie ae- 
tivities induced by that particular hormone and, in some eases, 
promote synthesis of either structural proteins or proteins to be 
exported from the target eell. 


Target Cell Speeifìeity 


In order for a target eell to respond to a hormone, the eell must 
have speeifie reeeptor proteins on its plasma membrane or in 
its interior to which that hormone ean bind. For example, re- 
eeptors for adrenoeortieotropie hormone (ACTH) are normally 
found only on eertain eells of the adrenal cortex. By eontrast, 
thyroxine is the prineipal hormone stimulating cellular metabo- 
lism, and nearly all body eells have thyroxine reeeptors. 

A hormone reeeptor responds to hormone binding by 
prompting the eell to perform, or turn on, some gene-determined 
“preprogrammed” fimetion. As such, hormones are molecular 
triggers rather than informational molecules. Although binding 
of a hormone to a reeeptor is the emeial first step, target eell aeti- 
vation depends equally on three other faetors: (1) blood levels of 
the hormone, (2) relative numbers of reeeptors for that hormone 
on or in the target eells, and (3) affinity (strength) of the binding 
between the hormone and the reeeptor. 

The first two faetors ehange rapidly in response to various 
stimuli and ehanges within the body. As a mle, for a given level 
of hormone in the blood, a large number of high-affinity re- 
eeptors produces a pronounced hormonal effeet, and a smaller 
number of low-aífinity reeeptors reduces the target eell response 
or causes outright endoerine dysfimetion. 

Reeeptors are dynamie structures. For example, persistently 
low levels of a hormone ean cause its target eells to form addi- 
tional reeeptors for that hormone. This is ealled up-regulation. 
Likewise, prolonged exposure to high hormone eoneentrations 
ean deerease the number of reeeptors for that hormone. This 
down-regulation desensitizes the target eells, so they respond 
less vigorously to hormonal stimulation, preventing them from 
overreaeting to persistently high hormone levels. Additionally, 
reeeptors ean be uncoupled from their signaling meehanism, 
altering the sensitivity of the response. 

Hormones influence not only the number of their own reeeptors 
but also the number of reeeptors that respond to other hormones. 
For example, progesterone down-regulates estrogen reeeptors in 
the uterus, thus antagonizing estrogens aetions. On the other hand, 
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through the 
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intracellular 
reeeptor. 
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hormone complex 
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direets protein 
synthesis. 


hormones. Reeeptors 


gure 16.3 Direet gene aetivation meehanism of lipid-soluble 

may be loeated in the nucleus, or in the eytoplasm as shown. 

estrogen causes the same eells to produce more progesterone reeep- 
tors, enhaneing their ability to respond to progesterone. 

Gontrol of Hormone Release 

The synthesis and release of most hormones are regulated by 
some type of negative feedbaek meehanism (see Chapter 1). In 
such a meehanism, some internal or external stimulus triggers 
hormone seeretion. As levels of a hormone rise, it causes target 
organ effeets, which then feed baek to inhibit further hormone 
release. As a result, blood levels of many hormones vary only 
within a narrow range. 

Endoerine Gland Stimuli 

Three types of stimuli trigger endoerine glands to manufacture 
and release their hormones: humoral (hu'mer-ul), neural , and 
hormonal stimuli. 


Humoral Stimuli Some endoerine glands seerete their hor- 
mones in direet response to ehanging blood levels of eertain 
eritieal ions and nutrients. These stimuli are ealled humoral 
stimuli to distinguish them from hormonal stimuli, which are 
also bloodborne ehemieals. (The word humoral harks baek to 
the aneient term humor to refer to various body fluids.) 

Humoral stimuli are the simplest endoerine eontrols. For ex- 
ample, eells of the parathyroid glands monitor the body s emeial 
blood Ca 2+ levels. When they deteet a deeline from normal val- 
ues, they seerete parathyroid hormone (PTH) gure 16.4a] . 
Because PTH aets by several routes to reverse that deeline, 
blood Ca 2+ levels soon rise, ending the stimulus for PTH re- 
lease. Other hormones released in response to humoral stimuli 
include insulin, produced by the panereas, and aldosterone, one 
of the adrenal cortex hormones. 
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(a) Hiimoral Stimulus 


(b) Neural Stimulus 


(e) Hormonal Stimulus 


Hormone release caused by altered levels Hormone release caused by neural input 
of eertain eritieal ions or nutrients. 


Capillary (low Ca 
in blood) 


Thyroid gland 
(posterior view) 


Parathyroid 
glands 



2 + 


Parathyroid 

glands 


PTH 


Stimulus: Low eoneentration of Ca 2+ in 
eapillary blood. 

Response: Parathyroid glands seerete 
parathyroid hormone (PTH), which 
inereases blood Ca 2+ . 


CNS (spinal eord) 


4 



Preganglionie 

sympathetie 

fibers 



Medulla of 
adrenal gland 


Stimulus: Aetion potentials in preganglionie 
sympathetie fibers to adrenal medulla. 
Response: Adrenal medulla eells seerete 
epinephrine and norepinephrine. 


Hormone release caused by another hormone 
(a tropie hormone). 

Hypothalamus 


Anterior 

pituitary 

gland 


Thyroid 




Adrenal 

cortex 


Gonad 

(Testis) 



t 
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* 


t 
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Stimulus: Hormones from hypothalamus. 
Response: Anterior pituitary gland seeretes 
hormones that stimulate other endoerine glands 
to seerete hormones. 
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gure 16.4 Three types of endoerine gland stimuli. 




Neural Stimuli In a few eases, nerve fibers stimiilate hormone 
release. The elassie example of neural stimuli is the response 
to stress, in which the sympathetie nervous system stimulates 
the adrenal medulla to release norepinephrine and epinephrine 
(Figure 16.4b). 

Hormonal Stimuli Finally, many endoerine glands release 
their hormones in response to hormones produced by other 
endoerine organs. For example, releasing and inhibiting hor- 
mones produced by the hypothalamus regulate the seeretion 
of most anterior pituitary hormones, and many anterior pi- 
tuitary hormones in turn stimulate other endoerine organs to 
release their hormones (Figure 16.4c). As blood levels of the 
hormones produced by the final target glands inerease, they 
inhibit the release of anterior pituitary hormones and thus 
their own release. 

This hypothalamic-pituitary-target endoerine organ feed- 
baek loop lies at the very eore of endoerinology, and it will eome 
up many times in this ehapter. Hormonal stimuli promote 
rhythmie hormone release, with hormone blood levels rising 
and falling in a speeifie pattern. 

Although these three types of stimuli are typieal of most 
systems that eontrol hormone release, they are by no means 


mutually exclusive—some endoerine organs respond to multi- 
ple stimuli. 

Nervous System Modiilation 

The nervous system ean modify both c< turn-on” faetors (hormo- 
nal, humoral, and neural stimuli) and cc turn-off” faetors (feed- 
baek inhibition and others) that affeet the endoerine system. 
Without this added safeguard, endoerine system aetivity would 
be strietly meehanieal, much like a household thermostat. A 
thermostat ean maintain the temperature at or around its set 
value, but it eannot sense that your grandmother visiting from 
Florida feels eold at that temperature and reset itself aeeordingly. 
You must make that adjustment. In your body, it is the nervous 
system that makes eertain adjustments to maintain homeostasis 
by overriding normal endoerine eontrols. 

For example, the aetion of insulin and several other hor- 
mones normally keeps blood glucose levels in the range of 90- 
110 mg/100 ml of blood. However, when your body is under 
severe stress, blood glucose levels rise because the hypothala- 
mus and sympathetie nervous system eenters are strongly ae- 
tivated. In this way, the nervous system ensures that body eells 
have suíficient fuel in ease vigorous aetivity is required. 
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UNIT 3 Regiilation and Integration of the Body 


Half-Life, Onset, and Diiration 
of Hormone Aetivity 



Hormones are potent ehemieals, and they exert profound ef- 
feets on their target organs even at very low eoneentrations. 
Hormones circulate in the blood in two forms—free or bound 
to a protein earrier. In general, lipid-soluble hormones (steroids 
and thyroid hormone) travel in the bloodstream attaehed to 
plasma proteins. Most others circulate without earriers. 

The eoneentration of a circulating hormone in blood at any 
time refleets (1) its rate of release, and (2) the speed at which 
it is inaetivated and removed from the body. Some hormones 
are rapidly degraded by enzymes in their target eells. However, 
most hormones are removed from the blood by the kidneys or 
liver, and the body excretes their breakdown products in urine 
or, to a lesser extent, in feees. As a result, the length of time for a 
hormones blood level to deerease by half, referred to as its half- 
life, varies from a fraetion of a minute to a week. Water-soluble 
hormones have the shortest half-lives. 

How long does it take for a hormone to have an effeet? It var- 
ies. Some hormones provoke target organ responses almost im- 
mediately, while others, particularly steroid hormones, require 
hours to days before their effeets are seen. Additionally, some 
hormones are seereted in a relatively inaetive form and must be 
aetivated in the target eells. 

The duration of hormone aetion is limited, ranging from 10 
seeonds to several hours, depending on the hormone. Effeets 
may disappear rapidly as blood levels drop, or they may persist 
for hours even at very low levels. Because of these many varia- 
tions, hormonal blood levels must be preeisely and individually 
eontrolled to meet the continuously ehanging needs of the body. 


r interaetion of Hormones atTarget Cells 


Understanding hormonal effeets is a bit more eomplieated than 
you might expect because multiple hormones may aet on the 
same target eells at the same time. In many eases the result of 
such an interaetion is not predietable, even when you know the 
effeets of the individual hormones. Here we will look at three 
types of hormone interaetion—permissiveness, synergism, and 
antagonism. 

■ Permissiveness is the situation in which one hormone ean- 
not exert its full effeets without another hormone being 
present. For example, reproductive system hormones largely 
regulate the development of the reproductive system, as we 
might expect. However, thyroid hormone is also neeessary 
(has a permissive effeet) for normal timely development of 
reproductive structures. Laek of thyroid hormone delays re- 
productive development. 

■ Synergism occurs when more than one hormone produces 
the same effeets at the target eell and their eombined effeets 
are amplified. For example, both glucagon (produced by the 
panereas) and epinephrine cause the liver to release glucose 
to the blood. When they aet together, the amount of glucose 
released is about 150% of what is released when eaeh hor- 
mone aets alone. 


■ Antagonism occurs when one hormone opposes the aetion of 
another hormone. For example, insulin, which lowers blood 
ghieose levels, is antagonized by ghieagon, which raises blood 
glucose levels. How does antagonism occur? Antagonists 
may eompete for the same reeeptors, aet through different 
metabolie pathways, or even, as noted in the progesterone- 
estrogen interaetion at the uterus, cause down-regulation of 
the reeeptors for the antagonistie hormone. 




Check Your Understanding 

4. Name the tvvo major ehemieal elasses of hormones. Which 
elass eonsists entirely of lipid-soluble hormones? Name 
the only hormone in the other ehemieal elass that is lipid 
soluble. 

5. Consider the signaling meehanisms of water-soluble and 
lipid-soluble hormones. In eaeh ease, where are the reeeptors 
found and what is the final outcome? 

6. What are the three types of stimuli that eontrol hormone 
release? 


For ansvvers, see Appendix Fi. 


The Pitiiitary Gland 
and Hypothalamus 

Deseribe structural and functional relationships between 
the hypothalamus and the pituitary gland. 

Discuss the structure of the posterior pitoitary, and deseribe 
the effeets of the two hormones ít releases. 

List and deseribe the ehief effeets of anterior pituitary 
hormones. 

Securely seated in the sella turcica of the sphenoid bone, the tiny 
pituitary gland, or hypophysis (hi-pof'í-sis; “to grow under”), 
seeretes at least eight hormones. Usually said to be the size and 
shape of a pea, this gland is more accurately deseribed as a pea 
on a stalk. Its stalk, the funnel-shaped infundibulum, eonneets 
the gland to the hypothalamus superiorly as shown in Focus on 
Hypothalamm and Pituitary interaetions Figure 16.5’ . 

In humans, the pituitary gland has two major lobes. One lobe 
is neural tissue and the other is glandular. 

■ The posterior pituitary (lobe) is eomposed largely of neu- 
ral tissue such as pituicytes (glia-like supporting eells) and 
nerve fibers. It releases neurohormones (hormones seereted 
by neurons) reeeived ready-made from the hypothalamus. 
Consequently, this lobe is a hormone-storage area and not a 
tme endoerine gland that manufactures hormones. The pos- 
terior lobe plus the infundibulum make up the region ealled 
the neurohypophysis (nu"ro-hi-pof í-sis), a term eommonly 
used (ineorreetly) to indieate the posterior lobe alone. 

■ The anterior pituitary (lobe), or adenohypophysis (ad' é- 
no-hi-pof'ì-sis), is eomposed of glandular tissue (adeno — 
gland). It manufactures and releases a number of hormones 
(Table 16.1 on pp. 602-603). 
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Hypophyseal branehes of the internal earotid arteries deliver 
arterial blood to the pituitary. The veins leaving the pituitary 
drain into the dural sinuses. 


Oxytocin and ADH, eaeh eomposed of nine amino aeids, are 
almost identieal. They differ in only two amino aeids, and yet 
they have dramatieally different physiologieal effeets, summa- 
rized in Table 16.1 and deseribed next. 


Pituitary-Hypothalamic Relationships 

The eontrasting histology of the two pituitary lobes refleets the 
dual origin of this tiny gland. The posterior lobe is actually part 
of the brain. It derives from a downgrowth of hypothalamie tis- 
sue and maintains its neural eonneetion with the hypothalamus 
via a nerve bundle ealled the hypothalamie-hypophyseal traet, 
which mns through the infundibulum (Figure 16.5). 

This traet arises from neurons in the paraventricular and 
supraoptic nuclei of the hypothalamus. These neurosecretory 
eells synthesize one of two neurohormones and transport them 
along their axons to the posterior pituitary. The paraventricu- 
lar neurons primarily make oxytocin (ok"sí-to'sin), and the su- 
praoptie neurons mainly produce antidiuretic hormone. When 
these hypothalamie neurons fire, they release the stored hor- 
mones into a eapillary bed in the posterior pituitary for distri- 
bution throughout the body. 

The glandular anterior lobe originates from epithelial tissue 
as a superior outpocketing of the oral mucosa. After touching 
the posterior lobe, the anterior lobe adheres to the neurohy- 
pophysis and loses its eonneetion with the oral mucosa. There 
is no direet neural eonneetion between the anterior lobe and 
hypothalamus, but there is a vascular eonneetion. Speeifieally, 
the primary eapillary plexus in the infundibulum communi- 
eates inferiorly via the small hypophyseal portal veins with a 
seeondary eapillary plexus in the anterior lobe. The primary 
and seeondary eapillary plexuses and the intervening hypo- 
physeal portal veins make up the hypophyseal portal system 
(Figure 16.5). Note that a portal system is an unusual arrange- 
ment of blood vessels in which a eapillary bed feeds into veins, 
which in turn feed into a seeond eapillary bed. 

Via the hypophyseal portal system, releasing and inhibiting 
hormones seereted by neurons in the ventral hypothalamus eir- 
culate to the anterior pituitary, where they regulate seeretion of 
its hormones. The portal system ensures that the minute quan- 
tities of hormones released by the hypothalamus arrive rapidly 
at the anterior pituitary without being diluted by the systemie 
circulation. All these hypothalamie regulatory hormones are 
amino aeid based, but they vary in size from a single amine to 
peptides to proteins. 

The Posterior Pituitary 
and Hypothalamie Hormones 

The posterior pituitary eonsists largely of axon terminals of hy- 
pothalamie neurons whose eell bodies are loeated in the su- 
praoptie or paraventricular nuclei. These neurons synthesize 
one of two neurohormones in their eell bodies: Oxytocin or 
antidiuretic hormone (ADH). Axon terminals in the posterior 
pituitary release these hormones “on demand” in response to 
aetion potentials that travel down the axons of these same hy- 
pothalamie neurons. 


Oxytocin 

A strong stiimilant of uterine eontraetion, oxytocin is released 
in signifieantly higher amounts during ehildbirth ( oxy = rapid; 
toeia = ehildbirth) and in nursing women. The number of oxy- 
toein reeeptors in the uterus peaks near the end of pregnaney, 
and uterine smooth muscle beeomes more and more sensitive 
to the hormones stimulatory effeets. Stretehing of the uterus 
and cervix as birth nears dispatehes afferent impulses to the 
hypothalamus, which responds by synthesizing oxytocin and 
triggering its release from the posterior pituitary. Oxytocin aets 
via the PIP 2 -Ca 2+ seeond-messenger system to mobilize Ca 2+ , 
allowing stronger eontraetions. As blood levels of oxytocin rise, 
the expulsive eontraetions of labor gain momentum and finally 
end in birth. 

Oxytocin also aets as the hormonal trigger for milk ejeetion 
(the “letdown” reflex) in women whose breasts are producing 
milk in response to prolaetin. Suckling causes a reflex-initiated 
release of oxytocin, which targets speeialized myoepithelial eells 
surrounding the milk-producing glands. These eells eontraet 
and foree milk from the breast into the infants mouth. Both 
ehildbirth and milk ejeetion result from positive feedbaek meeh- 
anisms, which Chapter 28 deseribes in more detail. 

Both natural and synthetie oxytocic dmgs are used to in- 
duce labor or to hasten labor that is progressing slowly. Less 
frequently, oxytocic drugs are used to stop postpartum bleeding 
(by eompressing ruptured blood vessels at the plaeental site) or 
to stimulate the milk ejeetion reflex. 

Oxytocin also aets as a neurotransmitter in the brain. There, 
it is involved in sexual and affeetionate behavior (as the c cuddle 
hormone”), and promotes nurturing, couple bonding, and trust. 


r 
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Antidiuretic Hormone (ADH) 

Dimesis (di"u-re'sis) is urine production, so an antidimetie is a 
substance that inhibits or prevents urine formation. Antidiu- 
retie hormone (ADH) prevents wide swings in water balanee, 
helping the body avoid dehydration and water overload. 

Hypothalamie neurons ealled osmoreeeptors continually mon- 
itor the solute eoneentration (and thus the water eoneentration) 
of the blood. When solutes threaten to beeome too eoneentrated 
(as might follow excessive perspiration or inadequate fluid in- 
take), the osmoreeeptors transmit excitatory impulses to the 
hypothalamie neurons, which release ADH. Liberated into the 
blood by the posterior pituitary, ADH targets the kidney tubules 
via eAMP. The tubule eells respond by reabsorbing more water 
from the forming urine and returning it to the bloodstream. As a 
result, less urine is produced and the solute eoneentration of the 
blood deelines. As solute levels fall, the osmoreeeptors stop depo- 
larizing, effeetively ending ADH release. Other stimuli triggering 
ADH release include pain, low blood pressure, and such drags as 
nieotine, morphine, and barbiturates. 


O C U S Hypothalamiis and Pituitary Interaetions 


Figure The hypothalamus eontrols release of hormones 
from the pituitary gland in two different ways. 


Posterior Pituitary: Aetion potentials travel down the axons of hypothalamie neurons, 
causing hormone release from their axon terminals in the posterior pituitary. 
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Paraventricular nucleus 



Posterior lobe 
of pituitary 



Axon terminals 


Posterior lobe 
of pituitary 


(T) Hypothalamie neurons synthesize 
oxytocin or antidiuretic hormone 
(ADH). 


( 2 ) Oxytocin and ADH are 
transported down the axons of the 
hypothalamie- hypophyseal traet 
to the posterior pituitary. 


(3) Oxytocin and ADH are stored 
axon terminals in the posterior 
pituitary. 


in 


(J) When assoeiated hypothalamie 
neurons fire, aetion potentials 
arriving at the axon terminals cause 
oxytocin or ADH to be released into 
the blood. 


Drinking aleoholie beverages inhibits ADH seeretion and 
causes copious urine output. The dry mouth and intense thirst 
of a “hangover” refleet this dehydrating effeet. As you might 
expect, drinking lots of water also inhibits ADH release. 

Diuretic drugs antagonize the effeets of ADH and fhish water 
from the body. Dmreties are used to manage some eases of hy- 
pertension and the edema (water retention in tissues) typieal of 
eongestive heart failure. 

Under eertain eonditions, such as severe blood loss, excep- 
tionally large amounts of ADH are released. At such high blood 
eoneentrations, ADH causes vasoeonstrietion, primarily of vis- 
eeral blood vessels, raising blood pressure. This response targets 
different ADH reeeptors found on vascular smooth muscle. For 
this reason, ADH is also ealled vasopressin. 


Homeostatie imbalanee 16.1 

One result of ADH defieieney is diabetes insipidus, a syndrome 
marked by intense thirst and huge urine output. The name of 
this eondition (diabetes = overflow; insipidus = tasteless) dis- 
tinguishes it from diabetes mellitus (mel = honey), in which 
insulin defieieney causes large amounts of blood glucose to be 
lost in the urine. At one time, a elinieian would taste the patient s 
urine to determine the type of diabetes. 

Diabetes insipidus ean be caused by a blow to the head that 
damages the hypothalamus or the posterior pituitary. Though 
ineonvenient, the eondition is not serious when the thirst eenter 
is operating properly and the person drinks enough water to 
prevent dehydration. However, it ean be life threatening in 
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Anterior Pitiiitary: Hypothalamie hormones released into speeial blood vessels 
(the hypophyseal portal system) eontrol the release of anterior pituitary hormones. 
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Anterior lobe 
of pituitary 


Superior 


( 2 ) Hypothalamie hormones travel 
through portal veins to the anterior 
pituitary vvhere they stirrmlate or 
inhibit release of hormones made 
in the anterior pituitary. 


© | n response to releasing 
hormones, the anterior pituitary 
seeretes hormones into the 
seeondary eapillary plexus. This in 
turn empties into the general 
circulation. 


GH, TSH, ACTH, 
FSH, LH, PRL 



Hypothalamie 
neurons synthesize 
GHRH, GHIH, TRH, 
CRH, GnRH, PIH. 


When appropriately stimulated, 
hypothalamie neurons seerete 
releasing or inhibiting hormones 
into the primary eapillary plexus. 


Hypophyseal 
portal system 

• Primary eapillary 


portal veins 

Seeondary 
eapillary plexus 


A portal system 
is two eapillary 
plexuses (beds) 
eonneeted by 
veins. 


Anterior lobe 
of pituitary 


unconscious or eomatose patients, so aeeident vietims with 
head trauma must be carefully monitored. 

The opposite problem, hyperseeretion of ADH, ean occur 
in ehildren with meningitis, or in adults who have neurosur- 
gery, hypothalamie injury, or eaneer (particularly lung eaneer) 
in which eaneer eells are additional sources of ADH. It also 
may occur after general anesthesia or administration of eertain 
dmgs. The resulting eondition, syndrome of inappropriate ADH 
seeretion ( SIADH ), is marked by retention of fluid, headaehe 
and disorientation due to brain edema, weight gain, and de- 
ereased solute eoneentration in the blood. SIADH management 
requires restrieting flmds and carefully monitoring blood so- 
dium levels. + 


Anterior Pituitary Hormones 

The anterior pituitary has traditionally been ealled the “mas- 
ter endoerine gland” because many of the numerous hormones 
it produces regulate the aetivity of other endoerine glands. In 
reeent years, however, it has been dethroned by the hypothala- 
mus, which is now known to eontrol the aetivity of the anterior 
pituitary. 

Researehers have identified six anterior pituitary hormones, 
all of them proteins—growth hormone, thyroid-stimulating 
hormone, adrenoeortieotropie hormone, follicle-stimulating 
hormone, luteinizing hormone, and prolaetin (Table 16.1). 
When the anterior pituitary reeeives an appropriate ehemieal 
stimulus from the hypothalamus, it releases one or more of its 
hormones. Although many different hormones pass from the 
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UNIT 3 Regulation and Integration of the Body 


Table 16.1 Pituitary Hormones: Summary of Regulation and Effeets 


HORMONE (CHEMICAL EFFECTS OF HYPOSECRETION i 

STRUCTURE AND CELL TYPE) REGULATION OF RELEASE TARGET ORGAN AND EFFECTS AND HYPERSECRETION t 


Posterior Pituitary Hormones (Made by Hypothalamie Neurons and Stored in Posterior Pituitary 

— 





Oxytocin (Peptide, mostly from 
neurons in paraventricular 
nucleus of hypothalamus) 


Stimulated by impulses from 
hypothalamie neurons in response 
to cervical/uterine stretehing and 
suckling of infant at breast 

Inhibited by laek of appropriate 
neural stirrmli 



Uterus: stimulates uterine 
eontraetions; initiates labor 


Breast: initiates milk ejeetion 


Unknown 
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Antidiuretic hormone (ADH) 

or vasopressin (Peptide, mostly 
from neurons in supraoptic 
nucleus of hypothalamus) 


Stimulated by impulses from 
hypothalamie neurons in response 
to inereased blood solute 
eoneentration or deereased blood 
volume; also stimulated by pain, 
some drugs, low blood pressure 

Inhibited by adequate hydration of 
the body and by aleohol 



Kidneys: stimulate kidney tubule 
eells to reabsorb water 


i Diabetes insipidus 

T Syndrome of inappropriate 
ADH seeretion (SIADH) 



Anterior Pituitary Hormones 


Growth hormone (GH) (Protein, Stimulated by GHRH* release, 
somatotropie eells) which is triggered by low blood 

levels of GH as well as by a number 
of seeondary triggers including 
hypoglyeemia, inereases in blood 
levels of amino aeids, low levels 
of fatty aeids, exercise, and other 
types of stressors 

Inhibited by feedbaek inhibition 
exerted by GH and IGFs, and by 
hyperglyeemia, hyperlipidemia, 
obesity, and emotional deprivation 
via either inereased GHIH* 
(somatostatin) or deereased GHRH* 
release 


i Pituitary dwarfism in 
ehildren 

T Gigantism in ehildren; 
aeromegaly in adults 


Liver, muscle, bone, eartilage, and 
other tissues: anabolie hormone; 
stimulates somatie growth; 
mobilizes fats; spares glucose 

Growth-promoting effeets 
mediated indireetly by IGFs 





hypothalamiis to the anterior lobe, eaeh target eell distinguishes 
the messages direeted to it and responds in kind—seereting the 
proper hormone in response to speeifie releasing hormones, 
and shutting oíf hormone release in response to speeifie inhibit- 
ing hormones. 

Four of the six anterior pituitary hormones—thyroid- 
stimulating hormone, adrenoeortieotropie hormone, folliele- 
stimulating hormone, and luteinizing hormone—are tropie 
hormones or tropins that regulate the seeretory aetion of other 
endoerine glands ( tropi — turn on, ehange). All anterior pitui- 
tary hormones except growth hormone affeet their target eells 
via a eyelie AMP seeond-messenger system. 


Grovvth Hormone (GH) 

Somatotropie eells of the anterior lobe produce growth hor- 
mone (GH, also ealled somatotropin) . GH is essentially an ana- 
bolie (tissue building) hormone that has both metabolie and 
growth-promoting aetions Figure 16.6). 

Direet Aetions on Metabolism Aeting direetly, GH exerts 
metabolie effeets. It mobilizes fats from fat depots for transport 
to eells, inereasing blood levels of fatty aeids and encouraging 
their use for fuel. It also deereases the rate of ghieose uptake 
and metabolism, eonserving glucose. In the liver, it encour- 
ages glyeogen breakdown and release of glucose to the blood. 
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HORMONE (CHEMICAL EFFECTS OF HYPOSECRETION i 

STRUCTURE AND CELL TYPE) REGULATION OF RELEASE TARGET ORGAN AND EFFECTS AND HYPERSECRETION T 


Thyroid-stirrmlating hormone 
(TSH) (Glyeoprotein, thyrotropie 
eells) 


Stimulated byTRH* and in infants 
indireetly by eold temperature 

Inhibited by feedbaek inhibition 
exerted by thyroid hormones 
on anterior pituitary and 
hypothalamus and by GHIH* 



Thyroid gland: stimulates thyroid 
gland to release thyroid hormones 


l Cretinism in ehildren; 
myxedema in adults 

T Hyperthyroidism; effeets 
similar to those of Graves' 
disease, in vvhieh antibodies 
mimie TSH 


Adrenoeortieotropie hormone 
(ACTH) (Peptide, eortieotropie 
eells) 


Stimulated by CRH*; stimuli that 
inerease CRH release include fever, 
hypoglyeemia, and other stressors 

Inhibited by feedbaek inhibition 
exerted by glucocorticoids 



Adrenal cortex: promotes release 
of glucocorticoids and androgens 
(mineraloeortieoids to a lesser 
extent) 


l Rare 

T Cushing's disease 


Follicle-stimulating hormone 
(FSH) (Glyeoprotein, 
gonadotropie eells) 


Ovaries and testes: in females, 
stimulates ovarian folliele 
maturation and estrogen 
production; in males, stimulates 
sperm production 


Stimulated by GnRH* 

Inhibited by feedbaek inhibition 
exerted by inhibin, and estrogen in 
females and testosterone in males 



\ 


I 


l Failure of sexual 
maturation 

T No important effeets 


Luteinizing hormone (LH) 

(Glyeoprotein, gonadotropie 
eells) 


Stimulated by GnRH* 

Inhibited by feedbaek inhibition 
exerted by estrogen and 
progesterone in females and 
testosterone in males 



As for FSH 


Ovaries and testes: in females, 
triggers ovulation and stimulates 
ovarian production of estrogen and 
progesterone; in males, promotes 
testosterone production 



Prolaetin (PRL) (Protein, 
prolaetin eells) 


Stimulated bydeereased PIH*; 
release enhaneed by estrogens, 
birth eontrol pills, breast-feeding, 
and dopamine-bloeking drugs 

Inhibited by PIH* (dopamine) 



Breast seeretory tissue: promotes 
laetation 


i Poor milk production in 
nursing vvomen 

T Inappropriate milk 
production (galaetorrhea); 
eessation of menses in 
females; impotenee in males 


*lndicates hypothalamie releasing and inhibiting hormones: GHRH = grovvth hormone-releasing hormone; GHIH = grovvth hormone-inhibiting hormone; 

TRH = thyrotropin-releasing hormone; CRH = eortieotropin-releasing hormone; GnRH = gonadotropin-releasing hormone; PIH = prolaetin-inhibiting hormone 


This glucose sparing aetion, which raises blood glucose levels, 
is ealled the anti-insulin effeet of GH because its eífeets oppose 
those of insulin. In addition, GH inereases amino aeid uptake 
into eells and their ineorporation into proteins. 

indireet Aetions on Growth GH mediates most of its growth- 
enhaneing effeets indireetly via a family of growth-promoting 
proteins ealled insulin-like growth faetors (IGFs). The liver, 
skeletal muscle, bone, and other tissues produce IGFs in re- 
sponse to GH. IGFs produced by the liver aet as hormones, 
while IGFs made in other tissues aet loeally within those tissues 
(as paraerines). 


IGFs stimulate aetions required for growth: (1) uptake of nu- 
trients from the blood and their ineorporation into proteins and 
DNA, allowing growth by eell division; and (2) formation of 
eollagen and deposition of bone matrix. Although GH stimu- 
lates most body eells to enlarge and divide, its major targets are 
bone and skeletal muscle. Stimulation of the epiphyseal plate 
leads to long bone growth, and stimulation of skeletal muscles 
inereases muscle mass. 

Regulation of Seeretion Seeretion of GH is regulated ehiefly 
by two hypothalamie hormones with antagonistie effeets. 

Growth hormone-releasing hormone (GHRH) stimulates 
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gure 16.6 Growth-promoting and metabolie aetions of growth hormone (GH). 


GH release, while growth hormone-inhibiting hormone 
(GHIH), also ealled somatostatin (so"mah-to-stat'in), inhibits 
it. Reeent researeh shows that the cc hunger hormone” ghrelin 
(produced by the stomaeh) also stimulates GH release. 

GHIH release is triggered by the feedbaek of GH and IGFs. 
Rising levels of GH also feed baek to inhibit its own release. 
GHIH is also produced in various loeations in the gut, where it 
inhibits the release of virtually all gastrointestinal and panere- 
atie seeretions—both endoerine and exocrine. 

As indieated in Table 16.1, a number of seeondary triggers 
also influence GH release. Typieally, GH seeretion has a daily 
eyele, with the highest levels occurring during evening sleep. 
The total amount seereted daily peaks during adoleseenee and 
then deelines with age. 



Homeostatie imbalanee 16.2 


Both hyperseeretion and hyposeeretion of GH may result in 
structural abnormalities. Hyperseeretion in ehildren results 
in gigantism because GH targets the still-aetive epiphyseal 
(growth) plates. The person beeomes abnormally tall, often 
reaehing a height of 2.4 m (8 feet), but has relatively normal 
body proportions Figure 16 .1 . 


If excessive GH is seereted after the epiphyseal plates have 
elosed, aeromegaly (ak"ro-meg'ah-le) results. Literally trans- 
lated as c enlarged extremities,” this eondition is eharaeterized by 
overgrowth of bony areas still responsive to GH, namely bones 
of the hands, feet, and faee. Hyperseeretion usually results from 
an anterior pituitary tumor that churns out excessive GH. The 
usual treatment is surgical removal of the tumor, but this surgery 
does not reverse anatomieal ehanges that have already occurred. 

Hyposeeretion of GH in adults usually causes no problems, 
but GH defieieney in ehildren slows long bone growth, a eondi- 
tion ealled pituitary dwarfism (Figure 16.7). Such individuals 
attain a maximum height of 1.2 m (4 feet), but usually have 
fairly normal body proportions. Laek of GH is often aeeompa- 
nied by defieieneies of other anterior pituitary hormones, and 
if thyroid-stimulating hormone and gonadotropins are laeking, 
the individual will be malproportioned and will fail to mature 
sexually as well. Fortunately, human GH is produced eommer- 
eially by genetie engineering techniques. When pituitary dwarf- 
ism is diagnosed before puberty, growth hormone replaeement 
therapy ean promote nearly normal growth. 

The availability of synthetie GH also has a downside. Ath- 
letes and the elderly have been tempted to use GH for its 
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Figure 16 J Disorders of pituitary growth hormone. An 

individiial exhibiting gigantism (eenter) is flanked by a pituitary 
dvvarf (left) and a vvoman of normal height (right). 


bodybuilding properties, and some parents seek to give their 
ehildren the hormone in an attempt to make them taller. How- 
ever, while muscle mass inereases, there is no objeetive evidenee 
for an inerease in muscle strength in either athletes or the el- 
derly, and only minimal inereases in stature occur in normal 
ehildren. Moreover, taking GH ean lead to fluid retention, joint 
and muscle pain, diabetes, and may promote eaneer. + 

Thyroid-Stimulating Hormone (TSH) 

Thyroid-stimulating hormone (TSH), or thyrotropin, is a tropie 
hormone that stimulates normal development and seeretory aetivity 
of the thyroid gland. Its release follows the hypothalamic-pituitary- 
target endoerine organ feedbaek loop deseribed earlier and shown 
speeifieally for TSH in gure 16.8 . 

The hypothalamie peptide thyrotropin-releasing hormone 
(TRH) triggers the release of TSH from thyrotropie eells of 
the anterior pituitary. Rising blood levels of thyroid hormones 
aet on both the pituitary and the hypothalamus to inhibit TSH 
seeretion. GHIH also inhibits TSH seeretion. 

Adrenoeortieotropie Hormone (ACTH) 

Adrenoeortieotropie hormone (ACTH) (ah-dre'no-kor' tì-ko- 
tróp' ik), or eortieotropin, is seereted by the eortieotropie eells of 
the anterior pituitary. It is split from aprohormone (a large precursor 
molecule) with the tongue-twisting name pro-opiomelanoeortin 




TRH 



TSH 



Thyroid 

hormones 




Stimulates 


■ Inhibits 


Figure 16.8 Regulation of thyroid hormone seeretion. TRH = 

thyrotropin-releasing hormone, TSH = thyroid-stimulating hormone. 


(POMC) (pro"o"pe-o-mah-lan"o-kor'tin). ACTH stimulates the 
adrenal cortex to release eortieosteroid hormones, most impor- 
tantly glucocorticoids that help the body resist stressors. 

ACTH release, elieited by hypothalamie eortieotropin- 
releasing hormone (CRH), has a daily rhythm, with levels 
peaking in the morning, shortly before awakening. Rising levels 
of ghieoeortieoids feed baek and bloek seeretion of CRH and 
ACTH release. Internal and external faetors that alter the nor- 
mal ACTH rhythm by triggering CRH release include fever, hy- 
poglyeemia (low blood glucose levels), and stressors of all types. 



Gonadotropins (FSH and LH) 

Follicle-stimulating hormone (FSH) and luteinizing hormone 
(LH) (lu'te-in-íz"ing) are referred to eolleetively as gonadotro- ^ 
pins. They regulate the fimetion of the gonads (ovaries and tes- 
tes). In both sexes, FSH stimulates production of gametes (sperm 
or eggs) and LH promotes production of gonadal hormones. In 
females, LH works with FSH to cause an egg-eontaining ovarian 
folliele to mature. LH then triggers ovulation and promotes syn- 
thesis and release of ovarian hormones. In males, LH stimulates 
the interstitial eells of the testes to produce the male hormone 
testosterone. 

Gonadotropins are virtually absent from the blood of prepu- 
bertal boys and girls. During puberty, the gonadotropie eells of 
the anterior pituitary are aetivated and gonadotropin levels rise, 
causing the gonads to mature. In both sexes, gonadotropin- 
releasing hormone (GnRH) produced by the hypothalamus 
prompts gonadotropin release. Gonadal hormones, produced 
in response to the gonadotropins, feed baek to suppress FSH 
and LH release. 


Prolaetin (PRL) 

Prolaetin (PRL) is a protein hormone structurally similar to 
GH. Produced by prolaetin eells, PRLs only well-documented 
effeet in humans is to stimulate milk production by the breasts 
(pro = for; laet = milk). The role of prolaetin in males is not 
well understood. 







































606 


UNIT 3 Regiilation and Integration of the Body 



Hyoid bone- 

Thyroid eartilage 


Aorta 


Epiglottis 


Superior thyroid 
artery 


lsthmus of 
thyroid gland 


Common earotid 
artery 


Inferior thyroid 
artery 


Traehea 


Left siibelavian 
artery 

Left lateral 
lobe of thyroid 
gland 


Colloid-filled 

follieles Follicular eells 



Parafollicular eells 


(a) Gross anatomy of the thyroid gland, anterior view 

gure 16.9 The thyroid gland. 



Unlike other anterior pituitary hormones, PRL release is 
eontrolled primarily by an inhibitory hormone, prolaetin- 
inhibiting hormone (PIH), now known to be dopamine, 
which prevents prolaetin seeretion. Deereased PIH seeretion 
leads to a surge in PRL release. There are a number of prolaetin- 
releasing faetors, including TRH, but their exact roles are not 
well understood. 

In females, prolaetin levels rise and fall in rhythm with es- 
trogen blood levels. Estrogen stimulates prolaetin release, 
both direetly and indireetly. A brief rise in prolaetin levels just 
before the menstrual period partially accounts for the breast 
swelling and tenderness some women experience at that time, 
but because this PRL stimulation is so brief, the breasts do not 
produce milk. In pregnant women, PRL blood levels rise dra- 
matieally toward the end of pregnaney, and milk production 
beeomes possible. After birth, the infants suckling stimulates 
release of prolaetin-releasing faetors in the mother, encouraging 
continued milk production. 


(b) Photomierograph of thyroid gland follieles (145x) 



Check Your IJnderstanding 


7. What is the key differenee betvveen the vvay the 
hypothalamus communicates vvith the anterior pituitary and 
the vvay it communicates vvith the posterior pituitary? 

8. Anita drank too much aleohol one night and suffered from a 
headaehe and nausea the next morning. What caused these 
"hangover" effeets? 

9. List the four anterior pituitary hormones that are tropie 
hormones and name their target glands. 

_ For ansvvers, see Appendix H. 


TheThyroid Gland 

✓ Deseribe the effeets of the two groups of hormones 
produced by thethyroid gland. 

Follow the proeess of thyroxine formation and release. 



Homeostatie imbalanee 16.3 


Hyperseeretion of prolaetin is more eommon than hyposeere- 
tion (which is not a problem in anyone except women who 
ehoose to nurse). In faet, hyperprolaetinemia is the most fre- 
quent abnormality of anterior pituitary tumors. Oinieal signs 
include inappropriate laetation, laek of menses, infertility in fe- 
males, and impotenee in males. + 


Loeation and Structure 

The butterfly-shaped thyroid gland is loeated in the anterior 
neek, on the traehea just inferior to the larynx (Figure 16.1 
and : i jure 16.9a). A median tissue mass ealled the isthnms 
(is'mus) eonneets its two lateral lobes. The thyroid gland is the 
largest pure endoerine gland in the body. Its prodigious blood 
supply (from the superior and inferior thyroid arteries) makes 
thyroid surgery a painstaking (and bloody) endeavor. 
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Table 16.2 Major Effeets of Thyroid Hormone (T 4 and T 3 ) in the Body 

PROCESS OR SYSTEM 

AFFEdED 

NORMAL PHYSIOLOGICAL 

EFFECTS 

EFFECTS OF HYPOSECRETION 

EFFECTS OF HYPERSECRETION 

Basal metabolie rate (BMR)/ 
temperature regulation 

Promotes normal oxygen use and 
BMR; ealorigenesis; enhanees 
effeets of sympathetie nervous 
system 

BMR below normal; deereased 
body temperature, eold 
intoleranee; deereased appetite; 
weight gain; reduced sensitivity 
to eateeholamines 

BMR above normal; inereased body 
temperature, heat intoleranee; 
inereased appetite; weight loss 

Carbohydrate/lipid/protein 

metabolism 

Promotes glucose eatabolism; 
mobilizes fats; essential for 
protein synthesis; enhanees liver's 
synthesis of eholesterol 

Deereased glucose metabolism; 
elevated eholesterol/triglyeeride 
levels in blood; deereased 
protein synthesis; edema 

Enhaneed eatabolism of glucose, 
proteins, and fats; weight loss; loss 
of muscle mass 

Nervous system 

Promotes normal development 
of nervous system in fetus and 
infant; promotes normal adult 
nervous system function 

In infant, slowed/deficient brain 
development, retardation; 
in adult, mental dulling, 
depression, paresthesias, 
memory impairment, hypoaetive 
reflexes 

Irritability, restlessness, insomnia, 
personality ehanges, exophthalmos 
(in Graves' disease) 

Cardiovascular system 

Promotes normal functioning of 
the heart 

Deereased effieieney of heart's 
pumping aetion; low heart rate 
and blood pressure 

inereased sensitivity to 
eateeholamines leads to 
rapid heart rate and possible 
palpitations; high blood pressure; 
if prolonged, heart failure 

Muscular system 

Promotes normal muscular 
development and function 

Sluggish muscle aetion; muscle 
eramps; myalgia 

Muscle atrophy and weakness 

Skeletal system 

Promotes normal growth and 
maturation of the skeleton 

In ehild, growth retardation, 
skeletal stunting and retention 
of ehild's body proportions; in 
adult, joint pain 

In ehild, excessive skeletal growth 
initially, followed by early 
epiphyseal closure and short 
stature; in adult, demineralization 
of skeleton 

Gastrointestinal (Gl) system 

Promotes normal Gl motility 
and tone; inereases seeretion of 
digestive juices 

Depressed Gl motility, tone, and 
seeretory aetivity; eonstipation 

Excessive Gl motility; diarrhea; loss 
of appetite 

Reproductive system 

Promotes normal female 
reproductive ability and laetation 

Depressed ovarian function; 
sterility; depressed laetation 

In females, depressed ovarian 
function; in males, impotenee 

lntegumentary system 

Promotes normal hydration and 
seeretory aetivity of skin 

Skin pale, thiek, and dry; faeial 
edema; hair eoarse and thiek 

Skin flushed, thin, and moist; hair 
fine and soft; nails soft and thin 


Internally, the gland is eomposed of hollow, spherieal folli- 
eles (Figure 16.9b). The walls of eaeh folliele are formed largely 
by cuboidal or squamous epithelial eells ealled follicular eells , 
which produce the glyeoprotein thyroglobulin (thi"ro-glob'u- 
lin). The eentral eavity, or lumen, of the folliele stores eolloid, an 
amber-eolored, stieky material eonsisting of thyroglobulin mol- 
ecules with attaehed iodine atoms. Thyroid hormone is derived 
from this iodinated thyroglobulin. 

The parafollicular eells , another population of endoerine eells 
in the thyroid gland, produce ealeitonin , an entirely different 
hormone. The parafollicular eells lie in the follicular epithelium 
but protrude into the soft eonneetive tissue that separates and 
surrounds the thyroid follieles. 

Thyroid Hormone (TH) 

Often referred to as the bodys major metabolie hormone, thy- 
roid hormone (TH) is actually two iodine-eontaining amine 
hormones, thyroxine (thi-rok'sin), or T 4 , and triiodothyronine 


(tri"i-o"do-thi'ro-nèn), or T 3 . T 4 is the major hormone seereted by 
the thyroid follieles. Most T 3 is formed at the target tissues by eon- 
version of T 4 to T 3 . Both T 4 and T 3 are eonstmeted from two linked 
tyrosine amino aeids. The prineipal differenee between them is that 
T 4 has four bound iodine atoms, and T 3 has three (thus, T 4 and T 3 ). 

TH affeets virtually every eell in the body (Table 16.2). 
Like steroids, TH enters a target eell, binds to intracellular reeep- 
tors within the eells nucleus, and initiates transeription of mRNA 
for protein synthesis. Effeets of thyroid hormone include: 

■ inereasing basal metabolie rate and body heat production, 
by turning on transeription of genes eoneerned with glucose 
oxidation. This is the hormones ealorigenie effeet ( ealori - 
genie = heat producing). 

■ Regulating tissue growth and development. TH is eritieal for 
normal skeletal and nervous system development and matu- 
ration and for reproductive eapabilities. 

■ Maintaining blood pressure by inereasing the number of 
adrenergie reeeptors in blood vessels. 
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gure 16.10 Synthesis of thyroid hormone. Only a fevv tyrosines of the thyroglobulins 
in the eolloid are illustrated. The unstructured yellovv substance in the folliele lumen is eolloid. 
(MIT = monoiodotyrosine; DIT = diiodotyrosine.) 


Synthesis 

The thyroid gland is unique among the endoerine glands in its 
ability to store its hormone extracellularly and in large quanti- 
ties. A normal thyroid gland stores enough eolloid to provide 
normal levels of hormone for two to three months. 

When TSH from the anterior pituitary binds to reeeptors 
on follicular eells, their first response is to seerete stored thy- 
roid hormone. Their seeond response is to begin synthesizing 
more eolloid to “restoek” the folliele lumen. As a general rule, 
TSH levels are lower during the day, peak just before sleep, and 
remain high during the night. Consequently, thyroid hormone 
release and synthesis follows a similar pattern. 

Lets examine how follicular eells synthesize thyroid hor- 
mone (Figiire 16.10): 

© Thyroglobulin is synthesized and diseharged into the folli- 
de lumen. After being synthesized on the ribosomes of the 
thyroids follicular eells, thyroglobulin is transported to the 
Golgi apparatus, where sugar molecules are attaehed and 


the thyroglobulin is paeked into transport vesieles. These 
vesieles move to the apex of the follicular eell, where they 
diseharge their eontents into the folliele lumen to beeome 
part of the stored eolloid. 

© lodide is trapped. To produce the functional iodinated hor- 
mones, the follicular eells must accumulate iodides (anions 
of iodine, I - ) from the blood. Iodide trapping depends on 
aetive transport. (The eoneentration of I - is over 30 times 
higher inside the eell than in blood.) Onee trapped inside 
the follicular eell, iodide then moves into the folliele lumen 
by faeilitated diffusion. 

© lodide is oxidized to iodine. At the border of the follicular 
eell and eolloid, iodides are oxidized (by removal of elee- 
trons) and eonverted to iodine (I 2 ). 

© lodine is attaehed to tyrosine. Onee formed, iodine is at- 
taehed to tyrosine amino aeids that form part of the thy- 
roglobulin eolloid. This iodination reaetion, mediated by 
peroxidase enzymes, occurs at the junction of the follicular 
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gure 16.11 Thyroid disorders. (a) An enlarged thyroid (goiter) of a Bangladeshi boy. 
(b) Bulging eyes (exophthalmos) of Graves' disease. 


eell and the eolloid. Attaehment of one iodine to a tyrosine 
produces monoiodotyrosine (MIT), and attaehment of 
two iodines produces diiodotyrosine (DIT). 

(5) lodinated tyrosines are linked together to form T 3 and T 4 . 

Enzymes in the eolloid link MIT and DIT together. Two 
linked DITs result in T 4 , and coupling of MIT and DIT pro- 
duces T 3 . At this point, the hormones are still part of the 
thyroglobulin eolloid. 

(6) Thyroglobulin eolloid is endoeytosed. To seerete the hor- 
mones, the follicular eells must reelaim iodinated thyroglob- 
ulin by endoeytosis and eombine the vesieles with lysosomes. 

(7) Lysosomal enzymes deave T 4 and T 3 from thyroglobulin 
and the hormones diffuse from the follicular eell into the 
bloodstream. The main hormonal product seereted is T 4 . 
Some T 4 is eonverted to T 3 before seeretion, but most T 3 is 
generated in the peripheral tissues. 

Transportand Regiilation 

Most released T 4 and T 3 immediately binds to thyroxine-binding 
globulins (TBGs ) and other transport proteins produced by the 
liver. Both T 4 and T 3 bind to target tissue reeeptors, but T 3 binds 
more avidly and is about 10 times more aetive. Most peripheral 
tissues have the enzymes needed to eonvert T 4 to T 3 by remov- 
ing one iodine atom. 

Figure 16.8 shows the negative feedbaek loop that regulates 
blood levels of TH. Falling TH blood levels trigger release of 
thyroid-stinmlating hormone (TSH ), and ultimately of more 
TH. Rising TH levels feed baek to inhibit the hypothalamie- 
anterior pituitary axis, temporarily shutting off the stimulus for 
TSH release. 

In infants, exposure to eold stimulates the hypothalamus to 
seerete thyrotropin-releasing hormone (TRH), which triggers 
TSH release. The thyroid gland then releases larger amounts 
of thyroid hormones, enhaneing body metabolism and heat 
production. Faetors that inhibit TSH release include GHIH, 


dopamine, and rising levels of glucocorticoids. Excessively high 
blood iodide eoneentrations also inhibit TH release. 



Homeostatie imbalanee 16.4 


Both overaetivity and underactivity of the thyroid gland ean cause 
severe metabolie disturbances. Hypothyroid disorders may result 
from some thyroid gland defeets or seeondarily from inadequate 
TSH or TRH release. They also occur when the thyroid gland is 
removed surgically and when dietary iodine is inadequate. 

In adults, the full-blown hypothyroid syndrome is ealled 
myxedema (mik"sé-de'mah; a mucous swelling”). Symptoms 
include a low metabolie rate; feeling ehilled; eonstipation; thiek, 
dry skin and puífy eyes; edema; lethargy; and mental sluggish- 
ness (but not mental retardation). A goiter (an enlarged pro- 
tmding thyroid gland) occurs if myxedema results from laek of 
iodine ure 16.11 a] . The follicular eells produce eolloid but 

eannot iodinate it and make functional hormones. The pituitary 
gland seeretes inereasing amounts of TSH in a futile attempt to 
stimulate the thyroid to produce TH, but the only result is that 
the follieles accumulate more and more unusable eolloid. De- 
pending on the cause, iodine supplements or hormone replaee- 
ment therapy ean reverse myxedema. 

Before iodized salt beeame available, the midwestern United 
States was ealled the c goiter belt.” Goiters were eommon there 
because this area had iodine-poor soil and no aeeess to iodine- 
rieh seafood. In plaees where goiters are espeeially eommon, 
these goiters are ealled endemie goiters. 

Fike many other hormones, the important effeets of TH 
depend on a persons age and development. Severe hypothy- 
roidism in infants is ealled eretinism (kre'tí-nizm). The ehild 
is mentally retarded and has a short, disproportionately sized 
body and a thiek tongue and neek. Cretinism may refleet a ge- 
netie defieieney of the fetal thyroid gland or maternal faetors, 
such as laek of dietary iodine. Thyroid hormone replaeement 
therapy ean prevent eretinism if diagnosed early enough, but 
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Figure 16.12 The parathyroid glands. (a) The parathyroid glands are loeated on the posterior 
aspeet of the thyroid gland and may be more inconspicuous than depieted. (b) Photomierograph 
of parathyroid gland tissue (160x). 


developmental abnormalities and mental retardation are not re- 
versible onee they appear. 

The most eommon hyperthyroid pathology is Graves’ dis- 
ease. In this autoimmune eondition, a person makes abnormal 
antibodies direeted against thyroid follieiilar eells. Rather than 
marking these eells for destmetion as antibodies normally do, 
these antibodies paradoxically mimie TSH and continuously 
stimulate TH release. 

Typieal symptoms of Graves disease include elevated meta- 
bolie rate; sweating; rapid, irregular heartbeat; nervousness; and 
weight loss despite adequate food. Eyeballs may protmde (ex- 
ophthalmos) if the tissue behind the eyes beeomes edematous 
and fibrous (Figure 16.1 lb). Treatments include surgically re- 
moving the thyroid gland or ingesting radioaetive iodine ( 131 I), 
which destroys the most aetive thyroid eells. + 

Calcitonin 

Calcitonin, a polypeptide hormone released by the parafol- 
licular, or C, eells of the thyroid gland in response to a rise in 
blood Ca 2+ levels, does not have a known physiologieal role in 


humans. In faet, ealeitonin does not need to be replaeed in pa- 
tients whose thyroid gland has been removed. 

At pharmaeologieal doses (doses higher than normally found in 
the body), ealeitonin has a bone-sparing effeet and is given thera- 
peutically to patients to treat Pagets disease and sometimes oste- 
oporosis (bone diseases deseribed in Chapter 6). Calcitonin targets 
the skeleton, where it (1) inhibits osteoelast aetivity, inhibiting bone 
resorption and release of Ca 2+ from the bony matrix, and (2) stim- 
ulates Ca 2+ uptake and ineorporation into bone matrix. In other 
animals, ealeitonin rapidly (but briefly) reduces blood Ca 2+ levels. 

The Parathyroid Glands 

indieate the general functions of parathyroid hormone. 

The tiny, yellow-brown parathyroid glands are nearly hid- 
den from view in the posterior aspeet of the thyroid gland 
(Figure 16.12a]. There are usually four of these glands, but 
the mirnber varies from one individual to another—as many 
as eight have been reported, and some may be loeated in other 
regions of the neek or even in the thorax. 
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The parathyroids glandular eells are arranged in thiek, 
branehing eords eontaining seattered oxyphil eells and large 
numbers of smaller parathyroid eells (Figure 16.12b). The par- 
athyroid eells seerete parathyroid hormone. The function of the 
oxyphil eells is unclear. 

The parathyroid glands were diseovered by aeeident. Years 
ago, surgeons were baífled by the observation that most patients 
reeovered uneventfully after partial (or even total) thyroid gland 
removal, while others suffered uncontrolled muscle spasms and 
severe pain, and subsequently died. Only after several such 
tragie deaths were the parathyroid glands diseovered and their 
hormonal function identified. 

Parathyroid hormone (PTH), or parathormone, the protein 
hormone of these glands, is the single most important hormone 
eontrolling calcium balanee in the blood. Preeise eontrol of eal- 
cium levels is eritieal because Ca 2+ homeostasis is essential for 
so many functions, including transmission of nerve impulses, 
muscle eontraetion, and blood elotting. 

Falling blood Ca 2+ levels trigger PTH release, and rising 
blood Ca 2+ levels inhibit its release. PTH inereases Ca 2+ levels 
in blood by stimulating three target organs: the skeleton (which 
eontains eonsiderable amounts of calcium salts in its matrix), 
the kidneys, and the intestine gure 16.13) . PTH release 

■ Stimulates osteoelasts (bone-resorbing eells) to digest some 
of the bony matrix and release ionie calcium and phosphates 
to the blood. 

■ Enhanees reabsorption of Ca 2+ [and excretion of phosphate 
(P0 4 3- )] by the kidneys. 

■ Promotes aetivation of vitamin D, thereby inereasing ab- 
sorption of Ca 2+ by intestinal mucosal eells. Vitamin D is re- 
quired for absorption of Ca 2+ from food, but first the kidneys 
must eonvert it to its aetive vitamin D 3 form, ealeitriol (1,25- 
dihydroxycholecalciferol). PTH stimulates this transformation. 


Hypoealeemia 
(low blood Ca 2+ ) 




t Osteoelast aetivity 
in bone causes Ca 2+ 
and P0 4 3 ' release 
into blood 



Initial stimulus 


f Ca 2+ reabsorption 
in kidney tubule 



t Aetivation of 
vitamin D by kidney 



t Ca 2+ absorption 
from food in small 
intestine 



Physiologieal response 


Result 
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Hyperparathyroidism (excess PTH) is rare and usually results 
from a parathyroid gland tumor. Calcium leaehes from the 
bones, which soften and deform as fibrous eonneetive tissue re- 
plaees their mineral salts. In osteitis fibrosa eystiea , a severe form 
of this disorder, the bones have a moth-eaten appearanee on X 
rays and tend to fracture spontaneously. The resulting hyper- 
ealeemia (abnormally elevated blood Ca 2+ level) has many out- 
eomes, but the two most notable are (1) it depresses the nervous 
system, which leads to abnormal reflexes and weak skeletal 
muscles, and (2) excess calcium salts preeipitate in the kidney 
tubules, forming kidney stones. Calcium deposits may also 
form in soft tissues throughout the body and severely impair vi- 
tal organ functioning, a eondition ealled metastatie ealeifieation. 

Hypoparathyroidism (PTH defieieney) most often follows par- 
athyroid gland trauma or removal during thyroid surgery. How- 
ever, an extended defieieney of dietary magnesium (required for 
PTH seeretion) ean cause fiinetional hypoparathyroidism. The 
resulting hypoealeemia (low blood Ca 2+ ) makes neurons more 
excitable and accounts for the elassie symptoms of tingling sensa- 
tions, tetany (twitching muscle), and convulsions. Untreated, the 
symptoms progress to respiratory paralysis and death. + 


gure 16.13 Effeets of parathyroid hormone on bone, the 
kidneys, and the intestine. 



CheckYour Understanding 


10. What is the major effeet of thyroid hormone? Parathyroid 
hormone? Calcitonin? 

11. Name the eells that release eaeh of the three hormones listed 
above. 


For ansvvers, see Appendix H. 


The Adrenal (Suprarenal) 

Glands 

s List hormones produced by the adrenal gland, and eite 
their physiologieal effeets. 

The paired adrenal glands are pyramid-shaped organs perehed 
atop the kidneys (ad = near; renal = kidney), where they are 
enelosed in a fibrous capsule and a cushion of fat (see Figure 16.1 
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Adrenal gland 

• Medulla 

• Cortex - 


Kidney 



Capsule 

Zona 
glomerulosa 


Zona 
fasciculata 


Zona 


reticularis 


Adrenal 

medulla 



Hormones 

seereted 


Aldosterone 


Cortisol 

and 

androgens 


Epinephrine 

and 

norepinephrine 


(a) Dravving of the histology of the 

I adrenal cortex and a portion of 

the adrenal medulla 

Figure 16.14 Mieroseopie structure of the adrenal gland. 


16 


I and Figure 16.14). They are also ealled the suprarenal glands 
(.supra = above). 

Eaeh adrenal gland is structurally and functionally two en- 
doerine glands. The inner adrenal medulla, more like a knot of 
nervous tissue than a gland, is part of the sympathetie nervous 
system. The outer adrenal cortex, encapsulating the medulla 
and forming the bulk of the gland, is glandular tissue derived 
from embryonie mesoderm. Eaeh region produces its own set 
of hormones summarized in Table 16.3 (p. 616), but all adrenal 
hormones help us eope with stressful situations. 


(b) Photomierograph (115x) 


■ Zona fasciculata (fah-sik"u-la'tah). The eells of this middle 
layer, arranged in more or less linear eords, mainly produce 
the metabolie hormones ealled glucocorticoids. 

■ Zona reticularis (ré-tik"u-lar'is). The eells of this innermost 
layer, abutting the adrenal medulla, have a netlike arrange- 
ment. They mainly produce small amounts of adrenal sex 
hormones, or gonadoeortieoids. 

Note, however, that the two innermost layers of the adrenal eor- 
tex share production of glucocorticoids and gonadoeortieoids, 
although eaeh layer predominantly produces one type. 


The Adrenal Cortex 

The adrenal cortex synthesizes well over two dozen steroid hor- 
mones, eolleetively ealled eortieosteroids. The multistep steroid 
synthesis pathway begins with eholesterol, and involves varying 
intermediates depending on the hormone being formed. Un- 
like the amino aeid-based hormones, steroid hormones are not 
stored in eells. Consequently, their rate of release depends on 
their rate of synthesis. 

The large, lipid-laden eortieal eells are arranged in three lay- 
ers or zones (Figure 16.14). From the outside in, they are: 

■ Zona glomerulosa (zo'nah glo-mer"u-lo'sah). The eell clus- 
ters forming this superficial layer produce mineraloeorti- 
eoids, hormones that help eontrol the balanee of minerals 
and water in the blood. 


Mineraloeortieoids 

The essential function of mineraloeortieoids is to regulate the 
eleetrolyte (mineral salt) eoneentrations in extracellular fluids, 
particularly of Na + and K + . The single most abundant eation in 
extracellular fluid is Na + , and the amount of Na + in the body 
largely determines the volume of the extracellular fluid—where 
Na + goes, water follows. Changes in Na + eoneentration lead to 
ehanges in blood volume and blood pressure. Moreover, the reg- 
ulation of Na + is coupled to the regulation of many other ions, 
including K + , H + , HC0 3 ” (biearbonate), and Cl“ (ehloride). 

The extracellular eoneentration of K + is also eritieal—it sets 
the resting membrane potential of all eells and determines how 
easily aetion potentials are generated in nerve and muscle. Not 
surprisingly, Na + and K + regulation are eraeial to overall body 
homeostasis. Their regulation is the primary job of aldosterone 
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gure 16.1 Major meehanisms eontrolling aldosterone release from the 
adrenal cortex. 


(al-dos'ter-ón), the most potent mineraloeortieoid. Aldosterone 
accounts for more than 95% of the mineraloeortieoids produced. 

Aldosterone reduces excretion of Na + from the body. Its pri- 
mary target is the distal parts of the kidney tubules, where it 
stimulates Na + reabsorption and water retention aeeompanied 
by elimination of K + and, in some instanees, alterations in the 
aeid-base balanee of the blood (by H + excretion). Aldosterone 
also enhanees Na + reabsorption from perspiration, saliva, and 
gastrie juice. 

Aldosterones regulatory eífeets are brief (lasting approxi- 
mately 20 minutes), allowing plasma eleetrolyte balanee to be 
preeisely eontrolled and continuously modified. The meeha- 
nism of aldosterone aetivity involves the synthesis and aetiva- 
tion of proteins required for Na + transport such as Na + -K + 
ATPase, the pump that exchanges Na + for K + . 


In this discussion we are focusing on the major roles of blood- 
borne aldosterone produced by the adrenal cortex, but aldosterone 
is also seereted by cardiovascular organs. There it is a paraerine 
and plays a eompletely different role in eardiae regulation. 

Deereasing blood volume and blood pressure, and ris- 
ing blood levels of K + , stimulate aldosterone seeretion. The 
reverse eonditions inhibit its seeretion. Four meehanisms 
regulate aldosterone seeretion, but two of them—the renin- 
angiotensin-aldosterone meehanism and plasma eoneentrations 
of potassium—are by far the most important ( : igure 16.15 and 
Table 16.3). 

The Renin-Angiotensin-Aldosterone Meehanism The renin- 
angiotensin-aldosterone meehanism (re'nin an"je-o-ten'sin) 
influences both blood volrnne and blood pressure by regulating 
the release of aldosterone and therefore Na + and water reab- 
sorption by the kidneys. 
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1. When blood pressure (or blood volume) falls, speeialized eells 
of th e juxtaglomerular complex in the kidneys are excited. 

2. These eells respond by releasing renin into the blood. 

3. Renin eleaves off part of the plasma protein angiotensino- 
gen (an"je-o-ten'sin-o-jen), triggering an enzymatie 
easeade that forms angiotensin II, which stimulates the 
glomemlosa eells to release aldosterone. 

However, the renin-angiotensin-aldosterone meehanism 
does much more than trigger aldosterone release, and all of its 
effeets ultimately raise blood pressure. We deseribe these addi- 
tional effeets in Chapters 19 and 26. 

Plasma Concentrations of Potassium Fluctuating blood levels 
of K + direetly influence the zona glomemlosa eells in the adre- 
nal cortex. inereased K + stimulates aldosterone release, whereas 
deereased K + inhibits it. 


ACTH Under normal circumstances, ACTH released by the 
anterior pituitary has little or no effeet on aldosterone release. 
However, when a person is severely stressed, the hypothalamus 
seeretes more eortieotropin-releasing hormone (CRH), and the 
resulting rise in ACTH blood levels steps up the rate of aldoste- 
rone seeretion to a small extent. The resulting inerease in blood 
volume and blood pressure helps deliver nutrients and respira- 
tory gases during the stressful period. 



Atrial Natriuretic Peptide (ANP ) Atrial natriuretic peptide, a 
hormone seereted by the heart when blood pressure rises, fine- 
tunes blood pressure and sodium-water balanee of the body. 
One of its major effeets is to inhibit the renin-angiotensin- 
aldosterone meehanism. It bloeks renin and aldosterone seere- 
tion and inhibits other angiotensin-induced meehanisms that 
enhanee water and Na + reabsorption. Consequently, ANPs 
overall influence is to deerease blood pressure by allowing Na + 
(and water) to flow out of the body in urine ( natriuretic = pro- 
ducing salty urine). 



Homeostatie imbalanee 16.6 


Hyperseeretion of aldosterone, a eondition ealled aldoste- 
ronism , typieally results from adrenal tumors. Two major 
sets of problems result: (1) hypertension and edema due to 
excessive Na + and water retention, and (2) aeeelerated excre- 
tion of potassium ions. If K + loss is extreme, neurons beeome 
nonresponsive, leading to muscle weakness and eventually 
paralysis. + 


hormones, ghieoeortieoids aet on target eells by modifying gene 
aetivity. 

Negative feedbaek regulates glucocorticoid seeretion. Cor- 
tisol release is promoted by ACTH. ACTH release is triggered 
in turn by the hypothalamie releasing hormone CRH. Rising 
eortisol levels feed baek to aet on both the hypothalamus and 
the anterior pituitary, preventing CRH release and shutting off 
ACTH and eortisol seeretion. 

Cortisol seeretory bursts, driven by patterns of eating and ae- 
tivity, occur in a definite pattern throughout the day and night. 
Cortisol blood levels peak shortly before we rise in the morning. 
The lowest levels occur in the evening just before and shortly af- 
ter we fall asleep. However, acute stress of any variety intermpts 
the normal eortisol rhythm as higher CNS eenters override the 
(usually) inhibitory effeets of elevated eortisol levels and trig- 
ger CRH release. The resulting inerease in ACTH blood levels 
causes an outpouring of eortisol from the adrenal cortex. 

Stress results in a dramatie rise in blood levels of ghieose, 
fatty aeids, and amino aeids, all provoked by eortisol. Cortisols 
prime metabolie effeet is to provoke gluconeogenesis , that is, the 
formation of glucose from fats and proteins. In order to “save” 
glucose for the brain, eortisol mobilizes fatty aeids from adipose 
tissue and encourages their inereased use for energy. Under 
eortisols influence, stored proteins are broken down to provide 
building bloeks for repair or to make enzymes for metabolie 
proeesses. Cortisol enhanees the sympathetie nervous systems 
vasoeonstrietive effeets, and the rise in blood pressure and eir- 
culatory effieieney that results helps ensure that these nutrients 
are quickly distributed to eells. 

Note that ideal amounts ofglucocorticoids promote normalfunc- 
tion , but too much eortisol exerts signifieant anti-inflammatory 
and anti-immune effeets. Excessive levels of glucocorticoids 

■ Depress eartilage and bone formation 

■ Inhibit inflammation by deereasing the release of inflamma- 
tory ehemieals 

■ Depress the immune system 

■ Dismpt normal cardiovascular, neural, and gastrointestinal 
fimetion 

Glucocorticoid drugs ean eontrol symptoms of many ehronie 
inflammatory disorders, such as rheumatoid arthritis and aller- 
gie responses. However, these potent dmgs are a double-edged 
sword because they also cause the undesirable effeets of exces- 
sive levels of these hormones. 


Gliieoeortieoids 

Essential to life, the glucocorticoids influence the energy metab- 
olism of most body eells and help us resist stressors. Under nor- 
mal circumstances, they help the body adapt to intermittent food 
intake by keeping blood ghieose levels fairly eonstant, and main- 
tain blood pressure by inereasing the aetion of vasoeonstrietors. 
However, severe stress due to hemorrhage, infeetion, or physieal 
or emotional trauma evokes a dramatieally higher output of glu- 
eoeortieoids, which helps the body negotiate the erisis. 

Glucocorticoid hormones include eortisol (hydroeorti- 
sone), eortisone, and eortieosterone, but only eortisol is se- 
ereted in signifieant amounts in humans. As with all steroid 
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The pathology of glucocorticoid excess, enshing’s syndrome, 
may be caused by an ACTH-releasing pituitary tumor (in which 
ease it is ealled enshing’s disease); by an ACTH-releasing ma- 
lignaney of the lungs, panereas, or kidneys; or by a tumor of the 
adrenal cortex. However, it most often results from the elinieal 
administration of glucocorticoid drugs. 

The syndrome is eharaeterized by persistent elevated blood 
glucose levels ( steroid diabetes ), dramatie losses in muscle and 
bone protein, and water and salt retention, leading to hyperten- 
sion and edema. The so-ealled cushingoid signs 'igure 16.16) 
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(a) Patient before onset. 


(b) Same patient with Cushing’s 

syndrome. The white arrow shows the 
eharaeteristie “buffalo hump” of fat on the 
upper baek. 


Figiire 16.16 The effeets of excess glucocorticoid. 



include a swollen “moon” faee, redistribution of fat to the abdo- 
men and the posterior neek (causing a cc buffalo hump”), easy 
bruising, and poor wound healing. Because of enhaneed anti- 
inflammatory eífeets, infeetions may beeome overwhelmingly 
severe before producing reeognizable symptoms. Eventually, 
muscles weaken and spontaneous fractures foree the person to 
beeome bedridden. The only treatment is to remove the cause— 
be it surgically removing the tumor or discontinuing the dmg. 

Addison’s disease, the major hyposeeretory disorder of the 
adrenal cortex, usually involves defieits in both glucocorticoids 
and mineraloeortieoids. Its vietims tend to lose weight; plasma 
glucose and sodium levels drop, and potassium levels rise. Se- 
vere dehydration and hypotension are eommon. Corticosteroid 
replaeement therapy is the usual treatment. + 

Gonadoeortieoids (Adrenal Sex Hormones) 

Most gonadoeortieoids seereted by the adrenal cortex are weak 
androgens, or male sex hormones, such as androstenedione and 
dehydroepiandrosterone ( DHEA ). Most are eonverted in tissue 
eells to more potent male hormones, such as testosterone , and 
some are eonverted to estrogens. The amount of gonadoeorti- 
eoids produced by the adrenal cortex is insignifieant eompared 
with the amounts made by the gonads during late puberty and 
adulthood. 

The exact role of the adrenal sex hormones is still in ques- 
tion, but we know that they contribute to axillary and pubic hair 
development. In adult women adrenal androgens are thought 
to contribute to the sex drive, and they largely account for the 


estrogens produced after menopause when ovarian estrogens 
are no longer produced. Control of gonadoeortieoid seeretion is 
not eompletely understood. ACTH stimulates their release, but 
the gonadoeortieoids do not appear to exert feedbaek inhibition 
on ACTH release. 
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Sinee androgens predominate, hyperseeretion of gonado- 
eortieoids causes adrenogenital syndrome (masculinization). 
In adult males, elevated gonadoeortieoid levels may not be 
notieeable sinee testicular testosterone has already produced 
masculinization, but in prepubertal males and in females, the 
results ean be dramatie. In boys, the reproductive organs ma- 
ture and seeondary sex eharaeteristies appear early, and the 
sex drive emerges with a vengeanee. Females develop a beard 
and a masculine distribution of body hair, and the elitoris 
grows to resemble a small penis. + 


The Adrenal Medulla 

We discussed the adrenal medulla in Chapter 14 as part of the 
autonomic nervous system, so our eoverage here is brief. The 
spherieal medullary ehromaffin eells (kro'mah-fin), which 
crowd around blood-filled eapillaries and sinusoids, are modi- 
fied postganglionie sympathetie neurons that synthesize the 
eateeholamines epinephrine and norepinephrine (NE) via 
a molecular sequence from tyrosine to dopamine to NE to 
epinephrine. 
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Table 16.3 Adrenal Gland Hormones: Summary of Regulation and Effeets 


HORMONE 


REGLILATION OF RELEASE 


TARGET ORGAN AND EFFECTS 


EFFECTS OF HYPERSECRETION T 
AND HYPOSECRETION i 


Adrenoeortieal Hormones 




Mineraloeortieoids (ehiefly 
aldosterone) 


Stimulated by renin-angiotensin- 
aldosterone meehanism (aetivated 
by deereasing blood volume or 
blood pressure), elevated blood 
K + levels, and ACTH (minor 
influence) 

Inhibited by inereased blood 
volume and pressure, and 
deereased blood K + levels 


Kidneys: inerease blood levels of 
Na + and deerease blood levels 
of K + ; sinee vvater reabsorption 
aeeompanies sodium retention, 
blood volume and blood pressure 
rise 


T Aldosteronism 
i Addison's disease 


Glucocorticoids (ehiefly 
eortisol) 


Stimulated by ACTH 

Inhibited by feedbaek inhibition 
exerted by eortisol 


Gonadoeortieoids (ehiefly 
androgens, eonverted to 
testosterone or estrogens 
after release) 


Stimulated by ACTH; meehanism 
of inhibition ineompletely 
understood, but feedbaek 
inhibition not seen 


Body eells: promote 
gluconeogenesis and 
hyperglyeemia; mobilize fats for 
energy metabolism; stimulate 
protein eatabolism; assist body 
to resist stressors; depress 
inflammatory and immune 
responses 

Insignifieant effeets in males; 
contributes to female libido; 
development of pubic and axillary 
hair in females; source of estrogen 
after menopause 


T Cushing's syndrome 
i Addison's disease 


T Masculinization of females 
(adrenogenital syndrome) 

i No effeets knovvn 


Adrenal Medullary Hormones 


16 


Catecholamines (epinephrine Stimulated by preganglionie 


Sympathetie nervous system target T Prolonged fight-or-flight 


and norepinephrine) 


fibers of the sympathetie nervous 
system 


organs: effeets mimie sympathetie 
nervous system aetivation; 
inerease heart rate and metabolie 
rate; inerease blood pressure by 
promoting vasoeonstrietion 


response; hypertension 
i Llnimportant 




When a short-term stressor aetivates the body to fight-or- 
flight status, the sympathetie nervous system is mobilized. 
Blood vessels eonstriet and the heart beats faster (together rais- 
ing the blood pressure), and blood is diverted from temporarily 
nonessential organs to the heart and skeletal muscles. Blood 
glucose levels rise, and preganglionie sympathetie nerve end- 
ings weaving through the adrenal medulla signal for release of 
eateeholamines, which reinforee and prolong the fight-or-flight 
response. 

Unequal amounts of the two hormones are stored and re- 
leased. Approximately 80% is epinephrine and 20% norepine- 
phrine. With a few exceptions, the two hormones exert the 
same effeets (see Table 14.2, p. 534). Epinephrine is the more 
potent stimulator of metabolie aetivities, bronehial dilation, 
and inereased blood flow to skeletal muscles and the heart, but 
norepinephrine has a greater influence on peripheral vasoeon- 
strietion and blood pressure. Epinephrine is used elinieally as a 
heart stimulant and to dilate the bronehioles during acute asth- 
matie attaeks. 

Unlike hormones from the adrenal cortex, which promote 
long-lasting body responses to stressors, eateeholamines cause 
fairly brief responses. Figure 16.1! depiets the interrelation- 


ships of the hypothalamus, the “direetor” of the stress response, 
with adrenal hormones. 
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A defieieney in adrenal medulla hormones is not a problem be- 
cause these hormones merely intensify aetivities set into motion 
by the sympathetie nervous system neurons. Unlike glucocorti- 
eoids and mineraloeortieoids, adrenal eateeholamines are not 
essential for life. 

On the other hand, hyperseeretion of eateeholamines, some- 
times arising from a medullary ehromaffin eell tumor ealled a 
pheoehromoeytoma (fe-o-kro"mo-si-to'mah), produces symp- 
toms of uncontrolled sympathetie nervous system aetivity— 
hyperglyeemia (elevated blood glucose), inereased metabolie 
rate, rapid heartbeat and palpitations, hypertension, intense 
nervousness, and sweating. + 



Check Your Understanding 


12. List the three elasses of hormones released from the adrenal 
cortex and for eaeh briefly state its major effeet(s). 

_ For ansvvers, see Appendix H. 
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Short-term stress 


Prolonged stress 


Nerve impiilses 


Hypothalamus 


Spinal eord 


Preganglionie 

sympathetie 

fibers 



Adrenal medulla 
(seeretes amino aeid 
based hormones) 



CRH (eortieotropin- 
releasing hormone) 


Corticotropic eells 
of anterior pituitary 


To target in blood 


ACTH 


Catecholamines 
(epinephrine and 
norepinephrine) 


Short-term stress response 

Heart rate inereases 
Blood pressure inereases 
Bronehioles dilate 

Liver eonverts glyeogen to glucose and releases 
glucose to blood 

Blood flow ehanges, reducing digestive system aetivity 
and urine output 
Metabolie rate inereases 



Adrenal cortex 
(seeretes steroid 
hormones) 



Mineraloeortieoids 


Glucocorticoids 


16 


Kidneys retain 
sodium and water 
Blood volume and 
blood pressure 
rise 


Proteins and fats eonverted 
to glucose or broken down 
for energy 

Blood glucose inereases 
lmmune system 
supressed 




gure 16.1 Stress and the adrenal gland. Stressful stimuli cause the hypothalamus 
to aetivate the adrenal medulla via sympathetie nerve impulses and the adrenal cortex via 
hormonal signals. 


The Pineal Gland 

Briefly deseribe the importanee of melatonin. 

The tiny, pine eone-shaped pineal gland hangs from the roof 
of the third ventriele in the dieneephalon (see Figure 16.1 and 
Figure 12.10 on p. 440). Its seeretory eells, ealled pinealoeytes, 
are arranged in eompaet eords and clusters. Lying between pin- 
ealoeytes in adults are dense partieles eontaining calcium salts 
(“brain-sand” or “pineal sand”). These salts are radiopaque, 
making the pineal gland a handy landmark for determining 
brain orientation in X rays. 

The endoerine function of the pineal gland is still somewhat 
of a mystery. Although many peptides and amines have been 


isolated from this minute gland, its only major seeretory product 
is melatonin (mer'ah-to'nin), an amine hormone derived from 
serotonin. Melatonin eoneentrations in the blood rise and fall 
in a diurnal (daily) eyele. Peak levels occur during the night and 
make us drowsy, and lowest levels occur around noon. Reeent 
evidenee suggests that melatonin also eontrols the production of 
proteetive antioxidant and detoxification molecules within eells. 

The pineal gland indireetly reeeives input from the visual 
pathways (retina —> suprachiasmatic nucleus of hypothalamus 
—> superior eervieal ganglion —> pineal gland) eoneerning the 
intensity and duration of daylight. In some animals, mating be- 
havior and gonadal size vary with relative lengths of light and 
dark periods, and melatonin mediates these efiFeets. 
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Panereatie islet 

• a (Glucagon- 
producing) 
eells 

• p (lnsulin- 
producing) 
eells 


Panereatie aeinar 
eells (exocrine) 


gure 16.18 Photomierograph of differentially stained 
panereatie tissue. A panereatie islet is surrounded by aeinar eells, 
vvhieh produce the exocrine product (enzyme-rieh panereatie juice). 
The p eells of the islets that produce insulin have eytoplasm that 
stains pale pink, and the a eells that produce glucagon have bright 
pink eytoplasm (190x). 


Loeated partially behind the stomaeh in the abdomen, the soft, 
tadpole-shaped panereas is a mixed gland eomposed of both 
endoerine and exocrine gland eells (see Figure 16.1). Along with 
the thyroid and parathyroids, it develops as an outpocketing 
of the epithelial lining of the gastrointestinal traet. Aeinar eells , 
forming the bulk of the gland, produce an enzyme-rieh juice 
that is earried by ducts to the small intestine during digestion. 

Seattered among the aeinar eells are approximately a mil- 
lion panereatie islets (also ealled islets of Langerhans) , tiny eell 
clusters that produce panereatie hormones ure 16.1 8 . The 
islets eontain two major populations of hormone-producing 
eells, the glucagon-synthesizing alpha (a) eells and the more 
numerous insulin-synthesizing beta (P) eells. These eells aet as 
tiny fuel sensors, seereting glucagon and insulin appropriately 
during the fasting and fed states. 

Insulin and glucagon are intimately but independently in- 
volved in regulating blood glucose levels. Their effeets are antag- 
onistie: Glucagon is a hyperglyeemie hormone, whereas insulin 
is a hypoglyeemie hormone gure 16.1 9) . Some islet eells also 
synthesize other peptides in small amounts, including somato- 
statin , panereatiepolypeptide (PP), and others. However, here we 
will focus on ghieagon and insulin. 
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In ehildren, melatonin may have an antigonadotropie effeet. 
In other words, it may affeet the timing of puberty and inhibit 
precocious (too early) sexual maturation. 

The suprachiasmatic nucleus of the hypothalamus, an area 
referred to as our “biologieal eloek,” is riehly supplied with 
melatonin reeeptors, and exposure to bright light (known to 
suppress melatonin seeretion) ean reset the eloek timing. As 
a result, ehanging melatonin levels may influence rhythmie 
variations in physiologieal proeesses such as body temperature, 
sleep, and appetite. 



Check Your IJnderstanding 


13. Synthetie melatonin supplements are available, although 
their safety and effieaey have not been proved. What do you 
think they might be used for? 

_ For ansvvers, see Appendix H. 


Other Endoerine Glands 
andTissues 

So far, weVe examined the endoerine role of the hypothalamus 
and of glands dedieated solely to endoerine hmetion. We will 
now eonsider a set of organs that eontain endoerine tissue but 
also have other major hmetions. These include the panereas, 
gonads, and plaeenta. 

The Panereas 

Compare and eontrast the effeets of the two major 
panereatie hormones. 


Glucagon 

Glucagon (gloo'kah-gon), a 29-amino-aeid polypeptide, is an 
extremely potent hyperglyeemie agent: One molecule ean cause 
the release of 100 million ghieose molecules into the blood! The 
major target of glucagon is the liver, where it promotes the fol- 
lowing aetions: 

■ Breakdown of glyeogen to glucose ( glyeogenolysis ) (Figure 16.19) 

■ Synthesis of glucose from laetie aeid and from nonearbohy- 
drate molecules (gluconeogenesis) 

■ Release of glucose to the blood by liver eells, causing blood 
glucose levels to rise 

A seeondary effeet is to lower blood levels of amino aeids as 
the liver eells sequester these molecules to make new glucose 
molecules. 

Humoral stimuli, mainly falling blood glucose levels, prompt 
the alpha eells to seerete glucagon. However, sympathetie nervous 
system stimulation and rising amino aeid levels (as might follow 
a protein-rieh meal) are also stimulatory. Glucagon release is sup- 
pressed by rising blood glucose levels, insulin, and somatostatin. 

Insulin 

Insulin is a small (51-amino-aeid) protein eonsisting of two 
amino aeid ehains linked by disulfide (-S-S-) bonds. It is syn- 
thesized as part of a larger polypeptide ehain ealled proinsulin. 
Enzymes then excise the middle portion of this ehain, releasing 
hmetional insulin. This “elipping” proeess occurs in the seere- 
tory vesieles just before the beta eell releases insulin. 

Insulins effeets are most obvious when we have just eaten. Its 
main effeet is to lower blood ghieose levels (Figure 16.19), but it 
also influences protein and fat metabolism. Circulating insulin 
lowers blood glucose levels in three ways. It 
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Glucagon 


gure 16.19 lnsulin and glucagon from the panereas regulate blood glucose levels. 


■ Enhanees membrane transport of ghieose (and other simple 
sugars) into most body eells, espeeially muscle and fat eells. 

■ Inhibits the breakdown of glyeogen to glucose. 

■ Inhibits the eonversion of amino aeids or fats to ghieose. 
These inhibiting effeets counter any metabolie aetivity that 
would inerease plasma levels of glucose. 

Insulin is not needed for glucose entry into liver, kidney, and 
brain tissue, all of which have easy aeeess to blood glucose re- 
gardless of insulin levels. However, insulin does have impor- 
tant roles in the brain—it partieipates in neuronal development, 
feeding behavior, and learning and memory. 

Insulin aetivates its reeeptor (a tyrosine kinase enzyme), which 
phosphorylates speeifie proteins, beginning the easeade that pro- 
motes ghieose uptake and insulins other efieets. After glucose en- 
ters a target eell, insulin binding triggers enzymatie aetivities that 


1. Catalyze the oxidation of glucose for ATP production 

2. Join ghieose molecules together to form glyeogen 

3. Convert glucose to fat (particularly in adipose tissue) 

As a rule, energy needs are met first, followed by glyeogen for- 
mation. Finally, if excess glucose is still available, it is eonverted 
to fat. Insulin also stimulates amino aeid uptake and protein 
synthesis in muscle tissue. In summary, insulin “sweeps” glu- 
eose out of the blood, causing it to be used for energy or eon- 
verted to other forms (glyeogen or fats); insulin also promotes 
protein synthesis and fat storage. 

Faetors That lnfluence lnsulin Release Elevated blood glu- 
eose levels are the ehief faetor that stimulates panereatie beta 
eells to seerete insulin. Other stimuli inehide rising blood levels 
of amino aeids and fatty aeids, and release of aeetyleholine by 
parasympathetie nerve fibers. As body eells take up glucose and 
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other nutrients, and blood levels of these substances drop, insu- 
lin seeretion is suppressed. 

Other hormones also influence insulin release. For example, 
any hyperglyeemie hormone (such as glucagon, epinephrine, 
growth hormone, thyroxine, or ghieoeortieoids) ealled into aetion 
as blood glucose levels drop indireetly stimulates insulin release by 
promoting glucose entry into the bloodstream. Somatostatin and 
sympathetie nervous system aetivation depress insulin release. 

As you ean see, blood ghieose levels represent a balanee of 
humoral, neural, and hormonal infhienees. Insulin is the major 
hypoglyeemie faetor that counterbalances the many hypergly- 
eemie hormones. 
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Homeostatie imbalanee 16.10 


Diabetes mellitus (DM) results from either hyposeeretion or hy- 
poaetivity of insulin. When insulin is absent, the result is type 1 
diabetes mellitus. If insulin is present, but its effeets are defieient, 
the result is type 2 diabetes mellitus. In either ease, blood glucose 
levels remain high after a meal because glucose is unable to enter 
most tissue eells. Ordinarily, when blood glucose levels rise, hy- 
perglyeemie hormones are not released, but when hyperglyeemia 
beeomes excessive, the person begins to feel nauseated, which 
preeipitates the fight-or-flight response. This response results, 
inappropriately, in all the reaetions that normally occur in the 
hypoglyeemie (fasting) state to make ghieose available—that is, 
glyeogenolysis, lipolysis (breakdown of fat), and gluconeogenesis. 
Consequently, high blood ghieose levels soar even higher, and ex- 
eess glucose begins to be lost from the body in urine (glyeosmia). 

When sugars eannot be used as eelhilar fuel, more fats are 
mobilized, resulting in high fatty aeid levels in the blood, a 
eondition ealled lipidemia. In severe eases of diabetes mellitus, 
blood levels of fatty aeids and their metabolites (aeetoaeetie 
aeid, aeetone, and others) rise dramatieally. The fatty aeid me- 
tabolites, eolleetively ealled ketones (ke'tónz) or ketone bod- 
ies, are organie aeids. When they accumulate in the blood, the 
blood pH drops, resulting in ketoaeidosis, and ketone bodies 
begin to spill into the urine ( ketonmia). 

Severe ketoaeidosis is life threatening. The nervous system 
responds by initiating rapid deep breathing (hyperpnea) to blow 
off earbon dioxide from the blood and inerease blood pH. (We 
will explain the physiologieal basis of this meehanism in Chap- 
ter 22.) If untreated, ketoaeidosis dismpts heart aetivity and 
oxygen transport, and severe depression of the nervous system 
leads to eoma and death. 

The three eardinal signs of diabetes mellitus are polyuria, 
polydipsia, and polyphagia. Excessive glucose in the blood leads 
to excessive glucose in the kidney filtrate where it aets as an 
osmotie diuretic (that is, it inhibits water reabsorption by the 
kidney tubules), resulting in polyuria, a huge urine output that 
deereases blood volume and causes dehydration. 

Serious eleetrolyte losses also occur as the body rids itself of 
excess ketone bodies. Ketone bodies are negatively eharged and 
earry positive ions out with them, so sodium and potassium 
ions are also lost. The eleetrolyte imbalanee leads to abdominal 
pain and possibly vomiting, and the stress reaetion spirals even 
higher. Dehydration stimulates hypothalamie thirst eenters, 
causing polydipsia, or excessive thirst. 


The final sign, polyphagia, refers to excessive hunger and 
food consumption, a sign that the person is “starving in the 
land of plenty.” Although plenty of ghieose is available, the 
body eannot use it and consumes its fat and protein stores for 
energy metabolism instead. Table 16.4 summarizes the eonse- 
quences of insulin defieieney. DM is the focus of A Closer Look 
on pp. 624-625. 

Hyperinsulinism , or excessive insulin seeretion, results in 
low blood ghieose levels, or hypoglyeemia. This eondition 
triggers the release of hyperglyeemie hormones, which cause 
anxiety, nervousness, tremors, and weakness. Insuíficient glu- 
eose delivery to the brain causes disorientation, progressing to 
convulsions, unconsciousness, and even death. In rare eases, hy- 
perinsulinism results from an islet eell tumor. More eommonly, 
it is caused by an overdose of insulin and is easily treated by 
ingesting sugar. + 



Check Your IJnderstandmg 


14. You've just attended a football game vvith your friend, 
Sharon, vvho is diabetie. While Sharon drank only one beer 
during the game, she is having trouble vvalking straight, her 
speeeh is slurred, and she is not making sense. What does 

it mean vvhen vve say Sharon is diabetie? What is the most 
likely explanation for Sharon's current behavior? Hovv could 
you help her? 

15. Diabetes mellitus and diabetes insipidus are both due to 
laek of a hormone. Which hormone causes vvhieh? What 
symptom do they have in eommon? What would you find in 
the urine of a patient with one but not the other? 

_ For ansvvers, see Appendix H. 


The Gonads and Plaeenta 

Deseribe the functional roles of hormones of the testes, 
ovaries, and plaeenta. 

The male and female gonads produce steroid sex hormones, 
identieal to those produced by adrenal eortieal eells (see Fig- 
ure 16.1). The major distinetion is the source and relative 
amounts produced. As deseribed earlier, gonadotropins regu- 
late the release of gonadal hormones. 

The paired ovaries are small, oval organs loeated in the females 
abdominopelvie eavity. Besides producing ova, or eggs, the ova- 
ries produce several hormones, most importantly estrogens and 
progesterone (pro-jes'té-ròn). Alone, the estrogens are responsi- 
ble for maturation of the reproductive organs and the appearanee 
of the seeondary sex eharaeteristies of females at puberty. Aeting 
with progesterone, estrogens promote breast development and ey- 
elie ehanges in the uterine mucosa (the menstraal eyele). 

The male testes , loeated in an extra-abdominal skin pouch 
ealled the scrotum, produce sperm and male sex hormones, 
primarily testosterone (tes-tos'té-rón). During puberty, tes- 
tosterone initiates the maturation of the male reproductive 
organs and the appearanee of seeondary sex eharaeteristies 
and sex drive. In addition, testosterone is neeessary for normal 
sperm production and maintains the reproductive organs in 
their mature functional state in adult males. 
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Table 16.4 Symptoms of lnsulin Defieit (Diabetes Mellitus) 


ORGANS/TISSIJES INVOLVED 


ORGAN/TISSLJE 
RESPONSES TO 
INSLILIN DEFICIENCY 


RESLILTING CONDITIONS 


IN BLOOD 


IN LIRINE 


SIGNS AND 
SYMPTOMS 



Adipose 

tissue 


Deereased glucose 
uptake and utilization 


Muscle 



Hyperglyeemia 


Glycosuria 


Osmotie diuresis 


Polyuria (and 

dehydration, soft eyeballs) 

Polydipsia (and fatigue, 
vveight loss) 

Polyphagia 



Liver 



Glyeogenolysis 



Protein eatabolism 
and gluconeogenesis 



Lipolysis and 
ketogenesis 


Lipidemia and 
ketoaeidosis 


Ketonuria 

Loss of Na + , 
K + ; eleetrolyte 
and aeid-base 
imbalanees 


Aeetone breath 

Hyperpnea 

Nausea, vomiting, 
abdominal pain 


Cardiac irregularities 


Central nervous system 
depression; eoma 


The plaeenta is a temporary endoerine organ. Besides sus- 
taining the fetus during pregnaney, it seeretes several steroid 
and protein hormones that influence the course of pregnaney. 
Plaeental hormones include estrogens and progesterone (hor- 
mones more often assoeiated with the ovary), and human eho- 
rionie gonadotropin (hCG). 

We will discuss the roles of the gonadal, plaeental, and go- 
nadotropie hormones in Chapters 27 and 28, where we eonsider 
the reproductive system and pregnaney. 


Adipose Tissue Adipose eells release leptin, which serves to 
tell your body how much stored energy (as fat) you have. The 
more fat you have, the more leptin there will be in your blood. 
As we deseribe in Chapter 24, leptin binds to CNS neurons eon- 
eerned with appetite eontrol, producing a sensation of satiety. It 
also appears to stimulate inereased energy expenditure. 

Two other hormones released by adipose eells both affeet the 
sensitivity of eells to insulin. Resistin is an insulin antagonist, 
while adiponeetin enhanees sensitivity to insulin. 




Check Your IJnderstanding 


16. Which of the tvvo ehemieal elasses of hormones introduced 
at the beginning of this ehapter do the gonadal hormones 
belong to? Which major endoerine gland seeretes hormones 
of this same ehemieal elass? 

_ For ansvvers, see Appendix H. 


Hormone Seeretion by Other Organs 

Name a hormone produced by the heart. 

State the loeation of enteroendoerine eells. 

Briefly explain the hormonal functions of the kidney, skin, 
adipose tissue, bone, and thymus. 

Other hormone-producing eells occur in various organs includ- 
ing the heart, gastrointestinal traet, kidneys, skin, adipose tis- 
sue, skeleton, and thymus (Table 16.5). 


Gastrointestinal Traet Enteroendoerine eells are hormone- 
seereting eells sprinkled in the mucosa of the gastrointestinal (GI) 
traet. These seattered eells release several peptide hormones that 
help regulate a wide variety of digestive fmietions, some of which 
are summarized in Table 16.5. Enteroendoerine eells also release 
amines such as serotonin, which aet as paraerines, diffusing to and 
influencing nearby target eells without first entering the bloodstream. 
Enteroendoerine eells have been referred to as paranemons because 
they are similar in eertain ways to neurons and many of their hor- 
mones and paraerines are ehemieally identieal to neurotransmitters. 

Heart The atria eontain speeialized eardiae muscle eells that 
seerete atrial natriuretic peptide (ANP). As noted on p. 614, 
ANP deereases the amount of sodium in the extracellular fluid, 
thereby reducing blood volrnne and blood pressure. 

Kidneys Interstitial eells in the kidneys seerete erythropoietin 
(é-rith"ro-poi'é-tin; cc red-maker”), a glyeoprotein hormone that 
signals the bone marrow to inerease production of red blood 
eells. The kidneys also release renin, which aets as an enzyme to 
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Table 16.5 Seleeted Examples of Hormones Produced by Organs Other Than the Major Endoerine Organs 

SOURCE 

HORMONE 

CHEMICAL 

COMPOSITION 

TRIGGER 

TARGET ORGAN AND EFFECTS 

Adipose tissue 

Leptin 

Peptide 

Seeretion proportional to 
fat stores; inereased by 
nutrient uptake 

Brain: suppresses appetite; 
inereases energy expenditure 

Adipose tissue 

Resistin, adiponeetin 

Peptides 

Seeretion proportional 
to fat stores for resistin, 
inversely proportional for 
adiponeetin 

Fat, muscle, liver: resistin 
antagonizes insulin's aetion and 
adiponeetin enhanees it 

Gastrointestinal (Gl) traet mucosa 




■ Stomaeh 

Gastrin 

Peptide 

Seereted in response to 
food 

Stomaeh: stimulates glands to 
release hydroehlorie aeid (HCI) 

■ Stomaeh 

Ghrelin 

Peptide 

Seereted in response to 
fasting 

Hypothalamus and pituitary: 
stimulates food intake and GH 
release 

■ Duodenum (of 
small intestine) 

Seeretin 

Peptide 

Seereted in response to 
food 

Panereas and liver: stimulates 
release of biearbonate-rieh juice 





Stomaeh: inhibits seeretory 
aetivity 

■ Duodenum 

eholeeystokinin (CCK) 

Peptide 

Seereted in response to 
food 

Panereas: stimulates release of 
enzyme-rieh juice 

Gallbladder: stimulates 
expulsion of stored bile 





Hepatopanereatie sphineter: 
causes sphineter to relax, 
allowing bile and panereatie 
juice to enter duodenum 

■ Duodenum (and 
other gut regions) 

ineretins [glucose-dependent 
insulinotropic peptide (GIP) 
and glucagon-like peptide 1 
(GLP-1)] 

Peptide 

Seereted in response to 
glucose in intestinal lumen 

Panereas: enhanees glucose- 
dependent release of insulin and 
inhibition of glucagon release 

Heart (atria) 

Atrial natriuretic peptide 
(ANP) 

Peptide 

Seereted in response to 
stretehing of atria (by rising 
blood pressure) 

Kidney: inhibits sodium ion 
reabsorption and renin release 

Adrenal cortex: inhibits 
seeretion of aldosterone; 
deereases blood pressure 

Kidney 

Erythropoietin (EPO) 

Glyeoprotein 

Seereted in response to 
hypoxia 

Red bone marrow: stimulates 
production of red blood eells 

Skeleton 

Osteoealein 

Peptide 

Unknown; insulin promotes 
its aetivation 

inereases insulin production and 
insulin sensitivity 

Skin (epidermal eells) 

Cholecalciferol 
(provitamin D 3 ) 

Steroid 

Aetivated by the kidneys to 
aetive vitamin D 3 (ealeitriol) 
in response to parathyroid 
hormone 

Intestine: stimulates aetive 
transport of dietary calcium 
aeross eell membranes of small 
intestine 

Thymus 

Thymulin, thymopoietins, 
thymosins 

Peptides 

Unknown 

Mostly aet loeally as paraerines; 
involved in T lymphoeyte 
development and in immune 
responses 
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initiate the renin-angiotensin-aldosterone meehanism of aldo- 
sterone release deseribed earlier. 

Skeleton Osteoblasts in bone seerete osteoealein , a hormone that 
prods panereatie beta eells to divide and seerete more insulin. It 
also restriets fat storage by adipoeytes, and triggers the release of 
adiponeetin. This improves glucose handling and reduces body fat. 

Interestingly, insulin promotes the eonversion of inaetive os- 
teoealein to aetive osteoealein in bone, forming a two-way eon- 
versation between bone and the panereas. Osteoealein levels are 
low in type 2 diabetes, and inereasing its level may oífer a new 
treatment approaeh. 

Skin The skin produces eholeealeiferol, an inaetive form of 
vitamin D 3 , when modified eholesterol molecules in epidermal 
eells are exposed to ultraviolet radiation. This compound then 
enters the blood via the dermal eapillaries, is modified in the 
liver, and beeomes fully aetivated in the kidneys. The aetive 
form of vitamin D 3 , ealeitriol, is an essential regulator of the 
earrier system that intestinal eells use to absorb Ca 2+ from food. 
Without this vitamin, bones beeome soft and weak. 

Thymus Loeated deep to the sternum in the thorax is the lobu- 
lated thymus (see Figure 16.1). Large and conspicuous in in- 
fants and ehildren, the thymus shrinks throughout adulthood. 
By old age, it is eomposed largely of adipose and fibrous eon- 
neetive tissues. 

Thymie epithelial eells seerete several diíferent families of 
peptide hormones, including thymulin, thymopoietins, and 
thymosins (thi'mo-sinz). These hormones are thought to be 
involved in the normal development of T lymphoeytes and the 
immune response, but their roles are not well understood. Al- 
though still ealled hormones, they mainly aet loeally as para- 
erines. We deseribe the thymus in Chapter 20 in our discussion 
of lymphoid organs and tissues. 



Check Your IJnderstanding 


17. Which hormone does the heart produce and what is its 
fiinetion? 

18. What is the fiinetion of the hormone produced by the skin? 

_ For ansvvers, see Appendix H. 


Developmental Aspeets 
of the Endoerine System 

s Deseribe the effeets of aging on endoerine system function. 

Hormone-producing glands arise from all three embryonie 
germ layers. Endoerine glands derived from mesoderm pro- 
duce steroid hormones. All others produce amines, peptides, or 
protein hormones. 

Effeets of Environmental Pollutants 

Exposure to environmental pollutants—many pestieides, in- 
dustrial ehemieals, arsenie, dioxin, and other soil and water pol- 
lutants—ean dismpt endoerine fimetion. So far, sex hormones, 


thyroid hormone, and glucocorticoids have proved vulnerable 
to the effeets of such pollutants. interferenee with glucocorti- 
eoids, which turn on many genes that may suppress eaneer, may 
help to explain high eaneer rates in eertain areas of the country. 


Endoerine FunctionThroughout Life 


Barring exposure to environmental pollutants, and hyperseere- 
tory and hyposeeretory disorders, most endoerine organs oper- 
ate smoothly until old age. Aging may alter the rates of hormone 
seeretion, breakdown, and excretion, or the sensitivity of target 
eell reeeptors. Endoerine fimetion in the elderly is difficult to re- 
seareh, however, because it is frequently affeeted by the ehronie 
illnesses eommon in that age group. 

Structural ehanges in the anterior pituitary occur with age. 
The amount of eonneetive tissue inereases, vascularization de- 
ereases, and the number of hormone-seereting eells deelines. 
These ehanges may or may not affeet hormone production. In 
women, for example, blood levels and the release rhythm of 
ACTH remain eonstant, but levels of gonadotropins inerease 
with age. GH levels deeline in both sexes, which partially ex- 
plains muscle atrophy in old age. 

The adrenal glands also show structural ehanges with age, but 
normal eontrols of eortisol persist as long as a person is healthy 
and not stressed. Chronic stress, on the other hand, drives up 
blood levels of eortisol and appears to contribute to hippoeam- 
pal (and memory) deterioration. Plasma levels of aldosterone 
fall by half in old age, but this ehange may refleet a deeline in 
renin release by the kidneys, which beeome less responsive to 
renin-evoking stimuli. No age-related differenees have been 
found in the release of eateeholamines by the adrenal medulla. 

The gonads, particularly the ovaries, undergo signifieant ehanges 
with age. In late middle age, the ovaries beeome smaller and 
unresponsive to gonadotropins. As female hormone production 
deelines dramatieally, the ability to bear ehildren ends, and prob- 
lems assoeiated with estrogen defieieney appear, such as atherosele- 
rosis and osteoporosis. Testosterone production by the testes also 
wanes with age, but this effeet usually is not seen until very old age. 

Glucose toleranee (the ability to dispose of a ghieose load 
effeetively) begins to deteriorate as early as the fourth deeade 
of life. Blood gkieose levels rise higher and return to resting 
levels more slowly in the elderly than in young adults. The faet 
that the islet eells continue to seerete near-normal amounts of 
insulin leads researehers to conclude that deereasing glucose 
toleranee with age may refleet deelining reeeptor sensitivity to 
insulin (pre-type 2 diabetes). 

Thyroid hormone synthesis and release diminish somewhat 
with age. Typieally, the follieles are loaded with eolloid in the el- 
derly, and the gland beeomes fibrosed. Basal metabolie rate deelines 
with age. Mild hypothyroidism is only one cause of this deeline. 
The inerease in body fat relative to muscle is equally important, 
because muscle tissue is more aetive metabolieally than fat. 

The parathyroid glands ehange little with age, and PTH levels 
remain fairly normal throughout life. Estrogens proteet women 
against the demineralizing effeets of PTH, but estrogen produc- 
tion wanes after menopause, leaving older women vulnerable 
to the bone-demineralizing effeets of PTH and to osteoporosis. 
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Revenge:Taming the Diabetes Monster? 



Few medieal breakthrOUghs have 

been as eleetrifying as the diseovery of 
ÌnSLi in 1921, an event that ehanged 

diabetes mellitus (dm) from a 

death sentenee to a survivable disease. 

Nonetheless, DM is still a huge health 
problem: Determining blood glucose levels 
accurately and maintaining desirable levels 
sorely ehallenge our present bioteehnology. 
Let's take a eloser look at the eharaeteristies 
and ehallenges of type 1 and type 2, the 
major forms of diabetes mellitus. 

More than 1 million Amerieans have 
type 1 diabetes mellitus, formerly 
ealled insulin-dependent diabetes mellitus 
(, IDDM ). Symptoms appear suddenly, 
usually before age 15, follovving a long 
asymptomatie period during vvhieh the 
immune system destroys the beta eells. 
Consequently, type 1 diabeties effeetively 
laek insulin. 

Type 1 diabetes susceptibility genes have 
been loealized on several ehromosomes, 
indieating that type 1 diabetes is an 
example of a multigene autoimmune 
response. Hovvever, some investigators 
believe that molecular mimiery is at 
least part of the problem: Some foreign 
substance (for example, a virus) has entered 


the body and is so similar to eertain self 
(beta eell) proteins that the immune system 
attaeks the beta eells as vvell as the invader. 
Sadly, onee beta eells are destroyed, they're 
gone for good. 

The goal of several lines of current 
researeh is to halt the destruction 
of beta eells. VVhile broad-spectrum 
immunosuppressants have been used, 
these have serious side effeets and a 
more targeted approaeh is neeessary. 
Several elinieal trials using various peptides 
and DNA vaeeines are underway. A 
eomplieating faetor is ehoosing which 
patients ean be helped: These treatments 
work only if some beta eells still exist. 
Unfortunately in ehildren, the main target 
population, beta eell destruction is rapid 
and virtually eomplete by the time of 
diagnosis. 

Type 1 diabetes is difficult to eontrol 
and patients typieally develop long- 
term vascular and neural problems. The 
lipidemia and high blood eholesterol 
levels typieal of the disease ean lead to 
severe vascular eomplieations including 
atheroselerosis, strokes, heart attaeks, 
renal shutdown, gangrene, and blindness. 
Nerve damage leads to loss of sensation, 


impaired bladder function, and impotenee. 
Female type 1 diabeties also tend to have 
lumpy breasts and to undergo premature 
menopause, which inereases their risk for 
eardiae problems. 

Hyperglyeemia is the culprit behind 
these eomplieations, and the eloser to 
normal blood glucose levels are held, the 
less likely eomplieations are. Continuous 
glucose monitors make this much easier 
than relying on finger prieks, and a new 
deviee ealled the e-Mosquito that uses 
tiny and nearly painless needles is also 
promising. Currently, frequent insulin 
injeetions (up to four times daily, or better 
yet, by a continuous infusion pump) are 
reeommended to reduce vascular and 
renal eomplieations. VVhile some glucose 
sensors ean talk direetly to insulin pumps, 
problems with automatically calculating 
the amount of insulin to dispense mean 
that patients must still make these 
deeisions. Such eombined deviees still fall 
short of being a true "artifieial panereas." 
A number of alternative insulin delivery 
methods including insulin inhalers exist. 

Panereatie islet eell transplants 
have beeome inereasingly successful in 
helping type 1 diabeties. Still, only 33% 




Check Your IJnderstanding 


19. In the elderly, the deeline in levels of which hormone is 

assoeiated with muscle atrophy? VVith osteoporosis in women? 

_ For ansvvers, see Appendix Fi. 


In this ehapter, we have eovered the general meehanisms of 
hormone aetion and have provided an overview of the major 


endoerine organs, their ehief targets, and their most important 
physiologieal effeets, as summarized in System Connections on 
p. 626. However, every one of the hormones discussed here 
eomes up in at least one other ehapter, where its aetions are 
deseribed as part of the functional framework of a particular 
organ system. For example, we deseribed the effeets of PTH and 
ealeitonin on bone mineralization in Chapter 6 along with the 
discussion of bone remodeling. 



Chapter Summary 


For more ehapter study tools, go to the Study Area 
of MasteringA&P at www.masteringaandp.com. 

There you will find: 

■ interaetive Physiology ÌP 


1. The nervous and endoerine systems are the major eontrolling 
systems of the body. The nervous system exerts rapid eontrols 
via nerve impulses; the endoerine system exerts more prolonged 
effeets via hormones. 



A&PFIix A&PFIix 
Praetiee Anatomy Lab PÀL 


PhysioEx 


PEx 


Videos, Praetiee Quizzes and Tests, MP3 Tutor Sessions, Case 
Studies, and much more! 


The Endoerine System: An Overvievv (pp. 592-593) 

1. Hormonally regulated proeesses include reproduction; growth 
and development; maintaining eleetrolyte, water, and nutrient 
balanee; regulating eelhilar metabolism and energy balanee; and 
mobilizing body defenses. 
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A GLOSER LOOK (continued) 


of patients need no injeeted insulin 
after two years. The need for long-term 
immunosuppression limits this treatment 
to only those diabeties who eannot eontrol 
their blood glucose by any other means. 

Over 90% of known DM eases are 
type 2 diabetes mellitus, formerly ealled 
non-insulin-dependent diabetes mellitus 
( NIDDM ). Type 2 diabeties produce insulin, 
but their insulin reeeptors are unable 
to respond to it, a phenomenon ealled 
insulin resistanee. Type 2 DM grows 
inereasingly eommon with age and with 
the inereasing size of our waistlines. 

About 12 million people in the U.S. have 
been diagnosed with type 2 diabetes, and 
rouahlv half as manv are believed to be 


and a healthy diet. Some type 2 diabeties 
also benefit from oral medieations that 
lower blood glucose or reduce insulin 
resistanee. A promising new elass of drugs 
targets the ineretin hormones normally 
seereted by the gut, enhaneing glucose- 
dependent insulin release from panereatie 
beta eells using a normal physiologieal 
pathway. However, most type 2 diabeties 
must eventually injeet insulin. 

While we eannot yet cure diabetes, 
bioteehnology promises to continue to 
improve eontrol of blood glucose levels 
and thereby tame the monster that is 
diabetes. 






undiagnosed vietims. Type 2 diabeties are 
at risk for the same eomplieations as type 
1 diabeties—heart disease, amputations, 
kidney failure, and blindness. 

A hereditary predisposition is 


Lifestyle faetors also play a role: 

Type 2 diabeties are almost always 
overweight and sedentary. Adipose 
tissue of obese people overproduces a 
number of signaling ehemieals including 


particularly striking in this diabetie group. tumor neerosis faetor alpha and resistin, 


Mutations in any one of several genes 
could lead to insulin resistanee. About 
25-30% of Amerieans earry a gene that 
predisposes them to type 2 diabetes, with showed that weight loss and regular 


which may alter the enzymatie easeade 
triggered by insulin binding. The Diabetes 
Prevention Program, a major elinieal trial. 


nonwhites affeeted to a much greater 
extent. If an identieal twin has type 2 
diabetes mellitus, the probability that 
the other twin will have the disease is 
virtually 100%. 


exercise ean lower the risk of type 2 
diabetes dramatieally, even for people at 
high risk. 

In many eases type 2 diabetes ean be 
managed solely by exercise, weight loss, 



2. Endoerine organs are ductless, well-vascularized glands that 
release hormones direetly into the blood or lymph. They are small 
and widely separated in the body. 

3. The purely endoerine organs are the pituitary, thyroid, 
parathyroid, adrenal, and pineal glands. The hypothalamus is a 
neuroendocrine organ. The panereas, gonads, and plaeenta also 
have endoerine tissue. 

4. Loeal ehemieal messengers, not generally eonsidered part of the 
endoerine system, include autocrines, which aet on the eells that 
seerete them, and paraerines, which aet on a different eell type 
nearby. 

ÌP Endoerine System; Topie: Endoerine System Review f p. 3. 

Hormones (pp. 593-598) 

The ehemistry of Hormones (p. 593) 

1. Most hormones are steroids or amino aeid based. 

ÌP Endoerine System; Topie: Bioehemistry, Seeretion, 

and Transport of Hormones, p. 3. 

Meehanisms of Hormone Aetion (pp. 593-595) 

2. Hormones alter eell aetivity by stimulating or inhibiting 
eharaeteristie cellular proeesses of their target eells. 

3. Cell responses to hormone stimulation may involve ehanges 
in membrane permeability; enzyme synthesis, aetivation, or 
inhibition; seeretory aetivity; and mitosis. 


4. Seeond-messenger meehanisms employing G proteins and 
intracellular seeond messengers are a eommon means by which 
amino aeid-based hormones interaet with their target eells. In the 
eyelie AMP system, the hormone binds to a plasma membrane 
reeeptor that couples to a G protein. When the G protein is 
aetivated, it couples to adenylate eyelase, which eatalyzes the 
synthesis of eyelie AMP from ATP. Cyclic AMP initiates reaetions 
that aetivate protein kinases and other enzymes, leading to 
eelhilar responses. The PIP 2 -calcium signaling meehanism, 
involving phosphatidyl inositol, is another important seeond- 
messenger system. Other seeond messengers are eyelie GMP and 
calcium. 

iP Endoerine System; Topie: The Aetions of Hormones on Target 

Cells f pp. 3-7. 

5. Steroid hormones (and thyroid hormone) enter their target 
eells and effeet responses by aetivating DNA, which initiates 
messenger RNA formation leading to protein synthesis. 

Target Cell Speeifieity (pp. 595-596) 

6. The ability of a target eell to respond to a hormone depends on 
the presenee of reeeptors, on its plasma membrane or within the 
eell, to which the hormone ean bind. 

7. Hormone reeeptors are dynamie structures. High or low levels of 
stimulating hormones ean ehange the number and/or sensitivity 
of hormone reeeptors. 
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SYSTEM 


CONNECTIONS 


Homeostatie Interrelationships Between the 
Endoerine System and Other Body Systems 
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lntegumentary System Chapter 5 

■ Androgens cause aetivation of sebaceous glands; estrogen 
inereases skin hydration 

■ Skin produces eholeealeiferol (provitamin D) 


Skeletal System Chapters 6-8 

■ PTH regulates calcium blood levels; grovvth hormone, T 3í 
T 4 , and sex hormones are neeessary for normal skeletal 
development 

■ The skeleton provides some proteetion to endoerine organs, 
espeeially to those in the brain, ehest, and pelvis 


Muscular System Chapters 9-10 

■ Grovvth hormone is essential for normal muscular development; 
other hormones (thyroxine and eateeholamines) influence 
muscle metabolism 

■ Muscular system meehanieally proteets some endoerine glands; 
muscular aetivity elieits eateeholamine release 


Nervous System Chapters 11-15 

■ Many hormones (grovvth hormone, thyroxine, sex hormones) 
influence normal maturation and function of the nervous 
system 

■ Hypothalamus eontrols anterior pituitary function and produces 
tvvo hormones 

Cardiovascular System Chapters 17-19 

■ Several hormones influence blood volume, blood pressure, 
and heart eontraetility; erythropoietin stimulates red blood eell 
production 

■ Blood is the main transport medium of hormones; heart 
produces atrial natriuretic peptide 

Lymphatie System/lmmunity Chapters 20-21 

■ Lymphoeytes "programmed" by thymie hormones seed the 
lymph nodes; glucocorticoids depress the immune response and 
inflammation 

■ Chemical messengers of the immune system stimulate the 
release of eortisol and ACTH; lymph provides a route for 
transport of hormones 

Respiratory System Chapter 22 

■ Epinephrine influences ventilation (dilates bronehioles) 

■ Respiratory system provides oxygen; disposes of earbon 
dioxide; eonverting enzyme in lungs eonverts angiotensin I to 
angiotensin II 


Digestive System Chapter 23 

■ Gl hormones and paraerines influence Gl function; aetivated 
vitamin D neeessary for absorption of calcium from diet; 
eateeholamines influence digestive motility and seeretory 
aetivity 

■ Digestive system provides nutrients to endoerine organs 

IJrinary System Chapters 25-26 

■ Aldosterone and ADH influence renal function; erythropoietin 
released by kidneys influences red blood eell formation 

■ Kidneys aetivate vitamin D (eonsidered a hormone) 

Reproductive System Chapters 27-28 

■ Hypothalamie, anterior pituitary, and gonadal hormones direet 
reproductive system development and function; oxytocin and 
prolaetin involved in birth and breast-feeding 

■ Gonadal hormones feed baek to influence endoerine system 
function 




MasteríngA&P 



Aeeess more System Connections in the Study Area at www.masteringaandp.com. 
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iP Endoerine System; Topie: The Aetions of Hormones 

on Target Cells f p. 3. 

Control of Hormone Release (pp. 596-597) 

8. Humoral, neural, or hormonal stimuli aetivate endoerine organs 
to release their hormones. Negative feedbaek is important in 
regulating hormone levels in the blood. 

9. The nervous system, aeting through hypothalamie eontrols, ean 
in eertain eases override or modulate hormonal eífeets. 

Half-Life, Onset, and Duration of Hormone Aetivity (p. 598) 

10. Blood levels of hormones refleet a balanee between seeretion 
and degradation/excretion. The liver and kidneys are the major 
organs that degrade hormones; breakdown products are excreted 
in urine and feees. 

11. Hormone half-life and duration of aetivity are limited and vary 
from hormone to hormone. 

interaetion of Hormones at Target Cells (p. 598) 

12. Permissiveness is the situation in which one hormone must be 
present in order for another hormone to exert its full eífeets. 

13. Synergism occurs when two or more hormones produce the same 
eífeets in a target eell and their results together are amplified. 

14. Antagonism occurs when a hormone opposes or reverses the 
effeet of another hormone. 

iP Endoerine System; Topie: The Hypothalamic-Pituitary Axis f 

pp. 4 and 5. 


The Pitiiitary Gland and Hypothalamus (pp. 598-606) 

Pituitary-Hypothalamic Relationships (p. 599) 

1. The pituitary gland hangs from the base of the brain and is 
enelosed by bone. It eonsists of a hormone-producing glandular 
portion (anterior pituitary or adenohypophysis) and a neural 
portion (posterior pituitary or neurohypophysis), which is an 
extension of the hypothalamus. The neurohypophysis includes 
the infundibulum (stalk) and the posterior pituitary. 

2. The hypothalamus (a) synthesizes two hormones that it exports 
to the posterior pituitary for storage and later release and (b) 
regulates the hormonal output of the anterior pituitary via 
releasing and inhibiting hormones. 

The Posterior Pituitary and Hypothalamie Hormones 

(pp.599-601) 

3. The posterior pituitary stores and releases two hypothalamie 
hormones, oxytocin and antidiuretic hormone (ADH). 

4. Oxytocin stimulates powerful uterine eontraetions, which trigger 
labor and delivery of an infant, and milk ejeetion in nursing 
women. Its release is mediated reflexively by the hypothalamus 
and represents a positive feedbaek meehanism. 

5. Antidiuretic hormone stimulates the kidney tubules to reabsorb 
and eonserve water, resulting in small volumes of highly 
eoneentrated urine and deereased plasma solute eoneentration. 
ADH is released in response to high solute eoneentrations in the 
blood and inhibited by low solute eoneentrations in the blood. 
Hyposeeretion results in diabetes insipidus. 

Anterior Pituitary Hormones (pp. 601-606) 

6. Four of the six anterior pituitary hormones are tropie hormones 
that regulate the ffmetion of other endoerine organs. Most 
anterior pituitary hormones exhibit a diurnal rhythm of release, 
which is subject to modifieation by stimuli infhieneing the 
hypothalamus. 


7. Growth hormone (GH) is an anabolie hormone that stimulates 
growth of all body tissues but espeeially skeletal muscle 

and bone. It may aet direetly, or indireetly, via insulin-like 
growth faetors (IGFs). GH mobilizes fats, stimulates protein 
synthesis, and inhibits glucose uptake and metabolism. Its 
seeretion is regulated by growth hormone-releasing hormone 
(GHRH) and growth hormone-inhibiting hormone (GHIH), 
or somatostatin. Hyperseeretion causes gigantism in ehildren 
and aeromegaly in adults; hyposeeretion in ehildren causes 
pituitary dwarfism. 

8. Thyroid-stimulating hormone (TSH) promotes normal 
development and aetivity of the thyroid gland. Thyrotropin- 
releasing hormone (TRH) stirmffates release of TSH; negative 
feedbaek of thyroid hormone inhibits it. 

9. Adrenoeortieotropie hormone (ACTH) stimulates the adrenal 
cortex to release eortieosteroids. Corticotropin-releasing 
hormone (CRH) triggers ACTH release; rising glucocorticoid 
levels inhibit it. 

10. The gonadotropins—folhele-stirmffating hormone (FSH) and 
luteinizing hormone (LH)—regulate the ffmetions of the gonads 
in both sexes. FSH stimulates sex eell production; LH stimulates 
gonadal hormone production. Gonadotropin levels rise in 
response to gonadotropin-releasing hormone (GnRH). Negative 
feedbaek of gonadal hormones inhibits gonadotropin release. 

11. Prolaetin (PRL) promotes milk production in humans. Its 
seeretion is inhibited by prolaetin-inhibiting hormone (PIH). 

The Thyroid Gland (pp. 606-610) 

1. The thyroid gland is loeated in the anterior neek. Thyroid follieles 
store eolloid eontaining thyroglobulin, a glyeoprotein from which 
thyroid hormone is derived. 

2. Thyroid hormone (TH) includes thyroxine (T 4 ) and 
triiodothyronine (T 3 ), which inerease the rate of eelhffar 
metabolism. Consequently, oxygen use and heat production rise. 

3. Seeretion of thyroid hormone, prompted by TSH, requires the 
follicular eells to take up the stored eolloid and split the hormones 
from the eolloid for release. Rising levels of thyroid hormone feed 
baek to inhibit the anterior pituitary and hypothalamus. 

4. Most T 4 is eonverted to T 3 (the more aetive form) in the target 
tissues. These hormones aet by turning on gene transeription and 
protein synthesis. 

5. Graves’ disease is the most eommon cause of hyperthyroidism. 
Hyposeeretion causes eretinism in infants and myxedema in 
adults. 

6. The parafollicular (C) eells of the thyroid gland produce 
ealeitonin. It is not normally important in ealeimn homeostasis. 
At pharmaeologieal levels, it inhibits bone matrix resorption and 
enhanees calcium deposit in bone. 

iP Endoerine System; Topie: The Hypothalamic-Pituitary Axis f p. 6. 
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The Parathyroid Glands (pp. 610-611) 

1. The parathyroid glands, loeated on the dorsal aspeet of the 
thyroid gland, seerete parathyroid hormone (PTH), which 
inereases blood calcium levels. It targets bone, the kidneys, and 
the small intestine (indireetly via vitamin D aetivation). PTH is 
the key hormone for calcium homeostasis. 

2. Falling blood calcium levels trigger PTH release; rising blood 
calcium levels inhibit its release. 

3. Hyperparathyroidism results in hyperealeemia and extreme bone 
wasting. Hypoparathyroidism leads to hypoealeemia, evideneed 
by tetany and respiratory paralysis. 
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UNIT 3 Regiilation and Integration of the Body 


The Adrenal (Suprarenal) Glands (pp. 611-616) 

1. The paired adrenal (suprarenal) glands sit atop the kidneys. Eaeh 
adrenal gland has two functional portions, the cortex and the 
medulla. 

The Adrenal Cortex (pp. 612-615) 

2. The cortex produces three groups of steroid hormones from 
eholesterol. 

3. Mineraloeortieoids (primarily aldosterone) regulate sodium 
ion reabsorption and potassimn ion excretion by the kidneys. 
Sodium ion reabsorption leads to water reabsorption, and raises 
blood volume and blood pressure. Release of aldosterone is 
stimulated by the renin-angiotensin-aldosterone meehanism, 
rising potassium ion levels in the blood, and ACTH. Atrial 
natriuretic peptide inhibits aldosterone release. 

4. Glucocorticoids (primarily eortisol) are important metabolie 
hormones that help the body resist stressors by inereasing blood 
glucose, fatty aeid and amino aeid levels, and blood pressure. 
High levels of glucocorticoids depress the immune system and 
the inflammatory response. ACTH is the major stimulus for 
ghieoeortieoid release. 

5. Gonadoeortieoids (mainly androgens) are produced in small 
amounts throughout life. 

6. Hypoaetivity of the adrenal cortex results in Addisons disease. 
Hyperseeretion ean result in aldosteronism, Cushings syndrome, 
and adrenogenital syndrome. 

The Adrenal Mediilla (pp. 615-616) 

7. Tbe adrenal medulla produces eateeholamines (epinephrine and 
norepinephrine) in response to sympathetie nervous system 
stimulation. Catecholamines enhanee and prolong the fight-or- 
flight response to short-term stressors. Hyperseeretion leads to 
symptoms typieal of sympathetie nervous system overaetivity. 

iP Endoerine System; Topie: Response to Stress, pp. 5-8. 

The Pineal Gland (pp. 617-618) 

1. The pineal gland is loeated in the dieneephalon. Its primary 
hormone is melatonin, which influences daily rhythms and may 
have an antigonadotropie effeet in humans. 

Other Endoerine Glands and Tissues (pp. 618-623) 

The Panereas (pp. 618-620) 

1. Tbe panereas, loeated in the abdomen elose to the stomaeh, is 
both an exocrine and an endoerine gland. The endoerine portion 
(panereatie islets) releases insulin and glucagon and smaller 
amounts of other hormones to the blood. 


2. Glucagon, released by alpha (a) eells when blood levels of glucose 
are low, stimulates the liver to release glucose to the blood. 

3. Insulin is released by beta ((3) eells when blood levels of glucose 
(and amino aeids) are rising. It inereases the rate of glucose 
uptake and metabolism by most body eells. Hyposeeretion or 
hypoaetivity of insulin results in diabetes mellitus; eardinal signs 
are polyuria, polydipsia, and polyphagia. 

ÌP Endoerine System; Topie: The Aetions of Hormones on Target 

Cells, pp. 5 and 8. 

The Gonads and Plaeenta (pp. 620-621) 

4. The ovaries of the female, loeated in the pelvie eavity, release two 
main hormones. The ovarian follieles begin to seerete estrogens 
at puberty under the influence of FSH. Estrogens stimulate 
maturation of the female reproductive system and development 
of the seeondary sex eharaeteristies. Progesterone is released in 
response to high blood levels of LH. It works with estrogens in 
establishing the menstraal eyele. 

5. The testes of the male begin to produce testosterone at puberty 
in response to LH. Testosterone promotes maturation of the 
male reproductive organs, development of seeondary sex 
eharaeteristies, and production of sperm by the testes. 

6. The plaeenta produces hormones of pregnaney—estrogens, 
progesterone, and others. 

Hormone Seeretion by Other Organs (pp. 621-623) 

7. Many body organs not normally eonsidered endoerine organs 
eontain eells that seerete hormones. Examples include the 
heart (atrial natriuretic peptide); gastrointestinal traet organs 
(gastrin, seeretin, and others); the kidneys (erythropoietin); skin 
(eholeealeiferol); adipose tissue (leptin, resistin, and adiponeetin); 
bone (osteoealein); and thymus (thymie hormones). 

8. The thymus, loeated in the upper thorax, deelines in size and 
fimetion with age. Its hormones, thymulin, thymosins, and 
thymopoietins, are important to the normal development of the 
irrnmme response. 

Developmental Aspeets of the Endoerine System 

(pp.623-624) 

1. Endoerine glands derive from all three germ layers. Those 
derived from mesoderm produce steroid hormones; the others 
produce the amino aeid-based hormones. 

2. The natural deerease in fimetion of the females ovaries during 
late middle age results in menopause. 

3. All endoerine glands gradually beeome less effieient as aging 
occurs. This ehange leads to a generalized inerease in the 
ineidenee of diabetes mellitus and a lower metabolie rate. 


Revievv Questions 

L J 


Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. The major stimulus for release of parathyroid hormone is 

(a) hormonal, (b) humoral, (e) neural. 

2. The anterior pituitary seeretes all but (a) antidiuretic hormone, 

(b) growth hormone, (e) gonadotropins, (d) TSH. 


3. A hormone not involved in glucose metabolism is (a) ghieagon, 
(b) eortisone, (e) aldosterone, (d) insulin. 

4. Parathyroid hormone (a) inereases bone formation and lowers 
blood calcium levels, (b) inereases calcium excretion from 
the body, (e) deereases ealeimn absorption from the gut, 

(d) demineralizes bone and raises blood calcium levels. 

5. Choose from the following key to identify the hormones 
deseribed. 
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Key: 


(a) aldosterone 

(b) antidiiiretie hormone 
(e) growth hormone 

(d) luteinizing hormone 


(e) oxytocin 

(f) prolaetin 

(g) T 4 and T 3 

(h) TSH 


_ (1) important anabolie hormone; many of its effeets 

mediated by IGFs 

_ (2) cause the kidneys to eonserve water and/or salt (two 

ehoiees) 

_ (3) stimulates milk production 

_ (4) tropie hormone that stimulates the gonads to seerete 

sex hormones 

_ (5) inereases uterine eontraetions during birth 

_ (6) major metabolie hormone(s) of the body 

_ (7) causes reabsorption of sodium ions by the kidneys 

_ (8) tropie hormone that stimulates the thyroid gland to 

seerete thyroid hormone 

_ (9) seereted by the posterior pituitary (two ehoiees) 

(10) the only steroid hormone in the list 


6. A hypodermie injeetion of epinephrine would (a) inerease 
heart rate, inerease blood pressure, dilate the bronehi of the 
hrngs, and inerease peristalsis, (b) deerease heart rate, deerease 
blood pressure, eonstriet the bronehi, and inerease peristalsis, 

(e) deerease heart rate, inerease blood pressure, eonstriet the 
bronehi, and deerease peristalsis, (d) inerease heart rate, inerease 
blood pressure, dilate the bronehi, and deerease peristalsis. 

7. Testosterone is to the male as which hormone is to the female? 

(a) luteinizing hormone, (b) progesterone, (e) estrogen, 

(d) prolaetin. 

8. If anterior pituitary seeretion is defieient in a growing ehild, the 
ehild will (a) develop aeromegaly, (b) beeome a dwarf but have fairly 
normal body proportions, (e) mature sexually at an earlier than 
normal age, (d) be in eonstant danger of beeoming dehydrated. 

9. If there is adequate earbohydrate intake, seeretion of insulin 
results in (a) lower blood glucose levels, (b) inereased eell 
utilization of glucose, (e) storage of glyeogen, (d) all of these. 

10. Hormones (a) are produced by exocrine glands, (b) are 
earried to all parts of the body in blood, (e) remain at eonstant 
eoneentration in the blood, (d) affeet only non-hormone- 
producing organs. 

11. Some hormones aet by (a) inereasing the synthesis of enzymes, 

(b) eonverting an inaetive enzyme into an aetive enzyme, 

(e) affeeting only speeifie target organs, (d) all of these. 

12. Absenee of thyroid hormone would result in (a) inereased heart 
rate and inereased foree of heart eontraetion, (b) depression of 
the CNS and lethargy, (e) exophthalmos, (d) high metabolie rate. 

13. Medullary ehromaífin eells are found in the (a) parathyroid 
gland, (b) anterior pituitary gland, (e) adrenal gland, (d) pineal 
gland. 

14. Atrial natriuretic peptide seereted by the heart has exactly 
the opposite fimetion of this hormone seereted by the zona 
glomeralosa: (a) antidiuretic hormone, (b) epinephrine, 

(e) ealeitonin, (d) aldosterone, (e) androgens. 

Short Answer Essay Questions 

15. Define hormone. 

16. Which type of hormone reeeptor—plasma membrane bound or 
intracellular—would be expected to provide the most long-lived 
response to hormone binding and why? 

17. (a) Deseribe the body loeation of eaeh of the following endoerine 
organs: anterior pituitary, pineal gland, panereas, ovaries, testes, 
and adrenal glands. (b) List the hormones produced by eaeh organ. 


18. Name two endoerine glands (or regions) that are important in the 
stress response, and explain why they are important. 

19. The anterior pituitary is often referred to as the master endoerine 
organ, but it, too, has a “master.” What eontrols the release of 
anterior pituitary hormones? 

20. The posterior pituitary is not really an endoerine gland. Why not? 
What is it? 

21. Endemie goiter is not really the result of a malfimetioning thyroid 
gland. What does cause it? 

22. How are the hyperglyeemia and lipidemia of insulin defieieney 
linked? 

23. Name a hormone seereted by a muscle eell and two hormones 
seereted by neurons. 

24. List some problems that elderly people might have as a result of 
deereasing hormone production. 



Critical Thinking 
and Clinical Applieation 
Questions 

1. Riehard Neis had symptoms of excessive seeretion of PTH (high 
blood calcium levels), and his physieians were eertain he had a 
parathyroid gland tumor. Yet when surgery was performed on 
his neek, the surgeon could not find the parathyroid glands at 
all. Where should the surgeon look next to find the tumorous 
parathyroid gland? 

2. Mary Morgan has just been brought into the emergeney room 
of City General Hospital. She is perspiring profiisely and is 
breathing rapidly and irregularly. Her breath smells like aeetone 
(sweet and fraity), and her blood glucose tests out at 650 mg/100 
ml of blood. She is in aeidosis. Which hormone drag should be 
administered, and why? 

3. Johnny, a 5-year-old boy, has been growing by leaps and 
bounds; his height is 100% above normal for his age. He has 
been eomplaining of headaehes and vision problems. A CT sean 
reveals a large pituitary tumor. (a) Which hormone is being 
seereted in excess? (b) What eondition will Johnny exhibit if 
eorreetive measures are not taken? (e) What is the probable cause 
of his headaehes and visual problems? 

4. Sean, a 42-year-old single father, goes to his physieian 
eomplaining of nausea and ehronie fatigue. He reports having felt 
fatigued and listless for about half a year, but he had attributed 
this to stress. He has lost eonsiderable weight and, strangely, 

his skin has a healthy tan, even though he spends long hours 
at work and rarely ventures outside. His doetor finds very low 
blood pressure and a rapid, weak pulse. Blood tests show that 
Sean does not have anemia, but his plasma glucose, eortisol, and 
Na + are low, and his plasma K + is high. His doetor orders an 
ACTH stimulation test, in which Seans seeretion of eortisol is 
measured after he is given a synthetie form of ACTH. (a) What 
would account for Seans low plasma Na + and high plasma K + ? 
(b) What is the reason for doing an ACTH stimulation test? 

(e) Which gland is primarily affeeted if ACTH does not cause a 
normal elevation of eortisol seeretion? What is this abnormality 
ealled? (d) Which gland is primarily affeeted if ACTH does cause 
an elevation of eortisol seeretion? 

5. Roger Proulx has severe arthritis and has been taking 
prednisone (a glucocorticoid) for two months. He isrít feeling 
well, eomplains of repeated “eolds,” and is extremely “puffy” 
(edematous). Explain the reason for these symptoms. 
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UNIT 3 Regulation and Integration of the Body 


AT THE C L I N I C 

L A 


Related Clinical Terms 

Hirsutism (her'soot-izm; hirsut = hairy, rough) Excessive hair 
growth; usually refers to this phenomenon in women and 
refleets excessive androgen production. 

Hypophyseetomy (hi-pof'ì-sek'to-me) Surgical removal of the 
pituitary gland. 

Prolaetinoma (pro-lak"tì-no'mah; oma = tumor) The most eommon 
type (30-40% or more) of pituitary gland tumor; evideneed 
by hyperseeretion of prolaetin and menstmal disturbances in 
women. 


Psyehosoeial dwarfism Dwarfism (and faihire to thrive) resulting 
from stress and emotional disorders that suppress hypothalamie 
release of growth hormone-releasing hormone and thus anterior 
pituitary seeretion of growth hormone. 

Thyroid storm (thyroid erisis) A sudden and dangerous inerease 
in all of the manifestations of hyperthyroidism due to excessive 
amounts of circulating TH. Signs include fever, rapid heart rate, 
high blood pressure, dehydration, nervousness, and tremors. 
Preeipitating faetors include severe infeetion, excessive intake of 
TH supplements, or trauma. 




Case Study 


Endoerine System 


We have a nevv patient to eonsider 
today. Mr. Gutteman, a 70-year-old 
male, vvas brought into the ER in a 
eomatose state and has yet to eome 
out of it. It is obvious that he suffered severe head trauma—his 
sealp vvas badly laeerated, and he has an impaeted skull fracture 
His initial lab tests (blood and urine) vvere vvithin normal limits. 
His fracture vvas repaired and the follovving orders (and others) 
vvere given: 

■ Check qh (every hour) and reeord: spontaneous behavior, level 
of responsiveness to stimulation, movements, pupil size and 
reaetion to light, speeeh, and vital signs. 

■ Turn patient q4h and maintain meticulous skin eare and 
dryn 

1. Explain the rationale behind these orders. 



On the seeond day of his hospitalization, the aide reports that 
Mr. Gutteman is breathing irregularly, his skin is dry and flaeeid, 
and that she has emptied his urine reservoir several times during 
the day. Llpon reeeiving this information, the physieian ordered 

■ Blood and urine tests for presenee of glucose and ketones 

■ Striet l&O (fluid intake and output reeording) 

Mr. Gutteman is found to be losing huge amounts of vvater in 
urine and the volume lost is being routinely replaeed (via IV line). Mr. 
Gutteman's blood and urine tests are negative for glucose and ketones 
Relative to these findings: 

2. What would you say Mr. Gutteman's hormonal problem is and 
what do you think caused it? 


3. Is it life threatening? (Explain your answer.) 


(Ansvvers in Appendix H) 

















Overvievv: Blood Composition 
and Functions (pp. 632-633) 

Components (p. 632) 

Physieal Characteristics and Volume (p. 632) 

Functions (pp. 632-633) 

Blood Plasma (p. 633) 

Formed Elements (pp. 634-646) 

Erythroeytes (Red Blood Cells) (pp. 634-640) 

Leukocytes (VVhite Blood Cells) 

(pp. 640-645) 

Platelets (pp. 645-646) 


Hemostasis (pp. 646-651) 

Step 1: Vascular Spasm (p. 646) 

Step 2: Platelet Plug Formation 
(pp. 646-647) 

Step 3: Coagulation (pp. 647-649) 

Clot Retraetion and Fibrinolysis (p. 649) 

Faetors Limiting Clot Growth or 
Formation (p. 649) 

Disorders of Hemostasis (pp. 650-651) 


Transfusion and Blood Replaeement 

(pp. 651-653) 

Transfusing Red Blood Cells (pp. 651-653) 
Restoring Blood Volume (p. 653) 

Diagnostie Blood Tests (pp. 653-654) 

Developmental Aspeets of Blood (p. 654) 



lood is the river Of life that surges within US, transporting nearly 

everything that must be earried from one plaee to another. Long before modern 
medieine, blood was viewed as magieal—an elixir that held the mystieal foree of 
life—because when it drained from the body, life departed as well. Today, blood still has 
enormous importanee in the praetiee of medieine. Clinicians examine it more often than 
any other tissue when trying to determine the cause of disease in their patients. 

In this ehapter, we deseribe the eomposition and functions of this life-sustaining fluid 
that serves as a transport “vehiele” for the organs of the cardiovascular system (eardio = 
heart, vase = blood vessels). To get started, we need a brief overview of blood circulation, 
which is initiated by the pumping aetion of the heart. Blood exits the heart via arteries , 
which braneh repeatedly until they beeome tiny eapillaries. By diffhsing aeross the eapil- 
lary walls, oxygen and nutrients leave the blood and enter the body tissues, and earbon 
dioxide and wastes move from the tissues to the bloodstream. As oxygen-deficient blood 
leaves the eapillary beds, it flows into veins , which return it to the heart. The returning 
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UNIT 4 Maintenanee of the Body 



(T) Withdraw blood 
and plaee in tube. 






@ Centrifuge 
blood sample. 






— Plasma 

• 55% of whole blood 

• Least dense eomponent 

— Buffy eoat 

• Leukocytes and platelets 

• <1% of whole blood 

— Erythroeytes 

• 45% of whole blood 
(hematoerit) 

• Most dense eomponent 


Formed 

elements 


Figure 17.1 The major eomponents of whole blood. 


blood then flows from the heart to the lungs, where it pieks up 
oxygen and then returns to the heart to be pumped throughout 
the body onee again. Now let us look more elosely at the nature 
ofblood. 

Overview: Blood Oomposition 

and "iinetions 

Deseribe the eomposition and physieal eharaeteristies of 
whole blood. Explain why it is elassified as a eonneetive 
tissue. 

List eight functions of blood. 


k Components 



Blood is the only fluid tissue in the body. It appears to be a thiek, 
homogeneous liquid, but the mieroseope reveals that it has both 
eelhilar and liquid eomponents. Blood is a speeialized eonnee- 
tive tissue in which living blood eells, ealled th e formed ele- 
ments , are suspended in a nonliving fluid matrix ealled plasma 
(plaz'mah). Blood laeks the eollagen and elastie fibers typieal of 
other eonneetive tissues, but dissolved fibrous proteins beeome 
visible as fibrin strands during blood elotting. 

If we spin a sample of blood in a centrifuge, eentrifiigal foree 
paeks down the heavier formed elements and the less dense 
plasma remains at the top -igure 17.1]. Most of the reddish 
mass at the bottom of the tube is erythroeytes (é-rith'ro-sìts; 
erythro = red), the red blood eells that transport oxygen. A thin, 
whitish layer ealled the buffy eoat is present at the erythroeyte- 
plasma junction. This layer eontains leukocytes (leuko = white), 
the white blood eells that aet in various ways to proteet the body, 
and platelets , eell fragments that help stop bleeding. 

Erythroeytes normally constitute about 45% of the total vol- 
ume of a blood sample, a pereentage known as the hematoerit 
(he-mat'o-krit; “blood fraetion”). Normal hematoerit values 
vary. In healthy males the norm is 47% ± 5%; in females it is 
42% ± 5%. Leukocytes and platelets contribute less than 1% of 


blood volume. Plasma makes up most of the remaining 55% of 
whole blood. 


Physíeal Characteristícs and Voliime 

Blood is a stieky, opaque fluid with a eharaeteristie metallie 
taste. As ehildren, we diseover its saltiness the first time we stiek 
a cut finger into our mouth. Depending on the amount of oxy- 
gen it is earrying, the eolor of blood varies from searlet (oxygen 
rieh) to dark red (oxygen poor). Blood is more dense than water 
and about five times more viscous, largely because of its formed 
elements. It is slightly alkaline, with a pH between 7.35 and 7.45. 

Blood accounts for approximately 8% of body weight. Its av- 
erage volrnne in healthy adult males is 5-6 L (about 1.5 gallons), 
somewhat greater than in healthy adult females (4-5 L). 

Functions 

Blood performs a number of fimetions, all eoneerned in one 
way or another with distributing substances, regulating blood 
levels of particular substances, or proteeting the body. 

Distribution 

Distribution functions of blood include 

■ Delivering oxygen from the hmgs and nutrients from the di- 
gestive traet to all body eells. 

■ Transporting metabolie waste products from eells to elimi- 
nation sites (to the hmgs to eliminate earbon dioxide, and to 
the kidneys to dispose of nitrogenous wastes in urine). 

■ Transporting hormones from the endoerine organs to their 
target organs. 

Regulation 

Regulatory functions of blood include 

■ Maintaining appropriate body temperature by absorbing and 
distributing heat throughout the body and to the skin surface 
to encourage heat loss. 
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■ Maintaining normal pH in body tissues. Many blood pro- 
teins and other bloodborne solutes aet as buífers to prevent 
excessive or abmpt ehanges in blood pH that could jeopar- 
dize normal eell aetivities. Additionally, blood aets as the res- 
ervoir for the bodys “alkaline reserve” of biearbonate ions. 

■ Maintaining adequate fluid volume in the circulatory system. 
Blood proteins prevent excessive fluid loss from the blood- 
stream into the tissue spaees. As a result, the flmd volume in 
the blood vessels remains ample to support effieient blood 
circulation to all parts of the body. 

Proteetion 

Proteetive functions of blood include 

■ Preventing blood loss. When a blood vessel is damaged, 
platelets and plasma proteins initiate elot formation, halting 
blood loss. 

■ Preventing infeetion. Drifting along in blood are antibodies, 
eomplement proteins, and white blood eells, all of which help 
defend the body against foreign invaders such as baeteria 
and vimses. 

Blood Plasma 

Discuss the eomposition and functions of plasma. 

Blood plasma is a straw-colored, stieky flmd (Figme 17.1). Al- 
though it is mostly water (about 90%), plasma eontains over 
100 different dissolved solutes, including nutrients, gases, hor- 
mones, wastes and products of eell aetivity, proteins, and in- 
organie ions (eleetrolytes). Eleetrolytes (Na + , Cl _ , ete.) vastly 
outnumber the other solutes. Table 17.1 smnmarizes the major 
plasma eomponents. 

Although outnumbered by the lighter eleetrolytes, the heav- 
ier plasma proteins are the most abundant plasma solutes by 
weight, accounting for about 8% of plasma weight. Except for 
hormones and gamma globulins, most plasma proteins are pro- 
duced by the liver. Plasma proteins serve a variety of functions, 
but they are not taken up by eells to be used as fuels or metabolie 
nutrients as are most other organie solutes, such as glucose, fatty 
aeids, and amino aeids. 

Albumin (al-bu'min) accounts for some 60% of plasma pro- 
tein. It aets as a earrier to shuttle eertain molecules through the 
circulation, is an important blood buffer, and is the major blood 
protein contributing to the plasma osmotie pressure (the pres- 
sure that helps to keep water in the bloodstream). 

The eomposition of plasma varies continuously as eells re- 
move or add substances to the blood. However, assuming a 
healthy diet, plasma eomposition is kept relatively eonstant by 
various homeostatie meehanisms. For example, when blood 
protein levels drop undesirably, the liver makes more proteins. 
When the blood starts to beeome too aeidie (aeidosis), both the 
lungs and the kidneys are ealled into aetion to restore plasmas 
normal, slightly alkaline pH. Body organs make dozens of ad- 
justments, day in and day out, to maintain the many plasma 
solutes at life-sustaining levels. 


Table 17.1 Composition of Plasma 

CONSTITUENT 

DESCRIPTION AND IMPORTANCE 

Water 

90% of plasma volume; dissolving and 
suspending medium for solutes of 
blood; absorbs heat 

Solutes 

Eleetrolytes 

Most abundant solutes by number; 
eations include sodium, potassium, 
calcium, magnesium; anions include 
ehloride, phosphate, sulfate, and 
biearbonate; help to maintain plasma 
osmotie pressure and normal blood pH 

Plasma proteins 

8% (by weight) of plasma; all 
contribute to osmotie pressure and 
maintain water balanee in blood 
and tissues; all have other functions 
(transport, enzymatie, ete.) as well 

■ Albumin 

60% of plasma proteins; produced 
by liver; main contributor to osmotie 
pressure 

■ Globulins 

36% of plasma proteins 

alpha, beta 

Produced by liver; most are transport 
proteins that bind to lipids, metal ions, 
and fat-soluble vitamins 

gamma 

Antibodies released by plasma eells 
during immune response 

■ Fibrinogen 

4% of plasma proteins; produced by 
liver; forms fibrin threads of blood elot 

Nonprotein nitrogenous 

By-products of cellular metabolism, 

substances 

such as urea, uric aeid, ereatinine, and 
ammonium salts 

Nutrients (organie) 

Materials absorbed from digestive traet 
and transported for use throughout 
body; include glucose and other simple 
earbohydrates, amino aeids (protein 
digestion products), fatty aeids, 
glyeerol and triglyeerides (fat digestion 
products), eholesterol, and vitamins 

Respiratory gases 

Oxygen and earbon dioxide; oxygen 
mostly bound to hemoglobin inside 

RBCs; earbon dioxide transported 
dissolved as biearbonate ion or C0 2 , or 
bound to hemoglobin in RBCs 

Hormones 

Steroid and thyroid hormones earried 
by plasma proteins 



Check Your Understanding 


1. What is the hematoerit? What is its normal value? 

2. List tvvo proteetive functions of blood. 

3. Are plasma proteins used as fuel for body eells? Explain your 
a n svve r. 

_ For ansvvers, see Appendix Fi. 
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Monoeyte 



Neutrophils 


Lymphoeyte 


gure 17.2 Photomierograph of a human blood smear 
stained with Wright's stain. (640x) 



Side view (cut) 


— 2.5 jnm 



Top view 


gure 17.3 Structure of erythroeytes (red blood eells). Notiee 
the distinetive bieoneave shape. 


Formed Elements 


The formed elements of blood— erythroeytes, leukocytes, and 
platelets —have some unusual features. 
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■ Two of the three are not even tme eells: Erythroeytes have 
no nuclei or organelles, and platelets are eell fragments. Only 
leukocytes are eomplete eells. 

■ Most of the formed elements survive in the bloodstream for 
only a few days. 

■ Most blood eells do not divide. Instead, stem eells divide eon- 
tinuously in red bone marrow to replaee them. 

If you examine a stained smear of human blood under the 
light mieroseope, you will see dise-shaped red blood eells, a va- 
riety of gaudily stained spherieal white blood eells, and some 
seattered platelets that look like debris Figure 17.2' . Eryth- 
roeytes vastly outnumber the other types of formed elements. 
Table 17.2 on p. 644 summarizes the important eharaeteristies 
of the formed elements. 


Erythroeytes (Red Blood Cells) 

Deseribe the stroetare, fanetion, and production of 
erythroeytes. 

Deseribe the ehemieal eomposition of hemoglobin. 

Give examples of disorders caused by abnormalities of 
erythroeytes. Explain what goes wrong in eaeh disorder. 

Stmetiiral Characteristics 

Erythroeytes or red blood eells (RBCs) are small eells, about 
7.5 pm in diameter Figure 17.3). Shaped like bieoneave 
dises—flattened dises with depressed eenters—they appear 


lighter in eolor at their thin eenters than at their edges. Con- 
sequently, erythroeytes look like miniature doughnuts when 
viewed with a mieroseope. 

Mature erythroeytes are bound by a plasma membrane, but 
laek a nucleus (are armeleate) and have essentially no organelles. 
In faet, they are little more than “bags” of hemoglobin ( Hb ), the 
RBC protein that functions in gas transport. Other proteins are 
present, such as antioxidant enzymes that rid the body of harm- 
ful oxygen radieals, but most function as structural proteins, 
allowing the RBC to deform yet spring baek into shape. 

For example, a network of proteins, espeeially one ealled spee- 
trin , attaehed to the eytoplasmie faee of RBC plasma membranes 
maintains the bieoneave shape of an erythroeyte. The speetrin 
net is deformable, allowing erythroeytes to ehange shape as 
neeessary—to twist, turn, and beeome cup shaped as they are 
earried passively through eapillaries with diameters smaller than 
themselves—and then to resume their bieoneave shape. 

The erythroeyte is a superb example of eomplementarity of 
structure and function. It pieks up oxygen in the eapillaries of 
the hrngs and releases it to tissue eells aeross other eapillaries 
throughout the body. It also transports some 20% of the earbon 
dioxide released by tissue eells baek to the lungs. Three struc- 
tural eharaeteristies contribute to erythroeyte gas transport 
functions: 

■ Its small size and bieoneave shape provide a huge surface 
area relative to volume (about 30% more surface area than 
eomparable spherieal eells). The bieoneave dise shape is ide- 
ally suited for gas exchange because no point within the ey- 
toplasm is far from the surface. 

■ Discounting water eontent, an erythroeyte is over 97% he- 
moglobin, the molecule that binds to and transports respira- 
tory gases. 
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(a) Hemoglobin eonsists of globin (two alpha and two beta (b) Iron-eontaining heme pigment. 

polypeptide ehains) and four heme groups. 


gure 17.4 Structure of hemoglobin. Hemoglobin's structure makes it a highly effieient 
oxygen earrier. 


■ Because erythroeytes laek mitoehondria and generate ATP 
by anaerobie meehanisms, they do not consume any of the 
oxygen they earry, making them very effieient oxygen trans- 
porters indeed. 

Erythroeytes are the major faetor contributing to blood vis- 
eosity. Women typieally have a lower red blood eell count than 
men [4.2-5.4 million eells per mieroliter (1 pl = 1 mm 3 ) of 
blood versus 4.7-6.1 million eells/pl respeetively]. When the 
number of red blood eells inereases beyond the normal range, 
blood beeomes more viscous and flows more slowly. Similarly, 
as the number of red blood eells drops below the lower end of 
the range, the blood thins and flows more rapidly. 

Functions of Erythroeytes 

Erythroeytes are eompletely dedieated to their job of trans- 
porting respiratory gases (oxygen and earbon dioxide). Hemo- 
globin, the protein that makes red blood eells red, binds easily 
and reversibly with oxygen, and most oxygen earried in blood is 
bound to hemoglobin. Normal values for hemoglobin are 13-18 
grams per 100 milliliters of blood (g/100 ml) in adult males, and 
12-16 g/100 ml in adult females. 

Hemoglobin is made up of the red heme pigment bound to 
the protein globin. Globin eonsists of four polypeptide ehains— 
two alpha (a) and two beta ((3)—eaeh binding a ringlike heme 
group Figure 17.4a' . Eaeh heme group bears an atom of iron 
set like a jewel in its eenter (Figure 17.4b). A hemoglobin mol- 
ecule ean transport four molecules of oxygen because eaeh iron 
atom ean eombine reversibly with one molecule of oxygen. A 


single red blood eell eontains about 250 million hemoglobin 
molecules, so eaeh of these tiny eells ean seoop up about 1 bil- 
lion molecules of oxygen! 

The faet that hemoglobin is eontained in erythroeytes, rather 
than existing free in plasma, prevents it (1) from breaking into 
fragments that would leak out of the bloodstream (through po- 
rous eapillary walls) and (2) from making blood more viscous 
and raising osmotie pressure. 

Oxygen loading occurs in the lungs, and the direetion of 
transport is from lungs to tissue eells. As oxygen-deficient blood 
moves through the lungs, oxygen difffises from the air saes of 
the hrngs into the blood and then into the erythroeytes, where 
it binds to hemoglobin. When oxygen binds to iron, the he- 
moglobin, now ealled oxyhemoglobin, assumes a new three- 
dimensional shape and beeomes mby red. 

In body tissues, the proeess is reversed. Oxygen detaehes 
from iron, hemoglobin resumes its former shape, and the result- 
ing deoxyhemoglobin, or reduced hemoglobin , beeomes dark 
red. The released oxygen diffiises from the blood into the tissue 
fluid and then into tissue eells. 

About 20% of the earbon dioxide transported in the blood 
eombines with hemoglobin, but it binds to globins amino aeids 
rather than to the heme group. This formation of earbaminohe- 
moglobin (kar-bam"í-no-he"muh"glo'bin) occurs more read- 
ily when hemoglobin is in the reduced state (dissoeiated from 
oxygen). Carbon dioxide loading occurs in the tissues, and the 
direetion of transport is from tissues to lungs, where earbon di- 
oxide is eliminated from the body. We deseribe the loading and 
unloading of these respiratory gases in Chapter 22. 
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Stem eell 



Hematopoietie stem 
eell (hemoeytoblast) 


Committed eell 



Developmental pathvvay-► 


Phase 1 

Phase 2 

Phase 3 

Ribosome synthesis 

Hemoglobin accumulation 

Ejeetion of nucleus 



Proerythroblast 


Basophilie 

erythroblast 


Polyehromatie 

erythroblast 


L Orthochromatic J 

erythroblast Retieiiloeyte Erythroeyte 


Figure 17.E Erythropoiesis: formation of red blood eells. Reticulocytes are released into 
the bloodstream. The myeloid stem eell, the phase intermediate between the hematopoietie 
stem eell and the proerythroblast, is not illustrated. 
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Production of Erythroeytes 

Blood eell formation is referred to as hematopoiesis (hem"ah- 
to-poi-e'sis; hemato — blood; poiesis — to make). Hematopoi- 
esis occurs in the red bone marrow, which is eomposed largely 
of a soft network of reticular eonneetive tissue bordering on 
wide blood eapillaries ealled blood sinusoids. Within this net- 
work are immature blood eells, maerophages, fat eells, and retie- 
ular eells (which seerete the eonneetive tissue fibers). In adults, 
red marrow is found ehiefly in the bones of the axial skeleton 
and girdles, and in the proximal epiphyses of the humerus and 
femur. 

The production of eaeh type of blood eell varies in response 
to ehanging body needs and regulatory faetors. As blood eells 
mature, they migrate through the thin walls of the sinusoids to 
enter the bloodstream. On average, the marrow turns out an 
ounce of new blood eontaining 100 billion new eells every day. 

The various formed elements have difiFerent fimetions, but 
there are similarities in their life histories. All arise from the he- 
matopoietie stem eell, sometimes ealled a hemoeytoblast (eyte 
— eell, blast = bud). These undiíferentiated precursor eells re- 
side in the red bone marrow. However, the maturation pathways 
of the various formed elements difiFer, and onee a eell is eommit- 
ted to a speeifie blood eell pathway, it eannot ehange. This eom- 
mitment is signaled by the appearanee of membrane surface 
reeeptors that respond to speeifie hormones or growth faetors, 
which in turn “push” the eell toward fiirther speeialization. 


Stages of Erythropoiesis Erythroeyte production, or eryth- 
ropoiesis (é-rith"ro-poi-e'sis), begins when a hematopoietie 
stem eell deseendant ealled a myeloid stem eell transforms into 
a proerythroblast gure 17.5). Proerythroblasts, in turn, 
give rise to basophilie erythroblasts that produce huge num- 
bers of ribosomes. During these first two phases, the eells divide 
many times. Hemoglobin is synthesized and iron accumulates 
as the basophilie erythroblast transforms into a polyehromatie 
erythroblast and then an orthoehromatie erythroblast. The 
“eolor” of the eell eytoplasm ehanges as the blue-staining ribo- 
somes beeome masked by the pink eolor of hemoglobin. When 


an orthoehromatie erythroblast has accumulated almost all of 
its hemoglobin, it ejeets most of its organelles. Additionally, its 
nucleus degenerates and is pinehed ofiF, allowing the eell to eol- 
lapse inward and eventually assume the bieoneave shape. The 
result is the reticulocyte (essentially a young erythroeyte), so 
named because it still eontains a seant reticulum (network) of 
clumped ribosomes. 

The entire proeess from hematopoietie stem eell to reticu- 
loeyte takes about 15 days. The reticulocytes, filled almost to 
bursting with hemoglobin, enter the bloodstream to begin their 
task of oxygen transport. Usually they beeome fiilly mature 
erythroeytes within two days of release as their ribosomes are 
degraded by intracellular enzymes. 

Reticulocytes account for 1-2% of all erythroeytes in the 
blood of healthy people. Reticulocyte counts provide a rough 
index of the rate of RBC formation—reticulocyte counts be- 
low or above this range indieate abnormal rates of erythroeyte 
formation. 

Regulation and Requirementsfor Erythropoiesis 

The number of circulating erythroeytes in a given individual is 
remarkably eonstant and refleets a balanee between red blood 
eell production and destmetion. This balanee is important be- 
cause having too few erythroeytes leads to tissue hypoxia (oxy- 
gen deprivation), whereas having too many makes the blood 
undesirably viscous. 

To ensure that the number of erythroeytes in blood remains 
within the homeostatie range, new eells are produced at the in- 
eredibly rapid rate of more than 2 million per seeond in healthy 
people. This proeess is eontrolled hormonally and depends on 
adequate supplies of iron, amino aeids, and eertain B vitamins. 

Hormonal Controls Erythropoietin (EPO), a glyeoprotein hor- 
mone, stimulates the formation of erythroeytes Fi ure 17.6'. 
Normally, a small amount of EPO circulates in the blood at 
all times and sustains red blood eell production at a basal rate. 
The kidneys play the major role in EPO production, although 
the liver also produces some. When eertain kidney eells beeome 
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Homeostasis: Normal blood oxygen levels 


®o,- 


2 earrying 
ability of blood 
rises. 



Enhaneed 
erythropoiesis 
inereases RBC count 


(3)Erythropoietin 
stimulates red 
bone marrovv. 


(T) Stimulus: 

Hypoxia 
(inadequate 0 2 
delivery) due to 

• Deereased 
RBC count 

• Deereased amount 
of hemoglobin 

• Deereased 
availability of 0 9 
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gure 17.6 Erythropoietin meehanism for regulating erythropoiesis. 


hypoxic (oxygen defieient), oxygen-sensitive enzymes are unable 
to earry out their normal fimetions of degrading an intraeel- 
lular signaling molecule ealled hypoxia-inducible faetor (HIF). 
As HIF accumulates, it aeeelerates the synthesis and release of 
erythropoietin. 

The drop in normal blood oxygen levels that triggers EPO 
formation ean result from 

■ Reduced numbers of red blood eells due to hemorrhage 
(bleeding) or excessive RBC destmetion 

■ Insuíficient hemoglobin per RBC (as in iron defieieney) 

■ Reduced availability of oxygen, as might occur at high alti- 
tudes or during pneumonia 

Conversely, too many erythroeytes or excessive oxygen in 
the bloodstream depresses erythropoietin production. Note 
that it is not the mimber of erythroeytes in blood that eontrols 
the rate of erythropoiesis. Instead, eontrol is based on their abil- 
ity to transport enough oxygen to meet tissue demands. 

Bloodborne erythropoietin stimulates red marrow eells that 
are already eommitted to beeoming erythroeytes, causing them 
to mature more rapidly. One to two days after erythropoietin 
levels rise in the blood, the rate of reticulocyte release and the 
reticulocyte count rise markedly. Notiee that hypoxia does not 
aetivate the bone marrow direetly. Instead it stimulates the kid- 
neys, which in turn provide the hormonal stimulus that aeti- 
vates the bone marrow. 
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Renal dialysis patients whose kidneys have failed produce too 
little EPO to support normal erythropoiesis. Consequently, 
they routinely have red blood eell counts less than half those of 
healthy individuals. Genetieally engineered (reeombinant) EPO 
has helped these patients immeasurably. 


Unfortunately, some athletes abuse reeombinant EPO— 
particularly professional bike raeers and marathon mnners 
seeking inereased stamina and performanee. However, the eon- 
sequences ean be deadly. By injeeting EPO, healthy athletes in- 
erease their normal hematoerit from 45% to as much as 65%. 
Then, with the dehydration that occurs in a long raee, the blood 
eoneentrates even fiarther, beeoming a thiek, stieky cc sludge ’ that 
ean cause elotting, stroke, and heart failure. + 


The male sex hormone testosterone also enhanees the kidneys’ 
production of EPO. Because female sex hormones do not have 
similar stimulatory effeets, testosterone may be at least partially 
responsible for the higher RBC counts and hemoglobin levels 
seen in males. Also, a wide variety of ehemieals released by leu- 
koeytes, platelets, and even reticular eells stimulates bursts of 
RBC production. 



Dietary Requirements The raw materials required for eryth- 
ropoiesis include the usual nutrients and structural materials— 
amino aeids, lipids, and earbohydrates. Iron is essential for hemo- 
globin synthesis. Iron is available from the diet, and intestinal eells 
preeisely eontrol its absorption into the bloodstream in response 
to ehanging body stores of iron. 

Approximately 65% of the bodys iron supply (about 4000 
mg) is in hemoglobin. Most of the remainder is stored in the 
liver, spleen, and (to a much lesser extent) bone marrow. Free 
iron ions (Fe 2+ , Fe 3+ ) are toxic, so iron is stored inside eells as 
protein-iron complexes such as ferritin (fer'ì-tin) and hemo- 
siderin (he"mo-sid'er-in). In blood, iron is transported loosely 
bound to a transport protein ealled transferrin, and develop- 
ing erythroeytes take up iron as needed to form hemoglobin 
gure 17.7 . Small amounts of iron are lost eaeh day in feees, 
urine, and perspiration. The average daily loss of iron is 1.7 mg 
in women and 0.9 mg in men. In women, the menstmal flow 
accounts for the additional losses. 
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gure 17.7 Life eyele of red blood eells. 


Two B-complex vitamins—vitamin B 12 and folie aeid—are 
neeessary for normal DNA synthesis. Even slight defieits jeop- 
ardize rapidly dividing eell populations, such as developing 
erythroeytes. 

Fate and Destmetion of Erythroeytes 

Red blood eells have a useful life span of 100 to 120 days. Their 
anucleate eondition earries with it some important limitations. 
Red blood eells are unable to synthesize new proteins, grow, or 
divide. Erythroeytes beeome “old” as they lose their flexibility, be- 
eome inereasingly rigid and fragile, and their hemoglobin begins 
to degenerate. They beeome trapped and fragment in smaller eir- 
culatory ehannels, particularly in those of the spleen. For this rea- 
son, the spleen is sometimes ealled the “red blood eell graveyard.” 

We will briefly deseribe the fate of aged and damaged eryth- 
roeytes here, but Figure 17.7 gives a more detailed account. 
Maerophages engulf and destroy dying erythroeytes. The heme 
of their hemoglobin is split off from globin. Its eore of iron is 
salvaged, bound to protein (as ferritin or hemosiderin), and 
stored for reuse. The balanee of the heme group is degraded to 
bilirubin (bir'ì-roo'bin), a yellow pigment that is released to 
the blood and binds to albumin for transport. Liver eells piek up 
bilirubin and in turn seerete it (in bile) into the intestine, where 
it is metabolized to urobilinogen. Most of this degraded pigment 
leaves the body in feees, as a brown pigment ealled stereobilin. 
The protein (globin) part of hemoglobin is metabolized or bro- 
ken down to amino aeids, which are released to the circulation. 

Erythroeyte Disorders 

Most erythroeyte disorders ean be elassified as anemia or poly- 
eythemia. We deseribe some of the many varieties and causes of 
these eonditions next. 

Anemia Anemia (ah-ne'me-ah; “laeking blood”) is a eondi- 
tion in which the bloods oxygen-carrying eapaeity is too low to 
support normal metabolism. It is a sign of some disorder rather 
than a disease in itself. Its hallmark is blood oxygen levels that 
are inadequate to support normal metabolism. Anemie indi- 
viduals are fatigued, often pale, short of breath, and ehilled. 

The causes of anemia ean be divided into three groups: blood 
loss, not enough red blood eells produced, or too many of them 
destroyed. 

■ Blood loss. Hemorrhagie anemia (hem"o-raj'ik) is caused by 
blood loss. In acute hemorrhagie anemia, blood loss is rapid 
(as might follow a severe stab wound); it is treated by replae- 
ing the lost blood. Slight but persistent blood loss (due to 
hemorrhoids or an undiagnosed bleeding ulcer, for exam- 
ple) causes ehronie hemorrhagie anemia. Onee the primary 
problem is resolved, normal erythropoietie meehanisms re- 
plaee the lost blood eells. 

■ Not enough red blood eells produced. A number of prob- 
lems ean deerease erythroeyte production. These problems 
range from laek of essential raw materials (such as iron) to 
eomplete and utter failure of the red bone marrow. 

Iron-defieieney anemia is generally a seeondary result of 
hemorrhagie anemia, but it also results from inadequate 
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intake of iron-eontaining foods and impaired iron absorp- 
tion. The erythroeytes produced, ealled mieroeytes, are small 
and pale because they eannot synthesize their normal eom- 
plement of hemoglobin. The obvious treatment is to inerease 
iron intake in diet or through iron supplements. 

Pernicious anemia is an autoimmune disease that most 
often affeets the elderly. The immune system of these indi- 
viduals destroys eells of their own stomaeh mucosa. These 
eells produce a substance ealled intrinsie faetor that must 
be present for vitamin B 12 to be absorbed by intestinal eells. 
Without vitamin B 12> the developing erythroeytes grow but 
eannot divide, and large, pale eells ealled maeroeytes result. 
Treatment involves regular intramuscular injeetions of vita- 
min B 12 or applieation of a B 12 -containing gel to the nasal 
lining onee a week. 

As you might expect, laek of vitamin B 12 in the diet also 
leads to anemia. However, this is usually a problem only in 
striet vegetarians because meats, poultry, and fish provide 
ample vitamin B 12 in the diet of nonvegetarians. 

Renal anemia is caused by the laek of EPO, the hormone 
that eontrols red blood eell production. Renal anemia fre- 
quently aeeompanies renal disease because damaged or dis- 
eased kidneys eannot produce enough EPO. Fortunately, it 
ean be treated with synthetie EPO. 

Aplastie anemia may result from destruction or inhibition 
of the red marrow by eertain dmgs and ehemieals, ionizing 
radiation, or vimses. In most eases, though, the cause is un- 
known. Because marrow destruction impairs formation of all 
formed elements, anemia is just one of its signs. Defeets in 
blood elotting and immunity are also present. Blood transfu- 
sions provide a stopgap treatment until stem eells harvested 
from a donor s blood, bone marrow, or umbilical eord blood 
ean be transplanted. 

■ Too many red blood eells destroyed. In hemolytie anemias 
(he"mo-lit'ik), erythroeytes rupture, or lyse, prematurely. He- 
moglobin abnormalities, transfusion of mismatehed blood, 
and eertain baeterial and parasitie infeetions are possible 
causes. Here we focus on the hemoglobin abnormalities. 

Production of abnormal hemoglobin usually has a genetie 
basis. Two such examples, thalassemia and siekle-eell anemia, 
ean be serkms, incurable, and sometimes fatal diseases. In 
both diseases the globin part of hemoglobin is abnormal and 
the erythroeytes produced are fragile and rupture prematurely. 

Thalassemias (thal"ah-se'me-ahs; a sea blood”) typieally 
occur in people of Mediterranean aneestry, such as Greeks 
and Italians. One of the globin ehains is absent or faulty, and 
the erythroeytes are thin, delieate, and defieient in hemo- 
globin. There are many subtypes of thalassemia, elassified ae- 
eording to which hemoglobin ehain is affeeted and where. 
They range in severity from mild to so severe that monthly 
blood transfiisions are required. 

In siekle-eell anemia, the havoe caused by the abnormal 
hemoglobin, hemoglobin S (HbS ), results from a ehange in 
just one of the 146 amino aeids in a beta ehain of the globin 
molecule! (See Figure 17.8.) This alteration causes the beta 
ehains to link together under low-oxygen eonditions, forming 




(a) Normal erythroeyte has normal 
hemoglobin amino aeid sequence 
in the beta ehain. 



His Leu Thr Pro V; 




(b) Siekled erythroeyte results from a single 
amino aeid ehange in the beta ehain of 
hemoglobin. 


gure 17.8 Siekle-eell anemia. Seanning eleetron mierographs 
(4950x). 


stiff rods so that hemoglobin S beeomes spiky and sharp. This, 
in turn, causes the red blood eells to beeome ereseent shaped 
when they unload oxygen molecules or when the oxygen eon- 
tent of the blood is lower than normal, as during vigorous 
exercise and other aetivities that inerease metabolie rate. 

The stiff, deformed erythroeytes rupture easily and tend 
to dam up in small blood vessels. These events interfere with 
oxygen delivery, leaving the vietims gasping for air and in ex- 
treme pain. Bone and ehest pain are particularly severe, and 
infeetion and stroke are eommon sequels. Blood transfiision 
is still the standard treatment for an acute siekle-eell erisis, but 
preliminary results using inhaled nitrie oxide to dilate blood 
vessels are promising. 

Siekle-eell anemia occurs ehiefly in blaek people who live 
in the malaria belt of Afriea and among their deseendants. It 
strikes nearly one of every 500 blaek newborns in the United 
States. 

Why would such a dangerous genetie trait persist in a 
population? Globally, about 250 million people are infeeted 
with malaria and about a million die eaeh year. While indi- 
viduals with two eopies of the siekle-eell gene have siekle-eell 





640 


UNIT 4 Maintenanee of the Body 


anemia, individuals with only one eopy of the gene (siekle-eell 
trait) have a better ehanee of surviving malaria. Their eells 
only siekle under abnormal circumstances, most importantly 
when they are infeeted with malaria. Siekling reduces the ma- 
laria parasites ability to survive and enhanees maerophages 
ability to destroy infeeted RBCs and the parasites they eontain. 

Several treatment approaehes focus on preventing RBCs 
from siekling. Fetal hemoglobin (HbF) does not “siekle,” even 
in those destined to have siekle-eell anemia. Hydroxyurea , a 
drug used to treat ehronie leukemia, switches the fetal he- 
moglobin gene baek on. This dmg dramatieally reduces the 
excruciating pain and overall severity and eomplieations of 
siekle-eell anemia (by 50%). Another elass of dmgs reduces 
siekling by bloeking ion ehannels in the RBC membrane, 
keeping ions and water inside the eell. Other approaehes being 
tested include oral arginine to stimulate nitrie oxide produc- 
tion and dilate blood vessels, stem eell transplants, and gene 
therapy to deliver genes for synthesizing normal beta ehains. 
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Polyeythemia Polyeythemia (por'e-si-the'me-ah; “many 
blood eells”) is an abnormal excess of erythroeytes that in- 
ereases blood viseosity, causing it to sludge, or flow sluggishly. 
Polyeythemia vera , a bone marrow eaneer, is eharaeterized by 
dizziness and an exceptionally high RBC count (8-11 million 
eells/pl). The hematoerit may be as high as 80% and blood vol- 
ume may double, causing the vascular system to beeome en- 
gorged with blood and severely impairing circulation. Severe 
polyeythemia is treated by diluting blood—removing some 
blood and replaeing it with saline. 

Seeondary polyeythemias result when less oxygen is avail- 
able or EPO production inereases. The seeondary polyeythemia 
that appears in individuals living at high altitudes is a normal 
physiologieal response to the reduced atmospherie pressure and 
lower oxygen eontent of the air in such areas. RBC counts of 6-8 
million/pl are eommon in such people. 

Blood doping, praetieed by some athletes eompeting in 
aerobie events, is artifieially induced polyeythemia. Some of 
the athletes red blood eells are drawn ofiF and stored. The body 
quickly replaees these erythroeytes because removing blood 
triggers the erythropoietin meehanism. Then, when the stored 
blood is reinfused a few days before the athletie event, a tempo- 
rary polyeythemia results. 

Sinee red blood eells earry oxygen, the additional infusion 
should translate into inereased oxygen-carrying eapaeity due to 
a higher hematoerit, and henee greater endurance and speed. 
Other than the risk of stroke and heart failure due to high 
hematoerit and high blood viseosity deseribed earlier, blood 
doping seems to work. However, the praetiee is eonsidered 
unethical and has been banned from the Olympie Games. 



Check Your Understanding 


4. How many moleeiiles of oxygen ean eaeh hemoglobin 
molecule transport? What part of the hemoglobin binds the 
oxygen? 

5. Patients with advaneed kidney disease often have anemia. 
Explain the eonneetion. 

_ For ansvvers, see Appendix Fi. 


Leukocytes (White Blood Cells) 

Listthe elasses, structural eharaeteristies, and functions of 

leukocytes. 

Deseribe how leukocytes are produced. 

s Give examples of leukocyte disorders, and explain what 

goes wrong in eaeh disorder. 

General Stmetiiral and Functional Characteristics 

Leukocytes ( leuko = white), or white blood eells (WBCs), are 
the only formed elements that are eomplete eells, with nuclei 
and the usual organelles. Accounting for less than 1% of total 
blood volume, leukocytes are far less numerous than red blood 
eells. On average, there are 4800-10,800 WBCs/pl of blood. 

Leukocytes are eraeial to our defense against disease. They 
form a mobile army that helps proteet the body frorn damage 
by baeteria, virases, parasites, toxins, and tumor eells. As such, 
they have speeial functional eharaeteristies. Red blood eells are 
eonfined to the bloodstream, and they earry out their fimetions 
in the blood. But white blood eells are able to slip out of the 
eapillary blood vessels—a proeess ealled diapedesis (di"ah-pé- 
de'sis; “leaping aeross”)—and the circulatory system is simply 
their means of transport to areas of the body (mostly loose eon- 
neetive tissues or lymphoid tissues) where they mount inflam- 
matory or immune responses. 

As we explain in more detail in Chapter 21, the signals 
that prompt WBCs to leave the bloodstream at speeifie loea- 
tions are eell adhesion molecules displayed by endothelial eells 
forming the eapillary walls at sites of inflammation. Onee out 
of the bloodstream, leukocytes move through the tissue spaees 
by amoeboid motion (they form flowing eytoplasmie exten- 
sions that move them along). By following the ehemieal trail of 
molecules released by damaged eells or other leukocytes, a phe- 
nomenon ealled positive chemotaxis, they pinpoint areas of 
tissue damage and infeetion and gather there in large numbers 
to destroy foreign substances and dead eells. 

Whenever white blood eells are mobilized for aetion, the 
body speeds up their production and their numbers may dou- 
ble within a few hours. A white blood eell count of over 11,000 
eells/pl is leukocytosis. This eondition is a normal homeostatie 
response to an infeetion in the body. 

Leukocytes are grouped into two major eategories on the 
basis of structural and ehemieal eharaeteristies. Granulocytes 
eontain obvious membrane-bound eytoplasmie granules, and 
agranulocytes laek obvious granules. We provide general infor- 
mation about the various leukocytes next. More details appear 
in gure 17.9 andTable 17.2 onp. 644. 

Students are offen asked to list the leukocytes in order from 
most abundant to least abundant. The following phrase may 
help you with this task: Never let monkeys eat bananas (neu- 
trophils, lymphoeytes, monoeytes, eosinophils, basophils). 

Granulocytes 

Granulocytes (gran'u-lo-s!ts), which inehide neutrophils, 
eosinophils, and basophils, are all roughly spherieal in shape. 
They are larger and much shorter lived (in most eases) than 
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Differential 
WBC count 


Formed 

elements 

(not drawn 
to seale) 


Platelets 


Leukocytes 



Erythroeytes 


\ 


(All total 4800- 
10,800/^1) 



Granulocytes 

-Neutrophils (50-70%) 

-Eosinophils (2-4%) 
-Basophils (0.5-1%) 


Agranulocytes 

- Lymphoeytes (25-45%) 

- Monoeytes (3-8%) 


gure 17.9 Types and relative pereentages of leukocytes in 
normal blood. Erythroeytes eomprise nearly 98% of the formed 
elements, and leukocytes and platelets together account for the 
remaining 2 + %. 


erythroeytes. They eharaeteristieally have lobed nuclei (rounded 
nuclear masses eonneeted by thinner strands of nuclear mate- 
rial), and their membrane-bound eytoplasmie granules stain 
quite speeifieally with Wright s stain. Functionally, all granulo- 
eytes are phagoeytes to some degree. 

Neutrophils Neutrophils (nu'tro-filz), the most numerous 
white blood eells, account for 50-70% of the WBC population. 
Neutrophils are about twice as large as erythroeytes. 


The neutrophil eytoplasm eontains very fine granules (of two 
varieties) that are difficult to see (Table 17.2 and Figure 17.10a). 
Neutrophils get their name (literally, c< neutral-loving”) because 
their granules take up both basie (blue) and aeidie (red) dyes. To- 
gether, the two types of granules give the eytoplasm a lilae eolor. 
Some of these gramiles eontain hydrolytie enzymes, and are re- 
garded as lysosomes. Others, espeeially the smaller granules, eon- 
tain a potent cc brew” of antimierobial proteins, ealled defensins. 

Neutrophil nuclei eonsist of three to six lobes. Because of 
this nuclear variability, they are often ealled polymorphonu- 
elear leukocytes ( PMNs ) or simply polys (polymorphormelear = 
many shapes of the nucleus). 

Neutrophils are our body s baeteria slayers, and their num- 
bers inerease explosively during acute baeterial infeetions such 
as meningitis and appendieitis. Neutrophils are ehemieally at- 
traeted to sites of inflammation and are aetive phagoeytes. They 
are espeeially partial to baeteria and some fungi, and baeterial 
killing is promoted by a proeess ealled a respiratory burst. In 
the respiratory burst, the eells metabolize oxygen to produce 
potent germ-killer oxidizing substances such as bleaeh and hy- 
drogen peroxide. In addition, defensin-mediated lysis occurs 
when the granules eontaining defensins merge with a mierobe- 
eontaining phagosome. The defensins form peptide cc spears” 
that pieree holes in the membrane of the ingested cc foe.” 

Eosinophils Eosinophils (e"o-sin'o-filz) account for 2-4% 
of all leukocytes and are approximately the size of neutrophils. 
Their nucleus usually resembles an old-fashioned telephone 
reeeiver—it has two lobes eonneeted by a broad band of mielear 
material (Table 17.2 and Figure 17.10b). 

Large, eoarse granules that stain from briek red to erim- 
son with aeid (eosin) dyes paek the eytoplasm. These granules 
are lysosome-like and filled with a unique variety of digestive 


Granulocytes 


Agranulocytes ^ 



(a) Neutrophil: 

Multilobed nucleus, 
pale red and blue 
eytoplasmie granules 


(b) Eosinophil: 

Bilobed nucleus, red 
eytoplasmie granules 


(e) Basophil: 

Bilobed nucleus, 
purplish-black 
eytoplasmie granules 


(d) Lymphoeyte (small): 

Large spherieal nucleus, 
thin rim of pale blue 
eytoplasm 


(e) Monoeyte: 

Kidney-shaped nucleus, 
abundant pale 
blue eytoplasm 


gure 17.10 Leukocytes. In eaeh ease the leukocytes are surrounded by erythroeytes. 
Neutrophils, eosinophils, and basophils have visible eytoplasmie granules; lymphoeytes and 
monoeytes do not. (All 1750x, Wright's stain.) 
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enzymes. However, unlike typieal lysosomes, they laek enzymes 
that speeifieally digest baeteria. 

The most important role of eosinophils is to lead the counter- 
attaek against parasitie worms, such as flatworms (tapeworms 
and flukes) and roundworms (pinworms and hookworms) that 
are too large to be phagoeytized. These worms are ingested in 
food (espeeially raw fish) or invade the body via the skin and 
then typieally burrow into the intestinal or respiratory mucosae. 
Eosinophils reside in the loose eonneetive tissues at the same 
body sites, and when they encounter a parasitie worm “prey,” 
they gather around and release the enzymes from their eyto- 
plasmie granules onto the parasites surface, digesting it away. 

Eosinophils have complex roles in many other diseases in- 
cluding allergies and asthma. While they contribute to the tis- 
sue damage that occurs in many imimme proeesses, we are also 
beginning to reeognize them as important modulators of the 
imimme response. 

Basophils Basophils are the rarest white blood eells, account- 
ing for only 0.5-1% of the leukocyte population. Their eytoplasm 
eontains large, eoarse, histamine-eontaining granules that have 
an affinity for the basie dyes ( basophil = base loving) and stain 
purplish-black (Figure 17.10c). Histamine is an inflammatory 
ehemieal that aets as a vasodilator (makes blood vessels dilate) and 
attraets other white blood eells to the inflamed site; dmgs ealled 
antihistamines counter this effeet. The deep purple nucleus is gen- 
erally U or S shaped with one or two conspicuous eonstrietions. 

Granulated eells similar to basophils, ealled mast eells , are 
found in eonneetive tissues. Although mast eell nuclei tend to 
be more oval than lobed, the eells are similar mieroseopieally, 
and both eell types bind to a particular antibody (immunoglob- 
ulin E) that causes the eells to release histamine. However, they 
arise from different eell lines. 



Agrarmloeytes 

The agranulocytes include lymphoeytes and monoeytes, WBCs 
that laek visible eytoplasmie granules. Although similar to eaeh 
other structurally, they are fiinetionally distinet and unrelated 
eell types. Their nuclei are typieally spherieal or kidney shaped. 


I Lymphoeytes Lymphoeytes, accounting for 25% or more of 
the WBC population, are the seeond most numerous leukocytes 
in the blood. When stained, a typieal lymphoeyte has a large, 
dark-purple nucleus that occupies most of the eell volume. The 
nucleus is usually spherieal but may be slightly indented, and it is 
surrounded by a thin rim of pale-blue eytoplasm (Table 17.2 and 
Figure 17.10d). Lymphoeyte diameter ranges from 5 to 17 pm, 
but they are often elassified aeeording to size as small (5-8 pm), 
medium (10-12 pm), and large (14-17 pm). 

Large numbers of lymphoeytes exist in the body, but rela- 
tively few (mostly the small lymphoeytes) are found in the 
bloodstream. In faet, lymphoeytes are so ealled because most are 
elosely assoeiated with lymphoid tissues (lymph nodes, spleen, 
ete.), where they play a emeial role in immunity. T lymphoeytes 
(T eells) function in the imimine response by aeting direetly 
against virus-infected eells and tumor eells. B lymphoeytes 
(B eells) give rise to plasma eells , which produce antibodies 


(immunoglobulins) that are released to the blood. (We deseribe 
B and T lymphoeyte functions in Chapter 21.) 

Monoeytes Monoeytes account for 3-8% of WBCs. With an 
average diameter of 18 pm, they are the largest leukocytes. They 
have abundant pale-blue eytoplasm and a darkly staining purple 
nucleus, which is distinetively U or kidney shaped (Table 17.2 
and Figure 17.10e). 

When circulating monoeytes leave the bloodstream and 
enter the tissues, they differentiate into highly mobile maero- 
phages with prodigious appetites. Maerophages are aetively 
phagoeytie, and they are emeial in the body s defense against 
vimses, eertain intracellular baeterial parasites, and ehronie in- 
feetions such as tuberculosis. As we explain in Chapter 21, mae- 
rophages are also important in aetivating lymphoeytes to mount 
the immune response. 

Production and Life Span of Leukocytes 

Like erythropoiesis, leukopoiesis, or the production of white 
blood eells, is stimulated by ehemieal messengers. These mes- 
sengers, which ean aet either as paraerines or hormones, are 
glyeoproteins that fall into two families of hematopoietie fae- 
tors, interleukins and colony-stimulating faetors, or CSFs. 
The interleukins are numbered (e.g., IL-3, IL-5), but most CSFs 
are named for the leukocyte population they stimulate—for ex- 
ample, granulocyte-CSF ( G-CSF ) stiimilates production of gran- 
ulocytes. Hematopoietie faetors, released by supporting eells of 
the red bone marrow and mature WBCs, not only prompt the 
white blood eell precursors to divide and mature, but also en- 
hanee the proteetive poteney of mature leukocytes. 



Homeostatie imbalanee 17.2 


Many of the hematopoietie hormones (EPO and several of the 
CSFs) are used elinieally. These hormones stimulate the bone 
marrow of eaneer patients who are reeeiving ehemotherapy 
(which suppresses the marrow) and of those who have reeeived 
stem eell transplants, and to beef up the proteetive responses of 
AIDS patients. + 


Figure 17.11 shows the pathways of leukocyte differentia- 
tion, starting with the hematopoietie stem eell that gives rise to 
all of the formed elements in the blood. An early branehing of 
the pathway divides the lymphoid stem eells, which produce 
lymphoeytes, from the myeloid stem eells, which give rise to 
all other formed elements. In eaeh granulocyte line, the eom- 
mitted eells, ealled myeloblasts (mi'é-lo-blasts"), accumulate 
lysosomes, beeoming promyeloeytes. The distinetive granules 
of eaeh granulocyte type appear next in the myeloeyte stage and 
then eell division stops. In the subsequent stage, the nuclei are, 
producing the band eell stage. Just before granulocytes leave the 
marrow and enter the circulation, their nuclei eonstriet, begin- 
ning the proeess of nuclear segmentation. 

The bone marrow stores mature gramiloeytes and usually eon- 
tains about ten times more granulocytes than are found in the 
blood. The normal ratio of granulocytes to erythroeytes produced 
is about 3:1, which refleets granulocytes much shorter life span 
(0.25 to 9.0 days). Most die eombating invading mieroorganisms. 
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gure 17.11 Leukocyte formation. leukocytes develop via a sequence involving 

Leukocytes arise from aneestral stem eells myeloblasts. (d) Monoeytes, like granular 

ealled hematopoietie stem eells. (a-e) Granular leukocytes, are progeny of the myeloid stem 


eell and share a eommon precursor vvith 
neutrophils (not shovvn). (e) Only lymphoeytes 
arise via the lymphoid stem eell line. 
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UNIT 4 Maintenanee of the Body 


Table 17.2 Summary of Formed Elements of the Blood 


DIIRATION OF 

CELLS/|jL (mm 3 ) DEVELOPMENT (D) 

CELL TYPE ILLLISTRATION DESCRIPTION* OF BLOOD AND LIFE SPAN (LS) FUNCTION 


Erythroeytes (red 
blood eells, RBCs) 



Bieoneave, anucleate 4-6 million D: about 15 days Transport oxygen 

dise; salmon-eolored; LS: 100-120 days and earbon dioxide 

diameter 7-8 pm 


Leukocytes (vvhite 
blood eells, WBCs) 


Spherieal, nucleated 4800-10,800 
eells 


Granulocytes 
■ Neutrophil 



■ Eosinophil 


■ Basophil 



Agranulocytes 
■ Lymphoeyte 



■ Monoeyte 



Platelets 



*Appearance when stained with Wright's stain. 


Multilobed nucleus; 
inconspicuous 
eytoplasmie granules; 
diameter 10-12 pm 

3000-7000 

D: about 14 days 

LS: 6 hours to a few 
days 

Phagoeytize baeteria 

Bilobed nucleus; red 
eytoplasmie granules; 
diameter 10-14 pm 

100-400 

D: about 14 days 

LS: about 5 days 

Kill parasitie worms; 
complex role in 
allergy and asthma 

Bilobed nucleus; 
large purplish-black 
eytoplasmie granules; 
diameter 10-14 pm 

20-50 

D: 1-7 days 

LS: a few hours to a 
few days 

Release histamine 
and other mediators 
of inflammation; 
eontain heparin, an 
anticoagulant 

Spherieal or indented 
nucleus; pale blue 
eytoplasm; diameter 
5-17 pm 

1500-3000 

D: days to weeks 

LS: hours to years 

Mount immune 
response by direet 
eell attaek or via 
antibodies 

U- or kidney-shaped 
nucleus; gray-blue 
eytoplasm; diameter 

14-24 p m 

100-700 

D: 2-3 days 

LS: months 

Phagoeytosis; 
develop into 
maerophages in the 
tissues 

Diseoid eytoplasmie 
fragments eontaining 
granules; stain deep 
purple; diameter 

2-4 pm 

150,000-400,000 

D: 4-5 days 

LS: 5-10 days 

Seal small tears 
in blood vessels; 
instmmental in 
blood elotting 


Despite their similar appearanee, the two types of agranulo- 
eytes have very diíferent lineages. 

■ Monoeytes are derived from myeloid stem eells, and share a 
eommon precursor with neutrophils that is not shared with 
the other granulocytes. Cells following the monoeyte line pass 
through the monoblast and promonoeyte stages before leaving 
the bone marrow and beeoming monoeytes (Figure 17.1 ld). 

■ T and B lymphoeytes are derived from T and B lymphoeyte 
precursors, which arise from the lymphoid stem eell. The T 
lymphoeyte precursors leave the bone marrow and travel to 
the thymus, where their further diíferentiation occurs (as we 


deseribe in Chapter 21). B lymphoeyte precursors remain 
and mature in the bone marrow. 

Monoeytes may live for several months, whereas the life span of 
lymphoeytes varies from a few hours to deeades. 

Leukocyte Disorders 

Overproduction of abnormal leukocytes occurs in leukemia 
and infectious mononucleosis. At the opposite pole, leukopenia 
(loo"ko-pe'ne-ah) is an abnormally low white blood eell count 
(penia = poverty), eommonly induced by drags, particularly 
glucocorticoids and antieaneer agents. 
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Stem eell 




Hematopoietie stem 
eell (hemoeytoblast) 



Megakaryoblast 
(stage I megakaryoeyte) 


Megakaryoeyte 
(stage ll/lll) 



Megakaryoeyte 
(stage IV) 



Platelets 


Figure 17.12 Formation of platelets. The hematopoietie stem eell gives rise to eells 
that iindergo several mitotie divisions unaccompanied by eytoplasmie division to produce 
megakaryoeytes. The plasma membrane of the megakaryoeyte fragments, liberating the 
platelets. (Intermediate stages betvveen the hematopoietie stem eell and megakaryoblast 
are not illustrated.) 


Leukemias The term leukemia , literally cc white blood” refers 
to a group of cancerous eonditions involving overproduction 
of abnormal white blood eells. As a rule, the renegade leuko- 
eytes are members of a single elone (deseendants of a single 
eell) that remain unspecialized and proliferate out of eontrol, 
impairing normal red bone marrow function. The leukemias 
are named aeeording to the eell type primarily involved. For 
example, myeloid leukemia involves myeloblast deseendants, 
whereas lymphoeytie leukemia involves the lymphoeytes. 
Leukemia is acute (quickly advaneing) if it derives from stem 
eells, and ehronie (slowly advaneing) if it involves proliferation 
of later eell stages. 

The more serious acute forms primarily affeet ehildren. 
Chronic leukemia occurs more often in elderly people. Without 
therapy, all leukemias are fatal, and only the time course differs. 

In all leukemias, cancerous leukocytes fill the red bone mar- 
row and immature WBCs flood into the bloodstream. The other 
blood eell lines are crowded out, so severe anemia and bleeding 
problems result. Other symptoms include fever, weight loss, and 
bone pain. Although tremendous mimbers of leukocytes are 
produced, they are nonfunctional and eannot defend the body 
in the usual way. The most eommon causes of death are internal 
hemorrhage and overwhelming infeetions. 

Irradiation and antileukemic drugs ean destroy the rapidly 
dividing eells and induce remissions (symptom-free periods) 
lasting from months to years. Stem eell transplants are used in 
seleeted patients when eompatible donors are available. 

lnfectious Mononucieosis Sometimes ealled the “kissing 
disease,” infectious mononucleosis is a highly contagious viral 
disease most often seen in young adults. Caused by the Epstein- 
Barr virus, its hallmark is excessive numbers of agranulocytes, 
many of which are atypieal. The affeeted individual eomplains 
of being tired and aehy, and has a ehronie sore throat and a 
low-grade fever. There is no cure, but with rest the eondition 
typieally runs its course to reeovery in a few weeks. 


Platelets 

Deseribe the structure and function of platelets. 


Platelets are not eells in the striet sense. About one-fourth 
the diameter of a lymphoeyte, they are eytoplasmie fragments 
of extraordinarily large eells (up to 60 pm in diameter) ealled 
megakaryoeytes (meg"ah-kar'e-o-sìtz). In blood smears, eaeh 
platelet exhibits a blue-staining outer region and an inner area 
eontaining granules that stain purple. The granules eontain an 
impressive array of ehemieals that aet in the elotting proeess, in- 
cluding serotonin, Ca 2+ , a variety of enzymes, ADP, and platelet- 
derived growth faetor (PDGF). 

Platelets are essential for the elotting proeess that occurs 
in plasma when blood vessels are ruptured or their lining is 
injured. By stieking to the damaged site, platelets form a tem- 
porary plug that helps seal the break. (We explain this proeess 
shortly.) Because they are anucleate, platelets age quickly and 
degenerate in about 10 days if they are not involved in elotting. 
In the meantime, they circulate freely, kept mobile but inaetive 
by molecules (nitrie oxide, prostaeyelin) seereted by endothelial 
eells lining the blood vessels. 

A hormone ealled thrombopoietin regulates the formation 
of platelets. Their immediate aneestral eells, the megakaryoeytes, 
are progeny of the hematopoietie stem eell and the myeloid stem 
eell, but their formation is quite unusual Figure 17.12). In this 
line, repeated mitoses of the megakaryoblast (also ealled a stage 
I megakaryoeyte) occur, but eytokinesis does not. The final result 
is the mature (stage IV) megakaryoeyte (literally cc big nucleus 
eell”), a bizarre eell with a huge, multilobed nucleus and a large 
eytoplasmie mass. 

After it forms, the megakaryoeyte presses against a sinu- 
soid (the speeialized type of eapillary in the red marrow) and 
sends eytoplasmie extensions through the sinusoid wall into 
the bloodstream. These extensions rupture, releasing the plate- 
let fragments like stamps being torn from a sheet of postage 
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UNIT 4 Maintenanee of the Body 



Step (T) Vascular spasm 

• Smooth muscle eontraets, 
causing vasoeonstrietion. 




Step @ Platelet plug 
formation 

• lnjury to lining of vessel 
exposes eollagen fibers; 
platelets adhere. 


• Platelets release ehemieals 
that make nearby platelets 
stieky; platelet plug forms. 



Step(3) Coagulation 

• Fibrin forms a mesh that traps 
red blood eells and platelets, 
forming the elot. 


gure 17.13 Events of hemostasis. 


stamps and seeding the blood with platelets. The plasma mem- 
branes assoeiated with eaeh fragment quickly seal around the 
eytoplasm to form the grainy, roughly dise-shaped platelets (see 
Table 17.2), eaeh with a diameter of 2-4 pm. Eaeh mieroliter of 
blood eontains 150,000 to 400,000 tiny platelets. 



Check Your Llnderstanding' 


6. VVhieh WBCs turn into maerophages in tissues? Which other 
WBC is a voracious phagoeyte? 

7. Platelets are ealled "thromboeytes" in other animals. Which 
term that you've just learned relates to this name? What 
does this term mean? 

8. Amos has leukemia. Even though his WBC count is 
abnormally high, Amos is prone to severe infeetions, 
bleeding, and anemia. Explain. 

_ For ansvvers, see Appendix Fi. 


Hemostasis 

✓ Deseribe the proeess of hemostasis. List faetors that limit 
elot formation and prevent undesirable elotting. 

s Give examples of hemostatie disorders. indieate the cause 
of eaeh eondition. 

Normally, blood flows smoothly past the intaet blood vessel lin- 
ing (endothelium). But if a blood vessel wall breaks, a whole 
series of reaetions is set in motion to aeeomplish hemostasis 
(he"mo-sta'sis), which stops the bleeding (stasis = halting). 
Without this plug-the-hole defensive reaetion, we would quickly 
bleed out our entire blood volume from even the smallest cuts. 

The hemostasis response is fast, loealized, and carefully eon- 
trolled. It involves many elotting faetors normally present in 
plasma as well as several substances that are released by platelets 
and injured tissue eells. During hemostasis, three steps occur in 
rapid sequence Figure 17.13' : (T) vascular spasm, (2) platelet 
plug formation, and @ coagulation (blood elotting). Following 
hemostasis, the elot retraets. It then dissolves as it is replaeed by 
fibrous tissue that permanently prevents blood loss. 

Step 1: Vascular Spasm 

In the first step, the damaged blood vessels respond to injury 
by eonstrieting (vasoeonstrietion) (Figure 17.13 (T ). Faetors 
that trigger this vascular spasm include direet injury to vas- 
cular smooth muscle, ehemieals released by endothelial eells 
and platelets, and reflexes initiated by loeal pain reeeptors. 
The spasm meehanism beeomes more and more effieient as 
the amount of tissue damage inereases, and is most effeetive 
in the smaller blood vessels. The spasm response is valuable 
because a strongly eonstrieted artery ean signifieantly reduce 
blood loss for 20-30 minutes, allowing time for the next two 
steps, platelet plug formation and blood elotting, to occur. 

Step 2: Platelet Plug Formation 

In the seeond step, platelets play a key role in hemostasis by ag- 
gregating (stieking together), forming a plug that temporarily 
seals the break in the vessel wall (Figure 17.13 @). They also 
help orehestrate subsequent events that form a blood elot. 

As a rule, platelets do not stiek to eaeh other or to the smooth 
endothelial linings of blood vessels. intaet endothelial eells re- 
lease nitrie oxide and a prostaglandin ealled prostaeyelin (or 
PGI 2 ). Both ehemieals prevent platelet aggregation in undam- 
aged tissue and restriet aggregation to the site of injury. 

However, when the endothelium is damaged and the under- 
lying eollagen fibers are exposed, platelets adhere tenaciously to 
the eollagen fibers. A large plasma protein ealled von Willebrand 
faetor stabilizes bound platelets by forming a bridge between 
eollagen and platelets. Platelets swell, form spiked proeesses, be- 
eome stiekier, and release ehemieal messengers including the 
following: 

■ Adenosine diphosphate (ADP) —a potent aggregating agent 
that causes more platelets to stiek to the area and release their 
eontents 
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Table 17.3 

Blood dotting Faetors (Procoagulants) 



FACTOR NIIMBER 

FACTOR NAME 

NATURE 

SOURCE 

PATHWAY; FUNCTION 

1 

Fibrinogen 

Plasma protein 

Liver 

Common pathway; eonverted to fibrin 
(insoluble weblike substance of elot) 

II 

Prothrombin 

Plasma protein 

Liver* 

Common pathway; eonverted to 
thrombin (eonverts fibrinogen to 
fibrin) 

III 

Tissue faetor (TF) 

Plasma membrane 
glyeoprotein 

Tissue eells 

Aetivates extrinsic pathway 

IV 

Calcium ions (Ca 2+ ) 

inorganie ion 

Plasma 

Needed for essentially all stages of 
coagulation proeess; always present 

V 

vF 

VII 

Proaeeelerin 

Plasma protein 

Liver, platelets 

Common pathway 

Proeonvertin 

Plasma protein 

Liver* 

Both extrinsic and intrinsie pathways 

VIII 

Antihemophilie faetor 
(AHF) 

Plasma protein 

Liver, lung 
eapillaries 

intrinsie pathway; defieieney results in 
hemophilia A 

IX 

Plasma thromboplastin 
eomponent (PTC) 

Plasma protein 

Liver* 

intrinsie pathway; defieieney results in 
hemophilia B 

X 

Stuart faetor 

Plasma protein 

Liver* 

Common pathway 

XI 

Plasma thromboplastin 
anteeedent (PTA) 

Plasma protein 

Liver 

intrinsie pathway; defieieney results in 
hemophilia C 

XII 

Hageman faetor 

Plasma protein; aetivated 
by negatively eharged 
surfaces (e.g., glass) 

Liver 

intrinsie pathway; aetivates plasmin; 
initiates elotting in vitro; aetivation 
initiates inflammation 

XIII 

Fibrin stabilizing faetor 
(FSF) 

Plasma protein 

Liver, bone 

marrow 

Cross-links fibrin, forming a strong, 
stable elot 


*Synthesis requires vitamin K 

+ Number no longer used; substance now believed to be same as faetor V 


■ Serotonin and thromboxane A 2 (throm-boks'àn; a short- 
lived prostaglandin derivative)—messengers that enhanee 
vascular spasm and platelet aggregation 

As more platelets aggregate, they release more ehemieals, ag- 
gregating more platelets, and so on, in a positive feedbaek eyele 
(see Figure 1.6 on p. 11). Within one minute, a platelet plug is 
built up, further reducing blood loss. Platelets alone are suf- 
fieient for sealing the thousands of minute rips and holes that 
occur unnoticed as part of the daily wear and tear in your small- 
est blood vessels. Because platelet plugs are loosely knit, larger 
breaks need additional reinforeement. 


Step 3: Coagulation 

The third step, coagulation or blood elotting, reinforees the 
platelet plug with fibrin threads that aet as a “molecular glue ’ for 
the aggregated platelets (Figure 17.13 (3)). The resulting blood 
elot (fibrin mesh) is quite eífeetive in sealing larger breaks in a 
blood vessel. Blood is transformed from a liquid to a gel in a 
multistep proeess that involves a series of substances ealled elot- 
tingfaetors, or procoagulants (Table 17.3). 

Most elotting faetors are plasma proteins synthesized by the 
liver. They are numbered I to XIII aeeording to the order of their 
diseovery; henee, the numerical order does not refleet their 


reaetion sequence. All (except tissue faetor) normally circulate 
in blood in inaetive form until mobilized. Although vitamin K 
is not direetly involved in coagulation, this fat-soluble vitamin is 
required for synthesizing four of the elotting faetors (Table 17.3). 

gure 17.14 illustrates the way elotting faetors aet together 
to form a elot. The coagulation sequence looks intimidating at 
first glanee, but two things will help you eope with its complexity. 
First, realize that in most eases, aetivation turns elotting faetors 
into enzymes by elipping oíf a pieee of the protein, causing it to 
ehange shape. Onee one elotting faetor is aetivated, it aetivates 
the next in sequence, and so on, in a easeade. (In Figure 17.14, 
we use the subscript cc a” to denote the aetivated elotting faetor.) 
Two important exceptions to this generalization are fibrinogen 
and Ca 2+ , as we will see below. 

The seeond strategy that will help you eope is to reeognize 
that coagulation occurs in three phases. Eaeh phase has a spe- 
eifie end point, as we discuss next. 
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Phase 1:Two Pathwaysto Prothrombin Aetivator 

Coagulation may be initiated by either the intrinsie or the ex- 
trinsie pathway. In the body, the same tissue-damaging events 
usually trigger both pathways. Outside the body (such as in a 
test tube), only the intrinsie pathway initiates blood elotting. 
Before we examine how these pathways are different, lets see 
what they have in eommon. 





648 


UNIT 4 Maintenanee of the Body 


Phase 1 

intrinsie pathway 

Vessel endothelium 
ruptures, exposing 
underlying tissues 
(e.g., eollagen) 


Extrinsic pathway 

Tissue eell trauma 
exposes blood to 


Platelets eling and their 
surfaces provide sites for 
mobilization of faetors 


t 


Tissue faetor (TF) 



Ca 


2 + 




VII 


VII 



a 


Ca 2+ 


pf 3 

released by 
aggregated 
platelets 





VIII 


VIII 
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IX a /Vlll a complex 


t 

TF/VIL complex 


Ca 2+ 

PFo 



Phase 2 



Prothrombin (II) 



Thrombin (ll a ) 


Phase 3 



Fibrin 

(insoluble 



Figure 17.14 The intrinsie and extrinsic pathvvays of blood 
dotting (coagulation). The subscript "a" indieates the aetivated 
elotting faetor (procoagulant). 


Pivotal eomponents in both pathways are negatively eharged 
membranes, particularly those of platelets, that eontain phos- 
phatidylserine, also known as PF 3 (platelet faetor 3). Many 


intermediates of both pathways ean be aetivated only in the 
presenee of PF 3 . The intermediate steps of eaeh pathway easeade 
toward a eommon intermediate, faetor X (Figure 17.14). Onee 
faetor X has been aetivated, it complexes with calcium ions, PF 3 , 
and faetor V to form prothrombin aetivator. This is usually the 
slowest step of the blood elotting proeess, but onee prothrombin 
aetivator is present, the elot forms in 10 to 15 seeonds. 

The intrinsie and extrinsic pathways usually work together 
and are intereonneeted in many ways, but there are signifkant 
differenees between them. The intrinsie pathway is 

■ Called intrinsie because the faetors needed for elotting are 
present within (intrinsie to) the blood. 

■ Triggered by negatively eharged surfaces such as aetivated 
platelets, eollagen, or glass. (This is why this pathway ean 
initiate elotting in a test tube.) 

■ Slower because it has many intermediate steps. 

The extrinsic pathway is 

■ Called extrinsic because the tissue faetor it requires is outside 
ofblood. 

■ Triggered by exposing blood to a faetor found in tissues un- 
derneath the damaged endothelium. This faetor is ealled tis- 
sue faetor (TF) or faetor III. 

■ Faster because it bypasses several steps of the intrinsie path- 
way. In severe tissue trauma, it ean form a elot in 15 seeonds. 

Phase 1 ends with the formation of a complex substance 
ealled prothrombin aetivator. 


Phase2: Common Pathvvay toThrombin 

Prothrombin aetivator eatalyzes the eonversion of a plasma pro- 
tein ealled prothrombin into the aetive enzyme thrombin. 



Phase 3: Common Pathvvay to the Fibrin Mesh 


The end point of phase 3 is afibrin mesh that traps blood eells 
and effeetively seals the hole until the blood vessel ean be per- 
manently repaired. Thrombin eatalyzes the transformation of 
the solnble elotting faetor fibrinogen into fibrin. The fibrin 
molecules then polymerize (join together) to form long, hair- 
like, insoluble fibrin strands. (Notiee that, unlike other elotting 
faetors, aetivating fibrinogen does not eonvert it into an en- 
zyme, but instead allows it to polymerize.) The fibrin strands 
glue the platelets together and make a web that forms the struc- 
tural basis of the elot. Fibrin makes the liquid plasma beeome 
gel-like and traps formed elements that try to pass through it 
(Figure 17.15). 

In the presenee of calcium ions, thrombin also aetivates faetor 
XIII (fibrin stabilizing faetor) , a eross-linking enzyme that binds 
the fibrin strands tightly together, forming a fibrin mesh. Cross- 
linking fiirther strengthens and stabilizes the elot, effeetively seal- 
ing the hole until the blood vessel ean be permanently repaired. 

Faetors that inhibit elotting are ealled anticoagulants. 
Whether or not blood elots depends on a delieate balanee 
between elotting faetors and anticoagulants. Normally, an- 
ticoagulants dominate and prevent elotting, but when a ves- 
sel is ruptured, elotting faetor aetivity in that area inereases 
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Figure 17.1 Seanning eleetron mierograph of erythroeytes 
trapped in a fibrin mesh. (2700x). 


dramatieally and a elot begins to form. Clot formation is nor- 
mally eomplete within 3 to 6 minutes after blood vessel damage. 

Clot Retraetion and Fibrinolysis 

Although the proeess of hemostasis is eomplete when the fibrin 
mesh is formed, there are still things that need to be done to 
stabilize the elot and then remove it when the injury is healed 
and the elot is no longer needed. 

Clot Retraetion 

Within 30 to 60 minutes, a platelet-induced proeess ealled elot 
retraetion further stabilizes the elot. Platelets eontain eontraetile 
proteins (aetin and myosin), and they eontraet in much the same 
manner as smooth muscle eells. As the platelets eontraet, they 
pull on the surrounding fibrin strands, squeezing serum (plasma 
minus the elotting proteins) from the mass, eompaeting the elot 
and drawing the ruptured edges of the blood vessel more elosely 
together. 

Even as elot retraetion is occurring, the vessel is healing. 
Platelet-derived growth faetor (PDGF) released by platelets 
stimulates smooth muscle eells and fibroblasts to divide and 
rebuild the vessel wall. As fibroblasts form a eonneetive tissue 
pateh in the injured area, endothelial eells, stimulated by vascu- 
lar endothelial growth faetor (VEGF), multiply and restore the 
endothelial lining. 

Fibrinolysis 

A elot is not a permanent solution to blood vessel injury, and a 
proeess ealled fibrinolysis removes unneeded elots when heal- 
ing has occurred. This cleanup detail is crucial because small 


elots form continually in vessels throughout the body. Without 
fibrinolysis, blood vessels would gradually beeome eompletely 
bloeked. 

The eritieal natural “elot buster” is a fibrin-digesting enzyme 
ealled plasmin, which is produced when the plasma protein 
plasminogen is aetivated. Large amounts of plasminogen are 
ineorporated into a forming elot, where it remains inaetive un- 
til appropriate signals reaeh it. The presenee of a elot in and 
around the blood vessel causes the endothelial eells to seerete 
tissue plasminogen aetivator (tPA). Aetivated faetor XII and 
thrombin released during elotting also aetivate plasminogen. 
As a result, most plasmin aetivity is eonfined to the elot, and 
circulating enzymes quickly destroy any plasmin that strays into 
the plasma. Fibrinolysis begins within two days and continues 
slowly over several days until the elot finally dissolves. 


Faetors Limiting Clot Growth or Formation 


Faetors Limiting Normal Clot Growth 

Onee the elotting easeade has begun, it continues until a elot 
forms. Normally, two homeostatie meehanisms prevent elots 
from beeoming unnecessarily large: (1) swift removal of elot- 
ting faetors, and (2) inhibition of aetivated elotting faetors. For 
elotting to occur in the first plaee, the eoneentration of aetivated 
elotting faetors must reaeh eertain eritieal levels. Clots do not 
usually form in rapidly moving blood because the aetivated elot- 
ting faetors are dihited and washed away. For the same reasons, 
a elot stops growing when it eontaets blood flowing normally. 

Other meehanisms bloek the final step in which fibrinogen 
is polymerized into fibrin. They work by restrieting thrombin 
to the elot or by inaetivating it if it eseapes into the general eir- 
culation. As a elot forms, almost all of the thrombin produced 
is bound onto the fibrin threads. This is an important safeguard 
because thrombin also exerts positive feedbaek eífeets on the eo- 
agulation proeess prior to the eommon pathway. Not only does 
it speed up the production of prothrombin aetivator by aeting 
indireetly through faetor V, but it also aeeelerates the earliest 
steps of the intrinsie pathway by aetivating platelets. By binding 
thrombin, fibrin effeetively aets as an anticoagulant, preventing 
the elot from enlarging and thrombin from aeting elsewhere. 

Antithrombin III, a protein present in plasma, quickly inae- 
tivates any thrombin not bound to fibrin. Antithrombin III and 
protein C, another protein produced in the liver, also inhibit the 
aetivity of other intrinsie pathway elotting faetors. 

Heparin, the natural anticoagulant eontained in basophil 
and mast eell granules, is also found on the surface of endothe- 
lial eells. It inhibits thrombin by enhaneing the aetivity of anti- 
thrombin III. Like most other elotting inhibitors, heparin also 
inhibits the intrinsie pathway. 
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Faetors Preventing Llndesirable Clotting 

As long as the endothelium is smooth and intaet, platelets are 
prevented from elinging and piling up. Also, antithrombie 
substances—nitrie oxide and prostaeyelin—seereted by the 
endothelial eells normally prevent platelet adhesion. Addition- 
ally, vitamin E quinone, a molecule formed in the body when 
vitamin E reaets with oxygen, is a potent anticoagulant. 
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Disorders of Hemostasis 

Blood elotting is one of natures most elegant ereations, but it 
sometimes goes awry. The two major disorders of hemostasis 
are at opposite poles. Thromboembolie disorders result from 
eonditions that cause undesirable elot formation. Bleeding 
disorders arise from abnormalities that prevent normal elot 
formation. Disseminated intravascular coagulation (DIC), 
which has eharaeteristies of both types of disorder, involves 
both widespread elotting and severe bleeding. 

Thromboembolie Disorders 

Despite the body s many safeguards, undesirable intravascular 
elotting, ealled “hemostasis in the wrong plaee ’ by some, some- 
times occurs. 

Thrombi and Emboli A elot that develops and persists in an 
unbroken blood vessel is ealled a thrombus. If the thrombus is 
large enough, it may bloek circulation to the eells beyond the 
occlusion and lead to death of those tissues. For example, if the 
bloekage occurs in the eoronary circulation of the heart (eoro- 
nary thrombosis), the consequences may be death of heart mus- 
ele and a fatal heart attaek. 

If the thrombus breaks away from the vessel wall and floats 
freely in the bloodstream, it beeomes an embolus (plural: em- 
boli). An embohis (“wedge”) is usually no problem until it en- 
counters a blood vessel too narrow for it to pass through. Then 
it beeomes an embolism, obstmeting the vessel. For example, 
emboli that beeome trapped in the lungs (pulmonary embo- 
lisms) dangerously impair the body s ability to obtain oxygen. A 
eerebral embolism may cause a stroke. 

Conditions that roughen the vessel endothelium, such as 
atheroselerosis or inflammation, cause thromboembolie disease 

I by allowing platelets to gain a foothold. Slowly flowing blood 
or blood stasis is another risk faetor, particularly in bedridden 
patients and those taking a long flight without moving around. 
In this ease, elotting faetors are not washed away as usual and 
accumulate, allowing elots to form. 
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I Anticoagulant Drugs A nrnnber of drugs—most importantly 
aspirin, heparin, and warfarin—are used elinieally to prevent 
undesirable elotting. Aspirin is an antiprostaglandin drug that 
inhibits thromboxane A 2 formation (bloeking platelet aggrega- 
tion and platelet plug formation). Clinical studies of men taking 
low-dose aspirin (one aspirin every two days) over several years 
demonstrated a 50% reduction in ineidenee of heart attaek. 

Other medieations that are preseribed as anticoagulants are 
heparin (see above) and warfarin, an ingredient in rat poison. 
Administered in injeetable form, heparin is the anticoagulant 
most used in the hospital (for preoperative and postopera- 
tive heart patients and for those reeeiving blood transfusions). 
Taken orally, warfarin (Coumadin) is a mainstay of outpatient 
treatment to reduce the risk of stroke in those prone to atrial fi- 
brillation, a eondition in which blood pools in the heart. Warfa- 
rin works via a different meehanism than heparin—it interferes 
with the aetion of vitamin K in the production of some elotting 
faetors (see Impaired Liver Function below). New on the seene 
is dabigatran , a direet inhibitor of thrombin that is a welcome 
alternative to warfarin. 


The Closer Look box in Chapter 19 (pp. 700-701) deseribes 
other drugs that dissolve blood elots (such as tPA) and innova- 
tive medieal techniques for treating elots. 

Bleeding Disorders 

Anything that interferes with the elotting meehanism ean result 
in abnormal bleeding. The most eommon causes are platelet de- 
fieieney (thromboeytopenia) and defieits of some elotting fae- 
tors, which ean result from impaired liver fimetion or genetie 
eonditions such as hemophilia. 

Thromboeytopenia A eondition in which the number of eir- 
culating platelets is defieient, thromboeytopenia (throm"bo- 
si"to-pe'ne-ah) causes spontaneous bleeding from small blood 
vessels all over the body. Even normal movement leads to wide- 
spread hemorrhage, evideneed by many small purplish spots, 
ealled peteehiae (pe-te'ke-e), on the skin. 

Thromboeytopenia ean arise from any eondition that sup- 
presses or destroys the red bone marrow, such as bone marrow 
malignaney, exposure to ionizing radiation, or eertain dmgs. A 
platelet count of under 50,000/pl of blood is usually diagnostie 
for this eondition. Transfusions of eoneentrated platelets pro- 
vide temporary relief from bleeding. 

Impaired Liver Function When the liver is unable to synthe- 
size its usual supply of elotting faetors, abnormal and often 
severe bleeding occurs. The causes ean range from an easily re- 
solved vitamin K defieieney (eommon in newborns) to nearly 
total impairment of liver fimetion (as in hepatitis or eirrhosis). 

Liver eells require vitamin K to produce elotting faetors. Al- 
though intestinal baeteria make some vitamin K, we obtain most 
of it from vegetables in our diet and dietary defieieneies are rarely 
a problem. However, vitamin K defieieney ean occur if fat absorp- 
tion is impaired, because vitamin K is a fat-soluble vitamin that is 
absorbed into the blood along with fats. In liver disease, the non- 
fimetional liver eells fail to produce not only the elotting faetors, 
but also bile that is required to absorb fat and vitamin K. 

Hemophilias The term hemophilia refers to several heredi- 
tary bleeding disorders that have similar signs and symptoms. 
Hemophilia A results from a defieieney of faetor VIII (anti- 
hemophilie faetor). It accounts for 77% of eases. Hemophilia 
B results from a defieieney of faetor IX. Both types are genetie 
eonditions that occur primarily in males (X-linked eonditions, 
discussed in Chapter 29). Hemophilia C, a less severe form seen 
in both sexes, is due to a laek of faetor XI. The relative mildness 
of hemophilia C, eompared to the A and B forms, refleets the 
faet that the elotting faetor (faetor IX) that the missing faetor XI 
aetivates ean also be aetivated by faetor VII (see Figure 17.14). 

Symptoms of hemophilia begin early in life. Even minor tis- 
sue trauma causes prolonged and potentially life-threatening 
bleeding into tissues. Commonly, the persons joints beeome se- 
riously disabled and painful because of repeated bleeding into 
the joint eavities after exercise or trauma. Hemophilias are man- 
aged elinieally by transfusions of fresh plasma or injeetions of 
the appropriate purified elotting faetor. These therapies provide 
relief for several days but are expensive and ineonvenient. 

In addition, dependenee on transfiisions or injeetions has caused 
other problems. In the past, many hemophilia patients beeame 
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infeeted by the hepatitis vims and, beginning in the early 1980s, 
by HIV, a blood-transmitted vims that depresses the immune sys- 
tem and causes AIDS. (See Chapter 21.) New infeetions are now 
avoided as a result of new testing methods for HIV, availability of 
genetieally engineered elotting faetors, and hepatitis vaeeines. 


Disseminated lntravascular Coagulation (DIC) 

DIC is a situation in which widespread elotting occurs in intaet 
blood vessels and the residual blood beeomes unable to elot. 
Bloekage of blood flow aeeompanied by severe bleeding follows. 
DIC most eommonly happens as a eomplieation of pregnaney 
or a result of septieemia or ineompatible blood transfusions. 



CheckYour Llnderstanding' 


9. VVhat are the three steps of hemostasis? 

10. VVhat is the key differenee betvveen fibrinogen and fibrin? 
Betvveen prothrombin and thrombin? Betvveen most faetors 
before and after they are aetivated? 

11. VVhieh bleeding disorder results from not having enough 
platelets? From absenee of elotting faetor VIII? 

_ For ansvvers, see Appendix H. 


ransfusion and 
Blood Replaeement 

Deseribe the ABO and Rh blood groups. Explain the basis of 
transfusion reaetions. 

✓ Deseribe fluids used to replaee blood volume and the 
circumstances for their use. 

The human cardiovascular system minimizes the effeets of 
blood loss by (1) reducing the volume of the affeeted blood 
vessels, and (2) stepping up the production of red blood eells. 
However, the body ean eompensate for only so much blood loss. 
Losing 15-30% causes pallor and weakness. Losing more than 
30% of blood volume results in severe shoek, which ean be fatal. 


Transfus ng Red Blood Cells 

Whole blood transfusions are routine when blood loss is rapid 
and substantial. In all other eases, infusions of paeked red eells 
(whole blood from which most of the plasma and leukocytes 
have been removed) are preferred for restoring oxygen-carrying 
eapaeity. The usual blood bank procedure involves eolleeting 
blood from a donor and mixing it with an anticoagulant, such as 
eertain eitrate or oxalate salts, which prevents elotting by bind- 
ing calcium ions. The shelf life of the eolleeted blood at 4°C is 
about 35 days. Because blood is such a valuable eommodity, it 
is most often separated into its eomponent parts so that eaeh 
eomponent ean be used when and where it is needed. 

Human Blood Groups 

People have different blood types, and transfusion of ineompat- 
ible blood ean be fatal. RBC plasma membranes, like those of 
all body eells, bear highly speeifie glyeoproteins at their external 


surfaces, which identify eaeh of us as unique from all others. 
These glyeoprotein markers are ealled antigens. An antigen is any- 
thing the body pereeives as foreign and that generates an immune 
response. Examples are toxins and molecules on the surfaces of 
baeteria, viruses, and eaneer eells—and mismatehed RBCs. 

One persons RBC proteins may be reeognized as foreign if 
transfused into someone with a diflerent red blood eell type, and 
the transfused eells may be agglutinated (clumped together) and 
destroyed. Sinee these RBC antigens promote agglutination, they 
are more speeifieally ealled agglutinogens (ag"loo-tin'o-jenz). 

At least 30 groups of naturally occurring RBC antigens 
(blood groups) are found in humans, and many variants oe- 
cur in individual families (“private antigens”) rather than in the 
general population. The presenee or absenee of various antigens 
allows a persons blood eells to be elassified into eaeh of these 
different blood groups. Antigens determining the ABO and Rh 
blood groups cause vigorous transfusion reaetions (in which the 
foreign erythroeytes are destroyed) when they are improperly 
transfused. For this reason, blood typing for these antigens is 
always done before blood is transfused. 

Other antigens (such as those in the MNS, Duffy, Kell, and 
Lewis groups) are mainly of legal or aeademie importanee. Be- 
cause these faetors rarely cause transfusion reaetions, blood is 
not speeifieally typed for them unless the person is expected to 
need several transfusions, in which ease reaetions are more likely 
to occur. Here we deseribe only the ABO and Rh blood groups. 


ABO Blood Groups The ABO blood groups are based on the 
presenee or absenee of two agglutinogens, type A and type B 
(Table 17.4). Depending on which of these a person inherits, 
his or her ABO blood group will be one of the following: A, B, 
AB, or O. The O blood group, which has neither agglutinogen, 
is the most eommon ABO group in North Ameriea for whites, 
blaeks, Asians, and Native Amerieans. AB, with both antigens, 
is least prevalent. The presenee of either the A or the B agglu- 
tinogen results in group A or B, respeetively. 

Unique to the ABO blood groups is the presenee in the plasma 
of preformed antibodies ealled agglutinins. The agglutinins aet 
against RBCs earrying ABO antigens that are not present on a 
persons own red blood eells. A newborn laeks these antibodies, 
but they begin to appear in the plasma within two months and 
reaeh adult levels between 8 and 10 years of age. As indieated in 
Table 17.4, a person with neither the A nor the B antigen (group 
O) possesses both anti-A and anti-B antibodies, also ealled a 
and b agglutinins respeetively. Those with group A blood have 
anti-B antibodies, while those with group B have anti-A anti- 
bodies. AB individuals have neither antibody. 
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Rh Blood Groups There are 52 named Rh agghitinogens, eaeh 
of which is ealled an Rh faetor. Only three of these, the C, D, 
and E antigens, are fairly eommon. The Rh blood typing system 
is so named because one Rh antigen (agglutinogen D) was origi- 
nally identified in rhesus monkeys. Later, the same antigen was 
diseovered in humans. 

About 85% of Amerieans are Rh + (Rh positive), meaning 
that their RBCs earry the D antigen. As a rule, a persons ABO 
and Rh blood groups are reported together, for example, 0 + , 
A _ , and so on. 
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Table 17.4 ABO Blood Groups 





FREQUENCY(% 

OF U.S. POPULATÍON) 

BLOOD 

GROUP 

RBC 

ANTIGENS 

(AGGLUTINOGENS) ILLUSTRATION 

PLASMA 

ANTIBODIES 

(AGGLUTININS) 

BLOOD 

THAT CAN 

BE RECEIVED 

WHITE BLACK 

NATIVE 

ASIAN AMERICAN 



A 

B 




None 


Anti-A 



Anti-A (a) 


A, B, AB, O 4 4 5 <1 

"llniversal 

reeipient" 




Anti-B 



Anti-B (b) 




O None 


Anti-B 

Anti-A 



Anti-A (a) 
Anti-B (b) 


O "llniversal 45 49 40 79 

donor" 


Unlike the ABO system antibodies, anti-Rh antibodies do 
not spontaneously form in the blood of Rh _ (Rh negative) in- 
dividuals. However, if an Rh“ person reeeives Rh + blood, the 
immune system beeomes sensitized and begins producing anti- 
Rh antibodies against the foreign antigen soon after the transfu- 

I sion. Hemolysis does not occur after the first such transfusion 
because it takes time for the body to reaet and start making anti- 
bodies. But the seeond time, and every time thereafter, a typieal 
transfiision reaetion occurs in which the reeipients antibodies 
attaek and rupture the donor RBCs. 
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Homeostatie imbalanee 17.3 


An important problem related to the Rh faetor occurs in pregnant 
Rh women who are earrying Rh + babies. The first such pregnaney 
usually results in the delivery of a healthy baby. But, when bleeding 
occurs as the plaeenta detaehes from the uterus, the mother may 
be sensitized by her babys Rh + antigens that pass into her blood- 
stream. If so, she will form anti-Rh antibodies unless treated with 
RhoGAM before or shortly after she has given birth. (The same 
precautions are taken in women who have misearried or aborted 
the fetus.) RhoGAM is a semm eontaining anti-Rh agglutinins. 
By agglutinating the Rh faetor, it bloeks the mother s immune re- 
sponse and prevents her sensitization. 

If the mother is not treated and beeomes pregnant again with 
an Rh + baby, her antibodies will eross through the plaeenta 
and destroy the baby s RBCs, producing a eondition known as 
hemolytie disease of the newborn, or erythroblastosis fetalis. 
The baby beeomes anemie and hypoxic. In severe eases, brain 
damage and even death may result unless transfiisions are done 


before birth to provide the fetus with more erythroeytes for oxy- 
gen transport. Additionally, one or two exchange transfusions 
(see Related Clinical Terms, p. 657) are done after birth. The 
baby s Rh + blood is removed, and Rh~ blood is infiised. Within 
six weeks, the transfused Rh _ erythroeytes have been broken 
down and replaeed with the baby s own Rh + eells. + 

Transfusion Reaetions: 

Aggliitination and Hemolysis 

When mismatehed blood is infiised, a transfusion reaetion oe- 
curs in which the reeipient s plasma agglutinins attaek the do- 
nor s red blood eells. (Note that the donor s plasma antibodies 
may also agglutinate the reeipients RBCs, but these antibodies 
are so dihited in the reeipients circulation that this does not 
usually present a problem.) 

The initial event, agglutination of the foreign red blood eells, 
elogs small blood vessels throughout the body. During the next 
few hours, the ehimped red blood eells begin to rupture or are 
destroyed by phagoeytes, and their hemoglobin is released into 
the bloodstream. When the transfiision reaetion is exception- 
ally severe, the RBCs are lysed almost immediately. 

These events lead to two easily reeognized problems: (1) 
The transfiised blood eells eannot transport oxygen, and (2) 
the clumped red blood eells in small vessels hinder blood flow 
to tissues beyond those points. Less apparent, but more devas- 
tating, is the consequence of hemoglobin that eseapes into the 
bloodstream. Circulating hemoglobin passes freely into the kid- 
ney tubules, causing eell death and renal shutdown. If shutdown 
is eomplete (acute renal failure), the reeipient may die. 
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Transfiision reaetions ean also cause fever, ehills, low blood 
pressure, rapid heartbeat, nausea, vomiting, and general toxicity, 
but in the absenee of renal shutdown, these reaetions are rarely 
lethal. Treatment of transfusion reaetions focuses on preventing 
kidney damage by administering fluid and diuretics to inerease 
urine output, diluting and washing out the hemoglobin. 

As indieated in Table 17.4, group O red blood eells bear nei- 
ther the A nor the B antigen, so theoretieally group O is the 
imiversal donor. Indeed, some laboratories are developing 
methods to enzymatieally eonvert other blood types to type 
O by elipping off the extra (A- or B-speeifie) sugar molecule. 
Sinee group AB plasma is devoid of antibodies to both A and 
B antigens, group AB people are theoretieally universal reeipi- 
ents and ean reeeive blood transfusions from any of the ABO 
groups. However, these elassifieations are misleading, because 
they do not take into account the other agglutinogens in blood 
that ean trigger transfusion reaetions. 

The risk of transfiision reaetions and transmission of life- 
threatening infeetions (particularly with HIV) from pooled 
blood transfiisions has inereased public interest in autologous 
transfusions ( auto — self). In autologous transfusions, the pa- 
tient predonates his or her own blood, and it is stored and im- 
mediately available if needed during an operation. 

BloodTyping 

It is emeial to determine the blood group of both the donor and 
the reeipient before blood is transfiised. Figure 17.16 briefly 
outlines the general procedure for determining ABO blood 
type. Because it is so eritieal that blood groups be eompatible, 
eross matehing is also done. Cross matehing tests whether the 
reeipients serum will agglutinate the donors RBCs or the do- 
nor s serum will agglutinate the reeipients RBCs. Typing for Rh 
faetors is done in the same manner as ABO blood typing. 


Restoríng Blood Volume 

When a patients blood volume is so low that death from shoek is im- 
minent, there may not be time to type blood, or appropriate whole 
blood may be unavailable. Such emergeneies demand that blood 
volume be replaeed immediately to restore adequate circulation. 

Fundamentally, blood eonsists of proteins and eells sus- 
pended in a salt solution. Replaeing lost blood volume essen- 
tially eonsists of replaeing that isotonie salt solution. Normal 
saline or a multiple eleetrolyte solution that mimies the eleetro- 
lyte eomposition of plasma (for example, Ringers solntion) are 
the preferred ehoiees. 

You might think that it would be important to add materi- 
als to mimie the osmotie properties of albumin in blood, and 
indeed this has been widely praetieed. However, studies have 
shown that plasma expanders such as pmified human serum 
albumin, hetastareh , and dextran provide no benefits over much 
eheaper eleetrolyte solutions and are actually assoeiated with 
signifieant eomplieations of their own. Volume replaeement re- 
stores adequate circulation but eannot, of course, replaee the 
oxygen-carrying eapaeity of the lost red blood eells. Researeh 
on ways to replaee that eapability by using artifieial blood sub- 
stitutes is ongoing. 


Blood being tested 


Type AB (eontains 
agglutinogens A and B; 
agglutinates with both 
sera) 


Type A (eontains 
agglutinogen A; 
agglutinates with anti-A) 


Serum 


Anti-A 


Anti-B 




Type B (eontains 
agglutinogen B; 
agglutinates with anti-B) 



Type O (eontains no 
agglutinogens; does not 
agglutinate with either 
serum) 



gure 17.16 Blood typing of ABO blood types. When serum 
eontaining anti-A or anti-B agglutinins is added to a blood sample 
diluted with saline, agglutination will occur between the agglutinin 
and the eorresponding agglutinogen (A or B). 



Check Your IJnderstanding 


12. Nigel is told he has type B blood. Which ABO antibodies 
does he have in his plasma? Which agglutinogens are on his 
RBCs? Could he donate blood to an AB reeipient? Could he 
reeeive blood from an AB donor? Explain. 

_ For ansvvers, see Appendix Fi. 


Diagnostie BloodTests 

Explain the diagnostie importanee of blood testing. 

A laboratory examination of blood yields information that ean 
be used to evaluate a persons health. For example, in some 
anemias, the blood is pale and has a low hematoerit. A high 
fat eontent ( lipidemia ) gives blood plasma a yellowish hue and 
foreeasts problems in those with heart disease. Blood glucose 
tests indieate how well a diabetie is eontrolling diet and blood 
sugar levels. Leukocytosis signals infeetions; severe infeetions 
yield larger-than-normal buffy eoats in the hematoerit. 

Mieroseopie studies of blood ean reveal variations in the size 
and shape of erythroeytes that indieate iron defieieney or per- 
nicious anemia. A differential white blood eell count, which 
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determines the relative proportions of individual leukocyte 
types, is a valuable diagnostie tool. For example, a high eosin- 
ophil count may indieate a parasitie infeetion or an allergie re- 
sponse somewhere in the body. 

A number of tests provide information on the status of the 
hemostasis system. For example, elinieians determine the pro- 
thrombin time to assess the ability of blood to elot, or do a 
platelet count when thromboeytopenia is suspected. 

Two batteries of tests—a SMAC (SMA24, CHEM-20, or simi- 
lar series) and a eomplete blood count (CBC) —are routinely 
ordered during physieal examinations and before hospital admis- 
sions. SMAC is a blood ehemistry profile that measures various 
eleetrolytes, glucose, and markers of liver and kidney disorders. 
The CBC includes counts of the different types of formed ele- 
ments, the hematoerit, measurements of hemoglobin eontent, and 
size of RBCs. Together these tests provide a eomprehensive picture 
of a persons general health in relation to normal blood values. 

Appendix F lists normal values for seleeted blood tests. 


Blood eells develop from eolleetions of mesenehymal eells, 
ealled blood islands , derived from the mesoderm germ layer. 
The fetus forms a unique hemoglobin, hemoglobin F, that has 
a higher aífinity for oxygen than does adult hemoglobin (hemo- 
globin A). It eontains two alpha and two gamma (y) polypeptide 
ehains per globin molecule, instead of the paired alpha and beta 
ehains typieal of hemoglobin A. After birth, the liver rapidly de- 
stroys fetal erythroeytes earrying hemoglobin F, and the baby s 
erythroblasts begin producing hemoglobin A. 

The most eommon blood diseases that appear during aging 
are ehronie leukemias, anemias, and elotting disorders. However, 
these and most other age-related blood disorders are usually pre- 
eipitated by disorders of the heart, blood vessels, or immune sys- 
tem. For example, the inereased ineidenee of leukemias in old age 
is believed to result from the waning eífieieney of the immune 
system, and abnormal thrombus and embolus formation refleets 
atheroselerosis, which roughens the blood vessel walls. 



Check Your Understanding 
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Developmental Aspeets 
of Blood 

Deseribe ehanges in the sites of blood production and in 
the type of hemoglobin produced after birth. 

Name some blood disorders that beeome more eommon 
with age. 

Early in fetal development, blood eells form at many sites—the 
fetal yolk sae, liver, and spleen, among others—but by the sev- 
enth month, the red marrow has beeome the primary hemato- 
poietie area and remains so (barring serious illness) throughout 
life. If there is a severe need for blood eell production, however, 
the liver and spleen may resume their fetal blood-forming roles. 
Additionally, inaetive yellow bone marrow regions (essentially 
fatty tissue) may reeonvert to aetive red marrow. 


13. Emily Wong, 17, is brought to the ER with a fever, headaehe, 
and stiff neek. You suspect baeterial meningitis. Would you 
expect to see an elevated neutrophil count in a differential 
WBC count? Explain. 

14. How is hemoglobin F different from adult hemoglobin? 

_ For ansvvers, see Appendix H 


Blood serves as the vehiele that the cardiovascular system uses 
to transport substances throughout the body, so it could be eon- 
sidered the servant of the cardiovascular system. On the other 
hand, without blood, the normal fiinetions of the heart and blood 
vessels are impossible. So perhaps the organs of the cardiovascular 
system, deseribed in Chapters 18 and 19, are subservient to blood. 
The point of this circular thinking is that blood and the eardiovas- 
cular system are vitally intertwined in their eommon fimetions: to 
ensure that nutrients, oxygen, and other vital substances reaeh all 
tissue eells of the body and to relieve the eells of their wastes. 


Chapter Summary 
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There you will find: 

■ interaetive Physiology ÍP 

■ A&PFIix A&PFIix 


■ Praetiee Anatomy Lab PAL 


■ PhysioEx 


PEx 


■ Videos, Praetiee Quizzes and Tests, MP3 Tutor Sessions, 
Case Studies, and much more! 


Physieal Characteristics and Volume (p. 632) 

2. Blood is a viscous, slightly alkaline fluid representing about 8% of 
total body weight. Blood volume of a normal adult is about 5 L. 

Functions (pp. 632-633) 

3. Distribution fimetions include delivering oxygen and mitrients 
to body tissues, removing metabolie wastes, and transporting 
hormones. 

4. Regulation fimetions include maintaining body temperature, 
eonstant blood pH, and adequate fluid volume. 

5. Proteetive fimetions include hemostasis and prevention of 
infeetion. 


Overview: Blood Composition and Functions (pp. 632-633) 

Components (p. 632) 

1. Blood is eomposed of formed elements and plasma. The 

hematoerit is a measure of one formed element, erythroeytes, as a 
pereentage of total blood volume. 


Blood Plasma (p. 633) 

1. Plasma is a straw-colored, viscous fluid and is 90% water. The re- 
maining 10% is solutes, such as nutrients, respiratory gases, elee- 
trolytes, hormones, and proteins. Plasma makes up 55% of whole 
blood. 
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2. Plasma proteins, most made by the liver, include albumin, 
globulins, and fìbrinogen. Albumin is an important blood buífer 
and contributes to the osmotie pressure of blood. 

Formed Elements (pp. 634-646) 

1. Formed elements, accounting for 45% of whole blood, are 
erythroeytes, leukocytes, and platelets. All formed elements arise 
from hematopoietie stem eells in red bone marrow. 

Erythroeytes (Red Blood Cells) (pp. 634-640) 

2. Erythroeytes (red blood eells, RBCs) are small, bieoneave eells 
eontaining large amounts of hemoglobin. They have no nucleus 
and few organelles. Speetrin allows the eells to ehange shape as 
they pass through tiny eapillaries. 

3. Oxygen transport is the major function of erythroeytes. In the 
lungs, oxygen binds to iron atoms in hemoglobin molecules, 
producing oxyhemoglobin. In body tissues, oxygen dissoeiates 
from iron, producing deoxyhemoglobin. 

4. Red blood eells begin as hematopoietie stem eells and, through 
erythropoiesis, proeeed from the proerythroblast (eommitted 
eell) stage to the basophilie, polyehromatie and orthoehromatie 
erythroblast, and reticulocyte stages. During this proeess, hemoglobin 
accumulates and the organelles and nucleus are extruded. 
Diíferentiation of reticulocytes is eompleted in the bloodstream. 

5. Erythropoietin and testosterone enhanee erythropoiesis. 

6. Iron, vitamin B 12 , and folie aeid are essential for production of 
hemoglobin. 

7. Red blood eells have a life span of approximately 120 days. 
Maerophages of the spleen and liver remove old and damaged 
erythroeytes from the circulation. Released iron from 
hemoglobin is stored as ferritin or hemosiderin to be reused. The 
balanee of the heme group is degraded to bilirubin and seereted 
in bile. Amino aeids of globin are metabolized or reeyeled. 

ÌP Respiratory System; Topie: Gas Transport, pp. 3-5 f 11-17. 

8. Erythroeyte disorders include anemia and polyeythemia. 

Leukocytes (White Blood Cells) (pp. 640-645) 

9. Leukocytes are white blood eells (WBCs). All are nucleated, and 
all have emeial roles in defending against disease. Two main 
eategories exist: granulocytes and agranulocytes. 

10. Granulocytes include neutrophils, eosinophils, and basophils. 
Neutrophils are aetive phagoeytes. Eosinophils attaek parasitie 
worms, and their numbers inerease during allergie reaetions. 
Basophils eontain histamine, which promotes vasodilation and 
enhanees migration of leukocytes to inflammatory sites. 

11. Agranulocytes have crucial roles in immunity. They include 
lymphoeytes—the “immune eells—and monoeytes which 
differentiate into maerophages. 

12. Leukopoiesis is direeted by colony-stimulating faetors and 
interleukins released by supporting eells of the red bone marrow 
and mature WBCs. 

13. Leukocyte disorders include leukemias and infectious 
mononucleosis. 

Platelets (pp. 645-646) 

14. Platelets are fragments of large megakaryoeytes formed in red 
marrow. When a blood vessel is damaged, platelets form a plug to 
help prevent blood loss and play a eentral role in the elotting easeade. 

Hemostasis (pp. 646-651) 

1. Hemostasis is prevention of blood loss. The three major steps of 
hemostasis are vascular spasm, platelet plug formation, and blood 
coagulation. 


Vascular Spasm and Platelet Plug Formation (pp. 646-647) 

2. Spasms of smooth muscle in blood vessel walls and accumulation 
of platelets (platelet plug) at the site of vessel injury stop or slow 
down blood loss temporarily until coagulation occurs. 

Coagulation (pp. 647-649) 

3. Coagulation of blood may be initiated by either the intrinsie 
or the extrinsic pathway. Platelet phospholipid (PF 3 ) is emeial 
to both pathways. Tissue faetor (faetor III) exposed by tissue 
injury allows the extrinsic pathway to bypass many steps of the 
intrinsie pathway. A series of aetivated elotting faetors oversees 
the intermediate steps of eaeh easeade. The pathways eonverge as 
prothrombin is eonverted to thrombin. 

Clot Retraetion and Fibrinolysis (p. 649) 

4. After a elot is formed, elot retraetion occurs. Serum is squeezed 
out and the ruptured vessel edges are drawn together. Smooth 
muscle, eonneetive tissue, and endothelial eell proliferation and 
migration repair the injured blood vessel. 

5. When healing is eomplete, elot digestion (fibrinolysis) occurs. 

Faetors Limiting Clot Growth or Formation (p. 649) 

6. Abnormal expansion of elots is prevented by removal of 
coagulation faetors in eontaet with rapidly flowing blood and 
by inhibition of aetivated blood faetors. Prostaeyelin (PGI 2 ) 
and nitrie oxide seereted by the endothelial eells help prevent 
undesirable (unnecessary) elotting. 

Disorders of Hemostasis (pp. 650-651) 

7. Thromboembolie disorders involve undesirable elot formation, 
which ean bloek vessels. 

8. Thromboeytopenia, a defieit of platelets, causes spontaneous 
bleeding from small blood vessels. Hemophilia is caused by a 
genetie defieieney of eertain coagulation faetors. Liver disease ean 
also cause bleeding disorders because many coagulation proteins 
are formed by the liver. 

9. Disseminated intravascular coagulation (DIC) is a eondition of 
bodyvvide elotting in undamaged blood vessels and subsequent 
hemorrhages. 

Transfusion and Blood Replaeement (pp. 651-653) 

Transfiising Red Blood Cells (pp. 651-653) 

1. Whole blood transfiisions are given to replaee severe and rapid blood 
loss. Paeked RBCs are given to replaee lost 0 2 -carrying eapaeity. 

2. Blood group is based on agglutinogens (antigens) present on red 
blood eell membranes. 

3. When mismatehed blood is transfused, the reeipients agglutinins 
(plasma antibodies) clump the foreign RBCs. The clumped RBCs 
may bloek blood vessels temporarily and then are lysed. Released 
hemoglobin may cause renal shutdown. 

4. Before whole blood ean be transfiised, it must be typed and eross 
matehed to prevent transfiision reaetions. The most important blood 
groups for which blood must be typed are the ABO and Rh groups. 

Restoring Blood Volume (p. 653) 

5. Plasma volume ean be replaeed with balaneed eleetrolyte 
solutions, and these are generally preferred over plasma 
expanders. 

Diagnostie Blood Tests (pp. 653-654) 

1. Diagnostie blood tests ean provide vahiable information about 
the current status of the blood and of the body as a whole. 
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Developmental Aspeets of Blood (p. 654) 

1. Fetal hematopoietie sites include the yolk sae, liver, and spleen. By 
the seventh month of development, the red bone marrow is the 
primary blood-forming site. 


2. Blood eells develop from blood islands derived from mesoderm. 
Fetal blood eontains hemoglobin F. After birth, hemoglobin A is 
formed. 

3. The major blood-related problems assoeiated with aging are 
leukemia, anemia, and thromboembolie disease. 




Review Questions 




Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 

answer or answers from the ehoiees given.) 

1. The blood volume in an adult averages approximately (a) 1 L, 

(b) 3 L, (e) 5 L, (d) 7 L. 

2. The hormonal stimulus that prompts red blood eell formation is 

(a) serotonin, (b) heparin, (e) erythropoietin, (d) thrombopoietin. 

3. All of the following are tme of RBCs except (a) bieoneave dise 
shape, (b) life span of approximately 120 days, (e) eontain 
hemoglobin, (d) eontain nuclei. 

4. The most numerous WBC is the (a) eosinophil, (b) neutrophil, 

(e) monoeyte, (d) lymphoeyte. 

5. Blood proteins play an important part in (a) blood elotting, 

(b) immunity, (e) maintenanee of blood volume, (d) all of the above. 

6. The white blood eell that releases histamine and other 
inflammatory ehemieals is the (a) basophil, (b) neutrophil, 

(e) monoeyte, (d) eosinophil. 

7. The blood eell that ean beeome an antibody-seereting eell is the 

(a) lymphoeyte, (b) megakaryoeyte, (e) neutrophil, (d) basophil. 

8. Which of the following does not promote multiple steps in the 
elotting pathway? (a) PF 3 , (b) factorXI, (e) thrombin, (d) Ca 2+ . 

9. The normal pH of the blood is about (a) 8.4, (b) 7.8, (e) 7.4, (d) 4.7. 

10. Suppose your blood is AB positive. This means that (a) 
agglutinogens A and B are present on your red blood eells, 

(b) there are no anti-A or anti-B antibodies in your plasma, 

(e) your blood is Rh + , (d) all of the above. 

Short Answer Essay Questions 

11. (a) Define formed elements and list their three major eategories. 
(b) Which is least numerous? (e) Which eomprise(s) the buffy 
eoat in a hematoerit tube? 

12. Discuss hemoglobin relative to its ehemieal structure, its 
fimetion, and the eolor ehanges it undergoes during loading and 
unloading of oxygen. 

13. If you had a high hematoerit, would you expect your hemoglobin 
determination to be low or high? Why? 

14. What nutrients are needed for erythropoiesis? 

15. (a) Deseribe the proeess of erythropoiesis. (b) What name is 
given to the immature eell type released to the circulation? 

(e) How does it differ from a mature erythroeyte? 

16. Besides the ability to move by amoeboid motion, what other 
physiologieal attributes contribute to the fimetion of white blood 
eells in the body? 

17. (a) If you had a severe infeetion, would you expect your WBC 
count to be elosest to 5000,10,000, or 15,000/pl? (b) What is this 
eondition ealled? 

18. (a) Deseribe the appearanee of platelets and state their major 
fimetion. (b) Why should platelets not be ealled “eells”? 

19. (a) Define hemostasis. (b) List the three major phases of 
coagulation. Explain what initiates eaeh phase and what the 
phase aeeomplishes. (e) In what general way do the intrinsie and 


extrinsic meehanisms of elotting differ? (d) Which ion is essential 
to virtually all stages of coagulation? 

20. (a) Define fibrinolysis. (b) What is the importanee of this proeess? 

21. (a) How is elot overgrowth usually prevented? (b) List two 
eonditions that may lead to unnecessary (and undesirable) elot 
formation. 

22. How ean liver dysfimetion cause bleeding disorders? 

23. (a) What is a transfiision reaetion and why does it happen? 

(b) What are its possible consequences? 

24. How ean poor nutrition lead to anemia? 

25. What blood-related problems are most eommon in the aged? 

1 j Oitieal Thinking 
f(yij and eiinieal Applieation 

Questions 

1. Cancer patients being treated with chemotherapeutic dmgs 
designed to destroy rapidly dividing eells are monitored elosely 
for ehanges in their red and white blood counts. Why so? 

2. Mary Healy, a young woman with severe vaginal bleeding, is 
admitted to the emergeney room. She is three months pregnant, 
and the physieian is eoneerned about the volume of blood she is 
losing. (a) What type of transfiision will probably be given to this 
patient? (b) Which blood tests will be performed before starting 
the transfiision? 

3. Alan Forsythe, a middle-aged eollege professor from Boston, is 
in the Swiss Alps studying astronomy during his sabbatieal leave. 
He has been there for two days and plans to stay the entire year. 
However, he notiees that he is short of breath when he walks up 
steps and tires easily with any physieal aetivity. His symptoms 
gradually disappear, and after two months he feels fine. Upon 
returning to the United States, he has a eomplete physieal exam 
and is told that his erythroeyte count is higher than normal. (a) 
Attempt to explain this finding. (b) Will his RBC count remain at 
this higher-than-normal level? Why or why not? 

4. A young ehild is diagnosed as having acute lymphoeytie 
leukemia. Her parents eannot understand why infeetion is a 
major problem for Janie when her WBC count is so high. Can 
you provide an explanation for Janies parents? 

5. Mrs. Ryan, a middle-aged woman, appears at the elinie 
eomplaining of multiple small hemorrhagie spots in her skin and 
severe nosebleeds. While taking her history, the nurse notes that 
Mrs. Ryan works as a mbber glue applieator at a loeal faetory. 
Rubber glue eontains benzene, which is known to be toxic to 
red marrow. Using your knowledge of physiology, explain the 
eonneetion between the bleeding problems and benzene. 

6. A retiailoeyte count indieated that 5% of Tylers red blood 
eells were reticulocytes. His blood test also indieated he had 
polyeythemia and a hematoerit of 65%. Explain the eonneetion 
between these three faets. 
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7. In 1998, the U.S. Food and Dmg Administration approved the 
nations first eommereial surgical glue to eontrol bleeding during 
eertain surgeries. Called Tisseel, it forms a flexible mesh over an 
oozing blood vessel to help stem bleeding within five mimites. 
This sealant is made from two blood proteins that naturally cause 
blood to elot when they reaet together. Name these proteins. 

8. Jenny, a healthy young woman, had a battery of tests during a 
physieal for a new job. Her RBC count was at the higher end of the 


normal range at that time, but four weeks later it was substantially 
elevated beyond that. When asked if any circumstances had 
ehanged in her life, she admitted to taking up smoking. How might 
her new habit explain her higher RBC count? 

9. Mr. Chu has been scheduled for surgery to have his arthritie hip 
replaeed. His surgeon tells him he must switch from aspirin to 
aeetaminophen for pain eontrol before his surgery. Why? 


AT THE e L I N I e 


* 


Related eiinieal Terms 

Blood ehemistry tests Chemical analysis of substances in the blood, 
e.g., glucose, iron, calcium, protein, bilimbin, and pH. 

Blood fraetion Any one of the eomponents of whole blood that has 
been separated out from the other blood eomponents, such as 
platelets or elotting faetors. 

Bone marrow biopsy A sample of red bone marrow is obtained 
by needle aspiration (typieally from the anterior or posterior 
iliae erest), and examined to diagnose disorders of blood-eell 
formation, leukemia, various marrow infeetions, and anemias 
resulting from damage to or failure of the marrow. 

Exchange transfusion A technique of removing the patients 
blood and infusing donor blood until a large fraetion of the 
patients blood has been replaeed; used to treat fetal blood 
ineompatibilities and poisoning vietims. 

Hematology (hem"ah-tol'o-je) Study of blood. 

Hematoma (hem"ah-to'mah) Accumulated, elotted blood in the 
tissues usually resulting from injury; visible as “blaek and blue” 
marks or braises; eventually absorbed naturally unless infeetions 
develop. 







Case Study 


Blood 


Earl Malone is a 20-year-old passenger 
on the bus that erashed on Route 91. 
Llpon arrival at the seene, paramedies 
make the follovving observations: 


■ Right upper quadrant (abdominal) pain 

■ Cyanotic 

■ Cool and elammy skin 

■ Blood pressure 100/60 and falling, pulse 100 

Paramedies start an IV to rapidly infuse a 0.9% sodium 
ehloride solution (normal saline). They transport him to a small 
rural hospital vvhere Mr. Malone's blood pressure continues to fall 
and his eyanosis vvorsens. The loeal physieian begins infusing O 
negative paeked red blood eells (PRBCs) and arranges transport by 
helieopter to a trauma eenter. She sends additional PRBC units in 
the helieopter for transfusion en route. After arrival at the trauma 
eenter, the follovving notes vvere added to Mr. Malone's ehart: 

■ Abdomen firm and distended 

■ Blood dravvn for typing and eross matehing; paeked A positive 
blood eells infused 


Hemoehromatosis (he"mo-kro"mah-to'sis) An inherited disorder of 
iron overload in which the intestine absorbs too much iron from 
the diet. The iron builds up in body tissues, where it oxidizes 
to form compounds that poison those organs (espeeially joints, 
liver, and panereas). 

Myeloproliferative disorder All-inclusive term for a group of 

proliferative disorders (disorders in which normal eell division 
eontrols are lost) including leukoerythroblastic anemia involving 
fibrosis of the bone marrow, polyeythemia vera, and leukemia. 

Plasmapheresis (plaz"mah-fé-re'sis) A proeess in which blood is 
removed, its plasma is separated from formed elements, and 
the formed elements are returned to the patient or donor. The 
most important applieation is removal of antibodies or immune 
complexes from the blood of individuals with autoimmune 
disorders (multiple selerosis, myasthenia gravis, and others). 

Also used by blood banks to eolleet plasma for burn vietims and 
to obtain plasma eomponents for therapeutic use. 

Septieemia (sep"tì-se'me-ah; septos = rotten) Excessive and harmfiil 
levels of baeteria or their toxins in the blood. Also ealled blood 
poisoning. 


■ Emergeney FAST (Focused Assessment vvith Sonography for 
Trauma) ultrasound is positive for intraperitoneal fluid 

A positive FAST sean indieates intra-abdominal bleeding. Mr. 
Malone's eondition continues to deteriorate, so he is prepared for 
surgery, vvhieh reveals a laeerated liver. The laeeration is repaired, 
and Mr. Malone's vital signs stabilize. 

1. Mr. Malone vvas going into shoek because of blood loss, so 
paramedies infused a saline solution. Why would this help? 


r 
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2. Mr. Malone was switched from saline to PRBCs. What problem 
does infusion of PRBCs address that the saline solution could not? 


3. Why was the physieian able to use O negative blood before the 
results of the blood type tests were obtained? 

4. Mr. Malone's blood type was determined to be A positive. What 
plasma antibodies (agglutinins) does he have, and what type of 
blood ean he reeeive? 


5. What would happen if doetors had infused type B PRBCs into 
Mr. Malone's circulation? 


(Ansvvers in Appendix H) 











The Pulmonary and Systemie Circuits 

(p. 659) 

HeartAnatomy (pp. 659-671) 

Size, Loeation, and Orientation (p. 659) 

Coverings of the Heart (pp. 660-661) 

Layers of the Heart Wall (pp. 661-662) 

ehambers and Assoeiated Great Vessels 
(p. 662) 

HeartValves (pp. 662-668) 

Pathvvay of Blood Through the Heart 

(p. 668) 

Coronary Circulation (pp. 668-671) 


Cardiac Muscle Fibers (pp. 671-674) 

Mieroseopie Anatomy (p. 671) 

Meehanism and Events of Contraction 
(pp.671-673) 

Energy Requirements (pp. 673-674) 

Heart Physiology (pp. 674-685) 

Eleetrieal Events (pp. 674-678) 

Heart Sounds (pp. 678-679) 

Meehanieal Events: The Cardiac Cycle 
(pp. 679-681) 

Cardiac Output (pp. 681-685) 


Developmental Aspeets 
of the Heart (pp. 685-687) 

Before Birth (pp. 685-686) 

Heart Function Throughout Life 
(pp. 686-687) 


O ur eeaselessly beating heart has intrigued people for centuries. 

The aneient Greeks believed the heart was the seat of intelligenee. Others thought 
it was the source of emotions. While these ideas have proved false, we do know 
that emotions affeet heart rate. When your heart pounds or skips a beat, you beeome 
acutely aware of how much you depend on this dynamie organ for your very life. 

Despite its vital importanee, the heart does not work alone. Indeed, it is only part of the 
cardiovascular system, which includes the miles of blood vessels that run through your 
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body. Day and night, tissue eells take in nutrients and oxygen and 
excrete wastes. Cells ean make such exchanges only with their 
immediate environment, so some means of ehanging and renew- 
ing that environment is neeessary to ensure a continual supply of 
nutrients and prevent a buildup of wastes. The cardiovascular sys- 
tem provides the transport system cc hardware ’ that keeps blood 
continuously circulating to fulfill this eritieal homeostatie need. 

The Pulmonary 
and Systemie Circuits 

Stripped of its romantie eloak, the heart is no more than the 
transport system pump, and the hollow blood vessels are the 
delivery routes. In faet, the heart is actually two pumps side by 
side (Figure 18.1). 

■ The right side of the heart reeeives oxygen-poor blood from 
body tissues and then pumps this blood to the hrngs to piek 
up oxygen and dispel earbon dioxide. The blood vessels that 
earry blood to and from the hrngs form the piilmonary eir- 
cuit ( pulmo = lung). 

■ The left side of the heart reeeives the oxygenated blood re- 
turning from the lungs and pumps this blood throughout 
the body to supply oxygen and nutrients to body tissues. The 
blood vessels that earry blood to and from all body tissues 
form the systemie circuit. 

The heart has two reeeiving ehambers, the right atrium and left 
atrium , that reeeive blood returning from the systemie and pulmo- 
nary circuits. The heart also has two main pumping ehambers, the 
right ventriele and left ventriele , that pump blood around the two 
circuits. Using blood as the transport medium, the heart continu- 
ally propels oxygen, nutrients, wastes, and many other substances 
into the intereonneeting blood vessels that serviee body eells. 

Heart Anatomy 

Deseribe the size # shape, loeation, and orientation of the 
heart in the thorax. 


Capillary beds 
of lungs where 
gas exchange 
occurs 


Pulmonary 


veins 


Venae 

eavae 


Aorta and 
branehes 





Oxygen-rich, 
C0 2 -poor blood 

Oxygen-poor, 
C0 2 -rich blood 


Oapillary 
beds of all 
body tissues 
where gas 
exchange 
occurs 


Name the eoverings of the heart. 

✓ Deseribe the structure and function of eaeh of the three 
layers of the heart vvall. 

Size, Loeation, and Orientation 

The modest size and weight of the heart belie its ineredible 
strength and endurance. About the size of a fist, the hollow, 
eone-shaped heart has a mass of 250 to 350 grams—less than a 
pound (Figure 18.2). 

Snugly enelosed within the mediastimim (me"de-ah-sti' 
num), the medial eavity of the thorax, the heart extends ob- 
liquely for 12 to 14 em (about 5 inehes) from the seeond rib 
to the fifth intereostal spaee (Figure 18.2a). As it rests on the 
superior surface of the diaphragm, the heart lies anterior to the 
vertebral column and posterior to the sternum. Approximately 
two-thirds of its mass lies to the left of the midsternal line; the 


gure 18.1 The systemie and piilmonary circuits. The right 
side of the heart pumps blood through the pulmonary circuit* (to 
the lungs and baek to the left side of the heart). The left side of the 
heart pumps blood through the systemie circuit to all body tissues 
and baek to the right side of the heart. The arrovvs indieate the 
direetion of blood flovv. 

*For simplieity, the actual number of two pulmonary arteries and four 
pulmonary veins has been reduced to one eaeh. 

balanee projeets to the right. The hrngs flank the heart laterally 
and partially obscure it (Figure 18.2b, e). 

Its broad, flat base, or posterior surface, is about 9 em 
(3.5 in) wide and direeted toward the right shoulder. Its apex 
points inferiorly toward the left hip. If you press your fingers 
between the fifth and sixth ribs just below the left nipple, you 
ean easily feel the apieal impulse caused by your beating heart s 
apex where it touches the ehest wall. 
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Midsternal line 


2 nd rib 


Diaphragm 




Mediastinum 


Sternum 

Loeation of 

apieal 

impulse 



Heart 
Left lung 

Body of T 7 
vertebra 


Posterior 




Superior- 
vena eava 


Pulmonary 

trunk 


Diaphragm 



Aorta 

Parietal 
pleura (cut) 


Left lung 


Pericardium 

(cut) 


Apex of 
heart 



P gure 18.2 Loeation of the heart in the mediastinum. (a) Relationship of the heart to the 
sternum, ribs, and diaphragm in a person vvho is lying dovvn (the heart is slightly inferior to this 
position in a standing person). (b) Inferior vievv of a eross seetion shovving the heart's relative 
position in the thorax. (e) Relationship of the heart and great vessels to the lungs. 


Goverings of the Heart 

The heart is enelosed in a double-walled sae ealled the peri- 
cardium (per"i-kar'de-um; peri = around, eardi — heart) 
gure 18.3]. The loosely fitting superficial part of this sae 
is the fibrous pericardium. This tough, dense eonneetive tis- 
sue layer (1) proteets the heart, (2) anehors it to surrounding 
structures, and (3) prevents overfilling of the heart with blood. 

Deep to the fibrous pericardium is the serous pericardium, 
a thin, slippery, two-layer serous membrane that forms a elosed 
sae around the heart (see Figure 1.10, p. 19). Its parietal layer 


lines the internal surface of the fibrous pericardium. At the su- 
perior margin of the heart, the parietal layer attaehes to the large 
arteries exiting the heart, and then turns inferiorly and eontin- 
ues over the external heart surface as the viseeral layer, also 
ealled the epicardium (“upon the heart”), which is an integral 
part of the heart wall. 

Between the parietal and viseeral layers is the slitlike peri- 
eardial eavity, which eontains a film of serous fluid. The serous 
membranes, lubricated by the fluid, glide smoothly past one an- 
other, allowing the mobile heart to work in a relatively frietion- 
free environment. 
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Pericardium 

Myocardium 









Fibrous pericardium 

Parietal layer of serous 
pericardium 

Perieardial eavity 

Epicardium (viseeral 
layer of serous 

— Heart 
wall 


Heart ehamber 


pericardium) 

Myocardium 

Endocardium 


Figure 18.3 The perieardial layers and layers of the heart wall. 



Homeostatie imbalanee 18.1 


Periearditis , inflammation of the pericardium, roughens the 
serous membrane surfaces. Consequently, as the beating heart 
mbs against its perieardial sae, it ereates a ereaking sound ( peri- 
eardial frietion rub ) that ean be heard with a stethoseope. Peri- 
earditis is eharaeterized by pain deep to the sternum. Over time, 
it may lead to adhesions in which the viseeral and parietal peri- 
eardia stiek together and impede heart aetivity. 

In severe eases, large amounts of inflammatory fluid seep 
into the perieardial eavity. This excess fluid eompresses the 
heart and limits its ability to pump blood, a eondition ealled 
eardiae tamponade (tam"pò-nàd'), literally, “heart plug.” Physi- 
eians treat eardiae tamponade by inserting a syringe into the 
perieardial eavity and draining oíf the excess fluid. + 


Layers of the Heart Wall 

The heart wall, riehly supplied with blood vessels, is eomposed 
of three layers: the epicardium, myocardium, and endocardium 
(Figure 18.3). 

As we have noted, the superficial epicardium is the viseeral 
layer of the serous perieardmm. It is often infiltrated with fat, 
espeeially in older people. 

The middle layer, the myocardium ( a muscle heart”), is 
eomposed mainly of eardiae muscle and forms the bulk of the 
heart. This is the layer that eontraets. In the myocardium, the 
branehing eardiae muscle eells are tethered to one another by 
erisserossing eonneetive tissue fibers and arranged in spiral or 
circular bundles igure 18.4] . These interlaeing bundles effee- 
tively link all parts of the heart together. 

The eonneetive tissue fibers form a dense network, the fi- 
brous eardiae skeleton, that reinforees the myocardium inter- 
nally and anehors the eardiae muscle fibers. This network of 
eollagen and elastie fibers is thieker in some areas than others. 
For example, it eonstmets ropelike rings that provide additional 
support where the great vessels issue from the heart and around 



Cardiac 

muscle 

bundles 



gure 18.4 The circular and spiral arrangement of eardiae ■ 
muscle bundles in the myocardium of the heart. I 


the heart valves (see Figure 18.6a, p. 666). Without this sup- 
port, the vessels and valves might eventually beeome stretehed 
because of the continuous stress of blood pulsing through them. 
Additionally, because eonneetive tissue is not eleetrieally excit- 
able, the eardiae skeleton limits the spread of aetion potentials 
to speeifie pathways in the heart. 

The third layer of the heart wall, the endocardium ( cc inside 
the heart”), is a glistening white sheet of endothelium (squamous 
epithelium) resting on a thin eonneetive tissue layer. Loeated on 
the inner myoeardial surface, it lines the heart ehambers and 
eovers the fibrous skeleton of the valves. The endocardium is 
continuous with the endothelial linings of the blood vessels 
leaving and entering the heart. 
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UNIT 4 Maintenanee of the Body 



Check Your IJnderstanding 


1. The heart is in the mediastinum. Just what is the 
mediastinum? 

2. From inside to outside, list the layers of the heart wall and 
the eoverings of the heart. 

3. What is the purpose of the serous fluid inside the perieardial 
eavity? 

_ For ansvvers; see Appendix H. 


Chambers and Assoeiated Great Vessels 

S Deseribe the structure and functions of the four heart 
ehambers. Name eaeh ehamber and provide the name and 
general route of its assoeiated great vessel(s). 


The heart has four ehambers Figure 18.5e) —two superior 
atria (a'tre-ah) and two inferior ventrieles (ven'trí-klz). The 
internal partition that divides the heart longitudinally is ealled 
the interatrial septum where it separates the atria, and the in- 
terventricular septum where it separates the ventrieles. The 
right ventriele forms most of the anterior surface of the heart. 
The left ventriele dominates the inferoposterior aspeet of the 
heart and forms the heart apex. 

Two grooves visible on the heart surface indieate the bound- 
aries of its four ehambers and earry the blood vessels supply- 
ing the myocardium. The eoronary sulcus (Figure 18.5b, d), or 
atrioventrieidar groove , eneireles the junction of the atria and 
ventrieles like a crown ( eorona = crown). The anterior inter- 
ventricular sulcus, eradling the anterior interventricular artery, 
marks the anterior position of the septum separating the right 
and left ventrieles. It continues as the posterior interventricu- 
lar sulcus, which provides a similar landmark on the hearts 
k posteroinferior surface. 



Atria:The Reeeiving Chambers 

Except for small, wrinkled, protmding appendages ealled au- 
rieles (or'ì-klz; amiele — little ear), which inerease the atrial 
volume somewhat, the right and left atria are remarkably free of 
distinguishing surface features. Internally, the right atrium has 
two basie parts (Figure 18.5c): a smooth-walled posterior part 
and an anterior portion in which bundles of muscle tissue form 
ridges in the walls. These muscle bundles are ealled peetinate 
muscles because they look like the teeth of a eomb ( peetin — 
eomb). The posterior and anterior regions of the right atrium 
are separated by a C-shaped ridge ealled the erista terminalis 
(“terminal erest”). 

In eontrast, the left atrium is mostly smooth and peetinate 
muscles are found only in the auricle. The interatrial septum 
bears a shallow depression, the fossa ovalis (o-và'lis), that 
marks the spot where an opening, th eforamen ovale , existed in 
the fetal heart (Figure 18.5c, e). 

Functionally, the atria are reeeiving ehambers for blood re- 
turning to the heart from the circulation ( atrium = entryway). 
The atria are relatively small, thin-walled ehambers because they 
need to eontraet only minimally to push blood “downstairs” 


into the ventrieles. As a rule, they contribute little to the propul- 
sive pumping aetivity of the heart. 

Blood enters the right atrium via three veins (Figure 18.5c-e): 

■ The superior vena eava returns blood from body regions 
superior to the diaphragm. 

■ The inferior vena eava returns blood from body areas below 
the diaphragm. 

■ The eoronary sinus eolleets blood draining from the myo- 
cardium. 

Four pulmonary veins enter the left atrium , which makes 
up most of the heart s base. These veins, which transport blood 
from the hrngs baek to the heart, are best seen in a posterior 
view (Figure 18.5d). 

Ventricles:The Diseharging Chambers 

Together the ventrieles ( ventr = underside) make up most of the 
volume of the heart. As already mentioned, the right ventriele forms 
most of the hearts anterior surface and the left ventriele dominates 
its posteroinferior surface. Irregular ridges of muscle ealled trabee- 
ulae earneae (trah-bek'u-le kar'ne-e; “erossbars of flesh”) mark 
the internal walls of the ventricular ehambers. Still other muscle 
bundles, the eonelike papillary muscles, which play a role in valve 
fìinetion, projeet into the ventricular eavity (Figure 18.5e). 

The ventrieles are the diseharging ehambers, the actual 
pumps of the heart. Their walls are much more massive than 
the atrial walls, refleeting the differenee in flmetion between the 
atria and ventrieles (Figure 18.5e and f). When the ventrieles 
eontraet, they propel blood out of the heart into the circulation. 
The right ventriele pumps blood into the pulmonary trunk, 
which routes the blood to the hrngs where gas exchange occurs. 
The left ventriele ejeets blood into the aorta (a-or'tah), the larg- 
est artery in the body. 

Heart Valves 

✓ Name the heart valves and deseribe their loeation, fonetion, 
and meehanism of operation. 

Blood flows through the heart in one direetion: from atria to ven- 
trieles and out the great arteries leaving the superior aspeet of the 
heart. Four valves enforee this one-way traffie (Figure 18.5e and 
gure 18.6). They open and elose in response to differenees in 
blood pressure on their two sides. 

Atrioventrieiilar (AV) Valves 

The two atrioventricular (AV) valves, one loeated at eaeh 
atrial-ventricular junction, prevent backflow into the atria when 
the ventrieles eontraet. 

■ The right AV valve, the tricuspid valve (tri-kus'pid), has 
three flexible cusps (flaps of endocardium reinforeed by eon- 
neetive tissue eores). 

■ The left AV valve, with two cusps, is ealled the mitral valve 
(mi'tral) because it resembles the two-sided bishops miter or 
hat. It is sometimes ealled the bicuspid valve. 

(Text continues on p. 667.) 
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(b) Anterior view 

Figure 18.5 Gross anatomy of the heart. In diagrammatie vievvs, vessels transporting 
oxygen-rich blood are red; those transporting oxygen-poor blood are blue. 
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(e) Right anterior view of the internal aspeet of the right atriiim 
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gure 18.í (continued) Gross anatomy of the heart. In (e), the anterior vvall of the atrium 
has been opened and folded inferiorly. 
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(f) Photograph; view similar to (e) 


Figtire 18.5 (continued) 
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Figure 18.6 Heart valves. (a) Superior 
vievv of the tvvo sets of heart valves (atria re- 
moved). The paired atrioventricular valves are 
loeated betvveen atria and ventrieles; the tvvo 
semilunar valves are loeated at the junction 


of the ventrieles and the arteries issuing from 
them. (b) Photograph of the heart valves, 
superior vievv. (e) Photograph of the tricuspid 
valve. This bottom-to-top vievv shovvs the 


valve as seen from the right ventriele. 

(d) Coronal seetion of the heart. (For related 
images, see A BriefAtlas ofthe Human Body, 
Figures 58 and 60.) 
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(T) Blood returning to the heart 
fills atria, pressing against the 
AV valves. The inereased 
pressure forees AV valves open. 


(2) As ventrieles fill, AV valve flaps 
hang limply into ventrieles. 


© Atria eontraet, foreing additional 


blood into ventrieles. 
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(a) AV valves open; atrial pressure greater than ventricular pressure 


(T) Ventrieles eontraet, foreing 
blood against AV valve cusps. 



AV valves elose. 


Papillary muscles eontraet 
and ehordae tendineae tighten, 
preventing valve flaps from 
everting into atria. 



Atrium 

Cusps of 
atrioventricular 
valve (elosed) 


Blood in 
ventriele 


(b) AV valves elosed; atrial pressure less than ventricular pressure 
Figure 18.7 The atrioventricular (AV) valves. 


Attaehed to eaeh AV valve flap are tiny white eollagen eords 
ealled ehordae tendineae (kor'de ten"dì'ne-e; “tendinous 
eords”), “heart strings” which anehor the cusps to the papillary 
muscles protruding from the ventricular walls (Figure 18.6c, d). 

When the heart is eompletely relaxed, the AV valve flaps hang 
limply into the ventricular ehambers below and blood flows into 
the atria and then through the open AV valves into the ventri- 
eles Fi |ure 18.7a . When the ventrieles eontraet, eompressing 
the blood in their ehambers, the intraventricular pressure rises, 
foreing the blood superiorly against the valve flaps. As a result, 
the flap edges meet, elosing the valve (Figure 18.7b). 

The ehordae tendineae and the papillary muscles serve as 
guy-wires that anehor the valve flaps in their elosed position. 
If the cusps were not anehored, they would be blown upward 
(everted) into the atria, in the same way an umbrella is blown 
inside out by a gusty wind. The papillary muscles eontraet with 
the other ventricular musculature so that they take up the slaek 
on the ehordae tendineae as the full foree of ventricular eontrae- 
tion hurls the blood against the AV valve flaps. 

Semiliinar (SL) Valves 

The aortie and piilmonary (semilvmar, SL) valves guard the bases 
of the large arteries issuing from the ventrieles (aorta and pulmo- 
nary tmnk, respeetively) and prevent backflow into the assoeiated 


ventrieles. Eaeh SL valve is fashioned from three poeketlike cusps, 
eaeh shaped roughly like a ereseent moon (semilimar — half-moon). 

Like the AV valves, the SL valves open and elose in response 
to differenees in pressure. When the ventrieles eontraet and 
intraventricular pressure rises above the pressure in the aorta 
and pulmonary trunk, the SL valves are foreed open and 
their cusps flatten against the arterial walls as blood rnshes 
past them Figure 18.8aJ. When the ventrieles relax, and the 
blood (no longer propelled forward by ventricular eontrae- 
tion) flows backward toward the heart, it fills the cusps and 
eloses the valves (Figure 18.8b). 

We eomplete the valve story by noting what seems to be an im- 
portant omission—there are no valves guarding the entranees of 
the venae eavae and pulmonary veins into the right and left atria, 
respeetively. Small amounts of blood do spurt baek into these ves- 
sels during atrial eontraetion, but backflow is minimal because of 
the inertia of the blood and because as it eontraets, the atrial myo- 
cardium eompresses (and eollapses) these venous entry points. 


r 




L 



Homeostatie imbalanee 18.2 


Heart valves are simple deviees, and the heart—like any me- 
ehanieal pump—ean function with “leaky” valves as long as the 
impairment is not too great. However, severe valve deformities 
ean seriously hamper eardiae function. 
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Aorta 

Pulmonary 

trunk 


As ventrieles 
eontraet and 
intraventricular 
pressure rises, 
blood is pushed 
up against 
semilunar valves, 
foreing them 
open. 




4 


(a) Semilunar valves open 


As ventrieles 
relax and 
intraventricular 
pressure falls, 
blood flovvs 
baek from 
arteries, filling 
the cusps of 
semilunar valves 
and foreing 
them to elose. 



(b) Semilunar valves elosed 


Having eovered the basie anatomy of the heart, we ean now 
follow the path that blood takes through the heart and its 
assoeiated circuits. Focus on Blood Flow Through the Heart 
(Figiire 18.9) follows a single cc spurt” of blood as it passes 
through all four ehambers of the heart and both blood eir- 
cuits in its ever-repeating journey. 

As you work your way through this figure, keep in mind that 
the left side of the heart is the systemie circuit pump and the 
right side of the heart is the pulmonary circuit pump. Notiee 
how unique the pulmonary circuit is. Elsewhere in the body, 
veins earry relatively oxygen-poor blood to the heart, and ar- 
teries transport oxygen-rich blood from the heart. Exactly the 
opposite oxygenation eonditions exist in veins and arteries of 
the pulmonary circuit. 

Equal volumes of blood are pumped to the pulmonary and 
systemie circuits at any moment, but the two ventrieles have 
very unequal workloads. The pulmonary circuit, served by the 
right ventriele, is a short, low-pressure circulation. In eontrast, 
the systemie circuit, assoeiated with the left ventriele, takes a 
long pathvvay through the entire body and encounters about five 
times as much frietion, or resistanee to blood flow. 

This fimetional differenee is revealed in the anatomy of the 
two ventrieles (Figure 18.5e and gure 18.1C). The walls of 
the left ventriele are three times thieker than those of the right 
ventriele, and its eavity is nearly circular. The right ventricular 
eavity is flattened into a ereseent shape that partially eneloses 
the left ventriele, much the way a hand might loosely grasp 
a elenehed fist. Consequently, the left ventriele ean generate 
much more pressure than the right and is a far more powerful 
pump. 


gure 18.8 The semilunar (SL) valves. 






j 


An ineompetent , or insufficient> valve forees the heart to re- 
pump the same blood over and over because the valve does not 
elose properly and blood backflows. In valvular stenosis ( cc nar- 
rowing”), the valve flaps beeome stiff (typieally due to calcium 
salt deposits or sear tissue that forms following endoearditis) and 
eonstriet the opening. This stiffness eompels the heart to eon- 
traet more foreibly than normal. Both eonditions inerease the 
heart s workload and may weaken the heart severely over time. 

The faulty valve (most often the mitral valve) ean be replaeed 
with a meehanieal valve, a pig or cow heart valve ehemieally 
treated to prevent rejeetion, or eryopreserved valves from human 
eadavers. Heart valves tissue-engineered from a patients own eells 
grown on a biodegradable seaffold are being developed. + 



Check Your IJnderstanding 


4. What is the fiinetion of the papillary muscles and ehordae 
tendineae? 


For ansvvers, see Appendix H. 


Pathvvay of BloodThroiigh the Heart 

S Traee the pathway of blood through the heart. 


Coronary Circulation 

Name the major branehes and deseribe the distribution of 
the eoronary arteries. 

Although the heart is more or less continuously filled with 
blood, this blood provides little nourishment to heart tissue. 
(The myocardium is too thiek to make diffiision a praetieal 
means of delivering nutrients.) How, then, does the heart get 
nourishment? The eoronary circulation, the functional blood 
supply of the heart, is the shortest circulation in the body. 

Coronary Arteries 

The left and right eoronary arteries both arise from the base 
of the aorta and eneirele the heart in the eoronary sulcus. 
They provide the arterial supply of the eoronary circulation 

(Figure 18.11a). 

The left eoronary artery mns toward the left side of the heart 
and then divides into two major branehes: 

■ The anterior interventricular artery (also known elinieally 
as the left anterior deseending artery) follows the anterior in- 
terventricular sulcus and supplies blood to the interventricu- 
lar septum and anterior walls of both ventrieles. 

■ The circumflex artery supplies the left atrium and the poste- 
rior walls of the left ventriele. 



















FOCUS 


Blood Flow Through the Heart 


Figure 18.9 The heart is a double pump, eaeh side supplying 
its own circuit. 

Both sides of the heart pump at the same time, but let’s follow one 
spurt of blood all the way through the system. 
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gure 18.10 Anatomieal differenees between the right and 
left ventrieles. The left ventriele has a thieker vvall and its eavity is 
basieally circular. The right ventriele eavity is ereseent shaped and 
vvraps around the left ventriele. 






j, 


The right eoronary artery courses to the right side of the 
heart, where it also gives rise to two branehes: 

■ The right marginal artery serves the myocardium of the lat- 
eral right side of the heart. 

■ The posterior interventricular artery runs to the heart apex 
and supplies the posterior ventricular walls. Near the apex of 
the heart, this artery merges (anastomoses) with the anterior 
interventricular artery. 

Together the branehes of the right eoronary artery supply the 
right atrium and nearly all the right ventriele. 

The arterial supply of the heart varies eonsiderably. For ex- 
ample, in 15% of people, the left eoronary artery gives rise to 
both interventricular arteries. In about 4% of people, a single 
eoronary artery supplies the whole heart. Additionally, there 
may be both right and left marginal arteries. There are many 
anastomoses (junctions) among the eoronary arterial branehes. 
These fusing networks provide additional ( eollateral ) routes for 
blood delivery to the heart muscle, but are not robust enough to 
supply adequate nutrition when a eoronary artery is suddenly 
occluded (bloeked). Complete bloekage leads to tissue death 
and heart attaek. 

The eoronary arteries provide an intermittent, pulsating 
blood flow to the myocardium. These vessels and their main 
branehes lie in the epicardium and send branehes inward to 
nourish the myocardium. They deliver blood when the heart 
is relaxed, but are fairly ineffeetive when the ventrieles are eon- 
traeting because they are eompressed by the eontraeting myo- 
cardium. Although the heart represents only about 1/200 of the 
body s weight, it requires about 1/20 of the body s blood supply. 
As might be expected, the left ventriele reeeives the most plenti- 
ful blood supply. 
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(b)The major eardiae veins 


gure 18.11 Coronary circulation. In both dravvings, lighter- 
tinted vessels are more posterior in the heart. 


Coronary Veins 

After passing through the eapillary beds of the myoeardimn, 
the venous blood is eolleeted by the eardiae veins, whose paths 
roughly follow those of the eoronary arteries. These veins join 
to form an enlarged vessel ealled the eoronary sinus, which 
empties the blood into the right atrium. The eoronary sinus is 
obvious on the posterior aspeet of the heart (Figure 18.1 lb). 

The sinus has three large tributaries: the great eardiae vein 
in the anterior interventricular sulcus; the middle eardiae vein 
in the posterior interventricular sulcus; and the small eardiae 
vein, mnning along the heart s right inferior margin. Addition- 
ally, several anterior eardiae veins empty direetly into the right 
atrium anteriorly. 
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Homeostatie imbalanee 18.3 


Bloekage of the eoronary arterial circulation ean be serious and 
sometimes fatal. Angina peetoris (an-ji'nah pek'tor-is; ‘ehoked 
ehesf’) is thoraeie pain caused by a fleeting defieieney in blood 
delivery to the myocardium. It may result from stress-induced 
spasms of the eoronary arteries or from inereased physieal de- 
mands on the heart. The myoeardial eells are weakened by the 
temporary laek of oxygen but do not die. 

Prolonged eoronary bloekage is far more serious because it 
ean lead to a myoeardial infaretion (MI), eommonly ealled a 
heart attaek, in which eells do die. Sinee adult eardiae muscle 
is essentially amitotie, most of the dead tissue is replaeed with 
noneontraetile sear tissue. Whether or not a person survives a 
myoeardial infaretion depends on the extent and loeation of the 
damage. Damage to the left ventriele—the systemie pump—is 
most serious. + 



Check Your IJnderstanding 


5. Which side of the heart aets as the pulmonary pump? The 
systemie pump? 

6. Which of the follovving statements are true? (a) The left 
ventriele vvall is thieker than the right ventriele vvall. (b) The 
left ventriele pumps blood at a higher pressure than the right 
ventriele. (e) The left ventriele pumps more blood vvith eaeh 
beat than the right ventriele. Explain. 

7. Name the tvvo main branehes of the right eoronary artery. 

_ For ansvvers, see Appendix H. 


Cardiac Muscle Fibers 

s Deseribe the structural and functional properties of eardiae 
mosele, and explain how it differs from skeletal muscle. 

Briefly deseribe the events of eardiae muscle eell 
eontraetion. 

Although similar to skeletal muscle, eardiae muscle displays 
some speeial anatomieal features that refleet its unique blood- 
pumping role. 

Mieroseopie Anatomy 

Like skeletal muscle, eardiae muscle is striated and eontraets 
by the sliding filament meehanism. However, in eontrast to the 
long, eylindrieal, multinucleate skeletal muscle fibers, eardiae 
eells are short, fat, branehed, and intereonneeted. Eaeh fiber 
eontains one or at most two large, pale, eentrally loeated nuclei 
(Fi jure 18.12a . The intercellular spaees are filled with a loose 
eonneetive tissue matrix (the endomysium) eontaining numer- 
ous eapillaries. This delieate matrix is eonneeted to the fibrous 
eardiae skeleton, which aets both as a tendon and as an inser- 
tion, giving the eardiae eells something to pull or exert their 
foree against. 

Skeletal muscle fibers are independent of one another both 
structurally and functionally. By eontrast, the plasma mem- 
branes of adjaeent eardiae eells interloek like the ribs of two 


sheets of eormgated eardboard at dark-staining junctions ealled 
interealated dises (in-ter'kah-la"ted; intereala — insert) (Fig- 
ure 18.12). interealated dises eontain anehoring desmosomes 
and gap junctions (eell junctions discussed in Chapter 3). The 
desmosomes prevent adjaeent eells from separating during eon- 
traetion, and the gap junctions allow ions to pass from eell to 
eell, transmitting current aeross the entire heart. Because gap 
junctions eleetrieally couple eardiae eells, the myocardium be- 
haves as a single eoordinated unit, or functional syncytium 
(sin-sit'e-um; syn — together, eyt — eell). 

Large mitoehondria account for 25-35% of the volume of ear- 
diae eells (eompared with only 2% in skeletal muscle), a eharae- 
teristie that makes eardiae eells highly resistant to fatigue. Most 
of the remaining volume is occupied by myofibrils eomposed of 
fairly typieal sareomeres. The sareomeres have Z dises, A bands, 
and I bands that refleet the arrangement of the thiek (myosin) 
and thin (aetin) filaments eomposing them. However, in eon- 
trast to skeletal muscle, the myofibrils of eardiae muscle eells vary 
greatly in diameter and braneh extensively, aeeommodating the 
abundant mitoehondria between them. This differenee produces 
a banding pattern less dramatie than that seen in skeletal muscle. 

The system for delivering Ca 2+ is less elaborate in eardiae 
muscle eells. The T tubules are wider and fewer than in skel- 
etal muscle and they enter the eells onee per sareomere at the 
Z dises. (Reeall that T tubules are invaginations of the sareo- 
lemma. In skeletal muscle, the T tubules invaginate twice per 
sareomere, at the A band-I band junctions.) The eardiae sar- 
eoplasmie reticulum is simpler and laeks the large terminal 
eisterns seen in skeletal muscle. Consequently, eardiae muscle 
fibers do not have triads. 


Meehanism and Events of Contractíon 


Although both heart muscle and skeletal muscle are eontraetile 

tissues, they have three fimdamental differenees: 

■ Means of stirrmlation. Eaeh skeletal muscle fiber must be 
stimulated to eontraet by a nerve ending, but some eardiae 
muscle eells are self-excitable. These eells ean initiate not 
only their own depolarization, but that of the rest of the heart 
as well, in a spontaneous and rhythmie way. We deseribe this 
property, ealled automaticity, or autorhythmicity, in the 
next seetion. 

■ Organ versus motor unit eontraetion. In skeletal muscle, im- 
pulses do not spread from eell to eell. Only muscle fibers that 
are individually stimulated by nerve fibers eontraet. Skele- 
tal muscles usually eontraet with only some of the muscles 
motor units aetivated. In eontrast, in eardiae muscle, either 
all fibers in the heart eontraet as a unit or the heart doesnt 
eontraet at all. This eoordinated aetion occurs because gap 
junctions eleetrieally tie all eardiae muscle eells together into 
a single eontraetile unit. Consequently, the depolarization 
wave travels aeross the heart from eell to eell via ion passage 
through the gap junctions. 

■ Length of absolute refraetory period. Reeall that the abso- 
lute refraetory period is the inexcitable period when Na + 
ehannels are still open or inaetivated. In skeletal muscle 
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Figure 18.12 Mieroseopie anatomy of eardiae muscle. (a) Photomierograph of eardiae 
muscle (600x). Notiee that the eardiae muscle eells are short, branehed, and striated. The dark- 
staining areas are interealated dises, or junctions, betvveen adjaeent eells. (b) Components of 
interealated dises and eardiae muscle fibers. 




fibers, eontraetions last 15-100 ms with brief refraetory 
periods of 1-2 ms. Contrast this to eardiae muscle eells, 
in which the absolute refraetory period lasts over 200 ms, 
nearly as long as the eontraetion Fí ure 18.13). The long 
eardiae refraetory period normally prevents tetanie eon- 
traetions, which would stop the heart s pumping aetion. 

Having probed the major difiFerenees between eardiae and 
skeletal muscle tissues, lets now look at their similarities. As 
with skeletal muscle, eardiae muscle eontraetion is triggered 
by aetion potentials that sweep aeross eell membranes. About 
1% of eardiae fibers are autorhythmic (“self-rhythmic”)> having 
the speeial ability to depolarize spontaneously and thus paee 


the heart. The bulk of heart muscle, however, is eomposed of 
eontraetile muscle fibers responsible for the hearts pumping ae- 
tivity. In these eontraetile muscle eells, the sequence of events 
leading to eontraetion is similar to that in skeletal muscle fibers: 

1. Depolarization opens a few fast voltage-gated Na + ehan- 
nels in the sareolemma, allowing extracellular Na + to 
enter. This influx initiates a positive feedbaek eyele that 
causes the rising phase of the aetion potential (and re- 
versal of the membrane potential from — 90 mV to nearly 
+ 30 mV; Figure 18.13 (T ). The period of Na + influx is 
very brief, because the sodium ehannels quickly inaetivate 
and the Na + influx stops. 
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Depolarization is due to Na + influx through fast 
voltage-gated Na + ehannels. A positive feedbaek eyele 
rapidly opens many Na + ehannels, reversing the 
membrane potential. ehannel inaetivation ends this 
phase. 


\2) Plateau phase is due to Ca 2+ influx through slovv 
Ca 2+ ehannels. This keeps the eell depolarized because 
fevv K + ehannels are open. 


(?) Repolarization is due to Ca 2+ ehannels inaetivating 
and K + ehannels opening. This allovvs K + efflux, vvhieh 
brings the membrane potential baek to its resting 
voltage. 


Figure 18.13 The aetion potential of eontraetile eardiae musde eells. Relationship 
betvveen the aetion potential, period of eontraetion, and absolute refraetory period in a single 
ventricular eell. 


2. Transmission of the depolarization wave down the T tu- 
bules (ultimately) causes the sareoplasmie reticulum (SR) 
to release Ca 2+ into the sareoplasm. 

3. Excitation-contraction coupling occurs as Ca 2+ provides 
the signal (via troponin binding) for eross bridge aetiva- 
tion and couples the depolarization wave to the sliding of 
the myofilaments. 

These three steps are eommon to both skeletal and eardiae 
muscle eells (see Figure 9.11), but the two muscle types differ in 
how the SR is stimulated to release Ca 2+ . Lets take a look. 

Some 10-20% of the Ca 2+ needed for the calcium pulse that 
triggers eontraetion enters the eardiae eells from the extracel- 
lular spaee. Onee inside, it stimulates the SR to release the other 
80% of the Ca 2+ needed. Ca 2+ is barred from entering nonstim- 
ulated eardiae fibers, but when Na + -dependent membrane de- 
polarization occurs, the voltage ehange also opens ehannels that 
allow Ca 2+ to enter from the extracellular spaee. These ehannels 
are ealled slow Ca 2+ ehannels because their opening is delayed 
a bit. The loeal influxes of Ca 2+ through these ehannels trigger 
opening of nearby Ca 2+ -sensitive ehannels in the SR tubules, 
which liberates bursts of Ca 2+ ( £ calcium sparks”) that dramati- 
eally inerease the intracellular Ca 2+ eoneentration. 

Although Na + ehannels have inaetivated and repolarization 
has begun by this point, the calcium surge aeross the sareo- 
lemma prolongs the depolarization potential briefly, producing 
a plateau in the aetion potential traeing (Figure 18.13 @). At 
the same time, few K + ehannels are open, which also prolongs 
the plateau and prevents rapid repolarization. As long as Ca 2+ is 
entering, the eells continue to eontraet. Notiee in Figure 18.13 


that muscle tension develops during the plateau, and peaks just 
after the plateau ends. 

Notiee also that the aetion potential and eontraetile phase lasts 
much longer in eardiae muscle than in skeletal muscle. In skeletal 
muscle, the aetion potential typieally lasts 1-2 ms and the eon- 
traetion (for a single stimulus) 15-100 ms. In eardiae muscle, the 
aetion potential lasts 200 ms or more (because of the plateau), and 
tension development persists for 200 ms or more, providing the 
sustained eontraetion needed to ejeet blood from the heart. 

After about 200 ms, the slope of the aetion potential traeing 
falls rapidly (Figure 18.13 (5)). This repolarization results from 
inaetivation of Ca 2+ ehannels and opening of voltage-gated K + 
ehannels, which allows a rapid loss of potassium from the eell that 
restores the resting membrane potential. During repolarization, 
Ca 2+ is pumped baek into the SR and the extracellular spaee. 


r 
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Energy Requirements 

Cardiac muscle has more mitoehondria than skeletal muscle 
does, refleeting its greater dependenee on oxygen for its energy 
metabolism. The heart relies almost exclusively on aerobie res- 
piration. As a result, eardiae muscle eannot operate effeetively 
for long without oxygen. This is in eontrast to skeletal muscle, 
which ean eontraet for prolonged periods by earrying out anaer- 
obie respiration, and then restore its reserves of oxygen and fuel 
using excess postexercise oxygen consumption (EPOC). 

Both types of muscle tissue use multiple fuel molecules, 
including glucose and fatty aeids. But eardiae muscle is much 
more adaptable and readily switches metabolie pathways to use 
whatever nutrients are available, including laetie aeid generated 
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by skeletal miisele aetivity. Consequently, the real danger of an 
inadequate blood supply to the myocardium is not laek of nutri- 
ents, but laek of oxygen. 



Homeostatie imbalanee 18.4 


When a region of heart muscle is oxygen-starved (as during a 
heart attaek), the isehemie eells (isehemie = blood deprived) 
begin to metabolize anaerobieally, producing laetie aeid. The ris- 
ing H + level that results raises intracellular Ca 2+ , damaging mi- 
toehondria and hindering eardiae eells ability to produce ATP. 
High levels of intracellular H + and Ca 2+ also cause the gap junc- 
tions (which are usually open) to elose, isolating the damaged 
eells and foreing aetion potentials to find alternate routes to the 
eardiae eells beyond them. This may lead to fatal arrhythmias. + 



Check Your IJnderstanding 


8 . For eaeh of the follovving, state vvhether it applies to skeletal 
muscle, eardiae muscle 7 or both: (a) refraetory period is 
almost as long as the eontraetion; (b) source of Ca 2+ for 
eontraetion is only SR; (e) AP exhibits a plateau phase; (d) has 
troponin; (e) has triads. 

9. Cardiac muscle eannot go into tetany. Why? 

_ For ansvvers, see Appendix Fi. 


Heart Physiology 

Eleetrieal Events 

Name the eomponents of the conduction system of the 
heart, and traee the conduction pathvvay. 

Dravv a diagram of a normal eleetroeardiogram traeing. 
Name the índividual vvaves and intervals, and índieate vvhat 
eaeh represents. 

Name some abnormalities that ean be deteeted on an ECG 
traeing. 


The ability of eardiae muscle to depolarize and eontraet is in- 
trinsie. In other words, it is a property of heart muscle and does 
not depend on the nervous system. Even if all nerve eonnee- 
tions to the heart are severed, the heart continues to beat rhyth- 
mieally, as demonstrated by transplanted hearts. Nevertheless, 
the healthy heart is amply supplied with autonomic nerve fibers 
that ean alter its basie rhythm. 

Setting the Basie Rhythm: 

The intrinsie Conduction System 

The independent, but eoordinated, aetivity of the heart is a 
fimetion of (1) the presenee of gap junctions, and (2) the aetiv- 
ity of the hearts “in-house” conduction system. The intrinsie 
eardiae conduction system eonsists of noneontraetile eardiae 
eells speeialized to initiate and distribute impulses throughout 
the heart, so that it depolarizes and eontraets in an orderly, se- 
quential manner. Lets look at how this system works. 

Aetion Potential Initiation by Paeemaker Cells Unstimulated 
eontraetile eells of the heart (and neurons and skeletal muscle 
fibers) maintain a stable resting membrane potential. Unlike 
them, the eardiae paeemaker eells (or antorhythmie eells) 
making up the intrinsie conduction system have an imstable 
restingpotential that continuously depolarizes, drifting slowly 
toward threshold. These spontaneously ehanging membrane 
potentials, ealled paeemaker potentials or prepotentials, 
initiate the aetion potentials that spread throughout the heart 
to trigger its rhythmie eontraetions. Lets look at the three 
parts of an aetion potential in paeemaker eells as shown in 
Figure 18.14. 

® Paeemaker potential. The paeemaker potential is due to the 
speeial properties of the ion ehannels in the sareolemma. In 
these eells, hyperpolarization at the end of an aetion poten- 
tial both eloses K + ehannels and opens slow Na + ehannels. 
The Na + influx alters the balanee between K + loss and Na + 
entry, and the membrane interior beeomes less and less 
negative (more positive). 



Time (ms) 


kJjPaeemaker potential This slow depolarization is 
due to both opening of Na + ehannels and elosing of 
K + ehannels. Notiee that the membrane potential is 
never a flat line. 


Depolai zatson The aetion potential begins when 
the paeemaker potential reaehes threshold. 
Depolarization is due to Ca 2+ influx through Ca 2+ 
ehannels. 


® Repolarization is due to Ca 2+ ehannels inaetivating 
and K + ehannels opening. This allows K + efflux, which 
brings the membrane potential baek to its most 
negative voltage. 


gure 18.14 Paeemaker and aetion potentials of paeemaker eells in the heart. 
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(a) Anatomy of the intrinsie conduction system showing the sequence of 
eleetrieal excitation 


(b) Comparison of aetion potential shape at various 
loeations 


gure 18.1 intrinsie eardiae conduction system and aetion potential succession 
during one heartbeat. 


(2) Depolarization. IJltimately, at threshold (approximately 
—40 mV), Ca 2+ ehannels open, allowing explosive entry of 
Ca 2+ from the extracellular spaee. As a result, in paeemaker 
eells, it is the influx of Ca 2+ (rather than Na + ) that pro- 
duces the rising phase of the aetion potential and reverses 
the membrane potential. 

(5) Repolarization. As in other excitable eells, the falling phase 
of the aetion potential and repolarization refleet opening of 
K + ehannels and K + eíflux from the eell. 

Onee repolarization is eomplete, K + ehannels elose, K + ef- 
flux deelines, and the slow depolarization to threshold begins 
again. 

Sequence of Excitation Cardiac paeemaker eells are found 
in the following areas (Figure 18.15): sinoatrial (si"no-a'tre-al) 
node, atrioventricular node, atrioventricular bundle, right and 
left bundle branehes, and subendocardial conducting network 
(Purkinje fibers). Impulses pass aeross the heart in order from 
(T to @ following the yellow pathway in gure 18.15a. 

@ Sinoatrial (SA) node. The ereseent-shaped sinoatrial node 

is loeated in the right atrial wall, just inferior to the entranee 
of the superior vena eava. A minute eell mass with a mam- 
moth job, the SA node typieally generates impulses about 
75 times every minute. (Its inherent rate in the absenee of 
extrinsic neural and hormonal faetors is eloser to 100 times 
per minute.) The SA node sets the paee for the heart as a 


whole because no other region of the conduction system 
or the myocardium has a faster depolarization rate. For this 
reason, it is the hearts paeemaker, and its eharaeteristie 
rhythm, ealled sinus rhythm, determines heart rate. 

@ Atrioventricular (AV) node. From the SA node, the depo- 
larization wave spreads via gap junctions throughout the 
atria and via the internodal pathway to the atrioventricu- 
lar node, loeated in the inferior portion of the interatrial 
septum immediately above the tricuspid valve. At the AV 
node, the impulse is delayed for about 0.1 s, allowing the 
atria to respond and eomplete their eontraetion before the 
ventrieles eontraet. This delay refleets the smaller diameter 
of the fibers here and the faet that they have fewer gap junc- 
tions for current flow. Consequently, the AV node conducts 
impulses more slowly than other parts of the system, just as 
traffie slows when ears are foreed to merge from four lanes 
into two. Onee through the AV node, the signaling impulse 
passes rapidly through the rest of the system. 

@ Atrioventricular (AV) bundle. From the AV node, the im- 
pulse sweeps to the atrioventricular bundle (also ealled the 
bundle of His) in the superior part of the interventricular 
septum. Although the atria and ventrieles abut eaeh other, 
they are not eonneeted by gap junctions. The AV bundle is 
the only eleetrieal eonneetion between them. The fibrous 
eardiae skeleton is nonconducting and insulates the rest of 
the AV junction. 
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(?) Right and left bundle branehes. The AV bundle persists 
only briefly before splitting into two pathways—the right 
and left bundle branehes, which course along the inter- 
ventricular septum toward the heart apex. 

( 5 ) Subendocardial conducting network. Essentially long 
strands of barrel-shaped eells with few myofibrils, the sub- 
endoeardial conducting network, also ealled Purkinje 
fibers (pur-kin'je), eompletes the pathway through the in- 
terventricular septum, penetrate into the heart apex, and 
then turn superiorly into the ventricular walls. The bundle 
branehes excite the septal eells, but the bulk of ventricular 
depolarization depends on the large fibers of the conduct- 
ing network and, ultimately, on eell-to-eell transmission 
of the impulse via gap junctions between the ventricular 
muscle eells. Because the left ventriele is much larger than 
the right, the subendocardial conducting network is more 
elaborate in that side of the heart. 


1 






The total time between initiation of an impulse by the SA 
node and depolarization of the last of the ventricular muscle 
eells is approximately 0.22 s (220 ms) in a healthy human heart. 

Ventricular eontraetion almost immediately follows the 
ventricular depolarization wave. The wringing motion of eon- 
traetion begins at the heart apex and moves toward the atria, 
following the direetion of the excitation wave through the ven- 
triele walls. This eontraetion ejeets some of the eontained blood 
superiorly into the large arteries leaving the ventrieles. 

The various eardiae paeemaker eells have different rates of 
spontaneous depolarization. The SA node normally drives the 
heart at a rate of 75 beats per minute. Without SA node input, 
the AV node would depolarize only about 50 times per minute. 
Without input from the AV node, the AV bundle and the sub- 
endoeardial conducting network would depolarize only about 
30 times per minute (though they conduct very rapidly). Note 
that these slower paeemakers eannot dominate the heart unless 
faster paeemakers stop fimetioning. 

The eardiae conduction system eoordinates and synehro- 
nizes heart aetivity. Without it, impulses would travel much 
more slowly—0.3 to 0.5 m/s as opposed to several meters per 
seeond in most parts of the conduction system. This slower rate 
would allow some muscle fibers to eontraet long before others, 
reducing pump effeetiveness. 
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Defeets in the intrinsie conduction system ean cause irregular 
heart rhythms, or arrhythmias (ah-rith'me-ahz). They may also 
cause uncoordinated atrial and ventricular eontraetions, or even 
fibrillation, a eondition of rapid and irregular or out-of-phase 
eontraetions in which eontrol of heart rhythm is taken away from 
the SA node by rapid aetivity in other heart regions. The heart in 
fibrillation has been eompared with a squirming bag of worms. 
Fibrillating ventrieles are useless as pumps; and unless the heart 
is defibrillated quickly, circulation stops and brain death occurs. 

Defibrillation is aeeomplished by eleetrieally shoeking the 
heart, which intermpts its ehaotie twitching by depolarizing 
the entire myocardium. The hope is that “with the slate wiped 


elean” the SA node will begin to fimetion normally and sinus 
rhythm will be reestablished. Implantable eardioverter defibril- 
lators (ICDs) ean continually monitor heart rhythms and slow 
an abnormally fast heart rate or emit an eleetrieal shoek if the 
heart begins to fibrillate. 

A defeetive SA node may have several consequences. An ee- 
topie focus (ek-top'ik), which is an abnormal paeemaker, may 
appear and take over the paeing of heart rate, or the AV node 
may beeome the paeemaker. The paee set by the AV node (junc- 
tional rhythm) is 40 to 60 beats per minute, slower than sinus 
rhythm but still adequate to maintain circulation. 

Oeeasionally, eetopie paeemakers appear even when the SA 
node is operating normally. A small region of the heart beeomes 
hyperexcitable, sometimes as a result of too much eaffeine (sev- 
eral cups of eoffee) or nieotine (excessive smoking), and gener- 
ates impulses more quickly than the SA node. This leads to a 
prematme eontraetion or extrasystole (ek"strah-sis'to-le) before 
the SA node initiates the next eontraetion. Then, because the 
heart has a longer time to fill, the next (normal) eontraetion is 
felt as a thud. As you might guess, premature ventricular eon- 
traetions (PVCs) are most problematie. 

The only route for impulse transmission from atria to ventri- 
eles is through the AV node. Thus any damage to the AV node 
interferes with the ability of the ventrieles to reeeive paeing im- 
pulses, causing heart bloek. In total heart bloek no impulses 
get through and the ventrieles beat at their intrinsie rate, which 
is too slow to maintain adequate circulation. In partial heart 
bloek, only some of the atrial impulses reaeh the ventrieles. In 
both eases, artifieial paeemakers are implanted to recouple the 
atria to the ventrieles as neeessary. These programmable deviees 
speed up in response to inereased physieal aetivity just as a nor- 
mal heart would, and many ean send diagnostie information to 
the patient s doetor via telephone. + 

Modifying the Basie Rhythm: 

Extrinsic Innervation of the Heart 

Although the intrinsie conduction system sets the basie heart 
rate, fibers of the autonomic nervous system modify the mareh- 
like beat and introduce a subtle variability from one beat to the 
next. The sympathetie nervous system (the “aeeelerator”) in- 
ereases both the rate and the foree of heartbeat. The parasympa- 
thetie aetivation (the “brakes”) slows the heart. We explain these 
neural eontrols later—here we discuss the anatomy of the nerve 
supply to the heart. 

The eardiae eenters are loeated in the medulla oblongata. The 
eardioaeeeleratory eenter projeets to sympathetie neurons in 
the T^-T^ level of the spinal eord. These preganglionie neurons, 
in turn, synapse with postganglionie neurons in the eervieal and 
upper thoraeie sympathetie tmnk -igure 18.16] . From there, 
postganglionie fibers run through the eardiae plexus to the 
heart where they innervate the SA and AV nodes, heart muscle, 
and eoronary arteries. 

The eardioinhibitory eenter sends impulses to the para- 
sympathetie dorsal vagus nucleus in the medulla, which in turn 
sends inhibitory impulses to the heart via branehes of the vagus 
nerves. Most parasympathetie postganglionie motor neurons lie 
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Figure 18.16 Autonomic innervation of the heart. 


in ganglia in the heart wall and their fibers projeet most heavily 
to the SA and AV nodes. 

Eleetroeardiography 

The eleetrieal currents generated in and transmitted through 
the heart spread throughout the body and ean be deteeted with 
a deviee ealled an eleetroeardiograph. An eleetroeardiogram 
(ECG) is a graphie reeord of heart aetivity. An ECG is a eom- 
posite of all the aetion potentials generated by nodal and eon- 
traetile eells at a given time Figure 18.17 — not , as sometimes 
assumed, a traeing of a single aetion potential. 

To reeord an ECG, reeording eleetrodes (typieally 12 leads) 
are plaeed at various sites on the body surface. Three eleetrodes 


Sinoatrial- 

node 

Atrioventricular 

node 



QRS complex 


R 


depolarization 


Ventricular 

depolarization 


Ventricular 

repolarization 



0 


0.2 


0.4 

Time (s) 


0.6 


0.8 


gure 18.1 An eleetroeardiogram (ECG) traeing. The labels 
identify the three normally reeognizable defleetions (vvaves) and the 
important intervals. 


are bipolar leads that measure the voltage differenee either 
between the arms or between an arm and a leg, and nine are 
unipolar leads. Together the 12 leads provide a eomprehensive 
picture of the heart s eleetrieal aetivity. 

A typieal ECG has three almost immediately distinguish- 
able waves or defleetions : the P wave, the QRS complex, and the 
T wave (Figure 18.17). The first, the small P wave, lasts about 
0.08 s and results from movement of the depolarization wave 
from the SA node through the atria. Approximately 0.1 s after 
the P wave begins, the atria eontraet. 

The large QRS complex results from ventricular depolariza- 
tion and preeedes ventricular eontraetion. It has a eomplieated 
shape because the paths of the depolarization waves through the 
ventricular walls ehange continuously, producing eorrespond- 
ing ehanges in current direetion. Additionally, the time required 
for eaeh ventriele to depolarize depends on its size relative to the 
other ventriele. Average duration of the QRS complex is 0.08 s. 

The T wave, caused by ventricular repolarization, typieally 
lasts about 0.16 s. Repolarization is slower than depolarization, 
so the T wave is more spread out and has a lower amplitude 
(height) than the QRS complex. Because atrial repolarization 
takes plaee during the period of ventricular excitation, the wave 
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® Atrial depolarization, initiated 
the SA node, causes the P wave. 




© With atrial depolarization eomplete, 
the impulse is delayed at the AV node. 



Ventricular depolarization begins at 
apex, causing the QRS complex. Atrial 
repolarization occurs. 





Ventricular depolarization is eomplete. 


R 



T 


(s) Ventricular repolarization begins at 
apex, causing the T wave. 




(© Ventricular repolarization is 


eomplete. 


Depolarization 


| | Repolarization 


Figure 18.18 The sequence of depolarization and 
repolarization of the heart related to the defleetion waves 
of an ECG traeing. 


representing atrial repolarization is normally obscured by the 
large QRS complex being reeorded at the same time. 

The P-R interval is the time (about 0.16 s) from the beginning 
of atrial excitation to the beginning of ventricular excitation. If 
the Q wave is visible (which is often not the ease), it marks the be- 
ginning of ventricular excitation, and for this reason this interval 
is sometimes ealled the P-Q interval. The P-R interval includes 
atrial depolarization (and eontraetion) as well as the passage of the 
depolarization wave through the rest of the conduction system. 

During the S-T segment of the ECG, when the aetion po- 
tentials of the ventricular myoeytes are in their plateau phases, 
the entire ventricular myocardium is depolarized. The Q-T in- 
terval, lasting about 0.38 s, is the period from the beginning of 
ventricular depolarization through ventricular repolarization. 

Figure 18.18 relates the parts of an ECG to the sequence of 
depolarization and repolarization in the heart. 



Homeostatie imbalanee 18.6 


In a healthy heart, the size, duration, and timing of the defleetion 
waves tend to be eonsistent. Changes in the pattern or timing of 
the ECG may reveal a diseased or damaged heart or problems 
with the hearts conduction system Fi ure 18.19' . For example, 
an enlarged R wave hints of enlarged ventrieles, an S-T segment 
that is elevated or depressed indieates eardiae isehemia, and a 
prolonged Q-T interval reveals a repolarization abnormality that 
inereases the risk of ventricular arrhythmias. + 



Check Your Llnderstanding' 


10. Which part of the intrinsie conduction system direetly excites 
ventricular myoeardial eells? In which direetion does the 
depolarization wave travel aeross the ventrieles? 

11. Deseribe the eleetrieal event in the heart that occurs during 
eaeh of the following: (a) the QRS wave of the ECG; (b) the T 
wave of the ECG; (e) the P-R interval of the ECG. 

_ For ansvvers, see Appendix Fi. 


Heart Sounds 

Deseribe normal heart sounds, and explain how heart 

murmurs differ. 

Auscultating (listening to) the thorax with a stethoseope will 
reveal two sounds during eaeh heartbeat. These heart sounds, 
often deseribed as lub-dup, are assoeiated with the heart valves 
elosing. (The top of Figure 18.21 shows the timing of heart 
sounds in the eardiae eyele.) 

The basie rhythm of the heart sounds is lub-dup, pause, lub- 
dup, pause, and so on, with the pause indieating the period 
when the heart is relaxing. The fìrst sound occurs as the AV 
valves elose. It signifìes the point when ventricular pressure rises 
above atrial pressure (the beginning of ventricular systole, dis- 
cussed in the next seetion). The first sound tends to be louder, 
longer, and more resonant than the seeond. The seeond sound 
occurs as the SL valves snap shut at the beginning of ventricular 
relaxation (diastole) resulting in a short, sharp sound. 
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(a) Normal sinus rhythm. 
















(b) Jiinetional rhythm. The SA node is nonfunctional, P vvaves are 
absent, and the AV node paees the heart at 40-60 beats/min. 





(e) Seeond-degree heart bloek. Some P vvaves are not conducted 
through the AV node; henee more P than QRS vvaves are seen. In 
this traeing, the ratio of P vvaves to QRS vvaves is mostly 2:1. 







- - 

[ ■ i 

■Jj 

■ ■ i 


(d) Ventricular fibrillation. These ehaotie, grossly irregular ECG 
defleetions are seen in acute heart attaek and eleetrieal shoek. 


— Aortie valve sounds 
heard in 2nd intereostal 
spaee at right sternal 
margin 



Tricuspid valve sounds 
typieally heard in right 
sternal margin of 5th 
intereostal spaee 


Pulmonary valve 

sounds heard in 2nd 
intereostal spaee at left 
sternal margin 


Mitral valve sounds 
heard over heart apex 
(in 5th intereostal spaee) 
in line vvith middle of 
elaviele 


Figure 18.20 Areas of the thoraeie surface vvhere the sounds 
of individual valves ean best be deteeted. 


turbulent and generates abnormal heart sounds, ealled heart 
murmurs, that ean be heard with a stethoseope. Heart mur- 
murs are fairly eommon in young ehildren (and some elderly 
people) with perfeetly healthy hearts, probably because their 
heart walls are relatively thin and vibrate with mshing blood. 

Most often, however, murmurs indieate valve problems. An 
insufficient or ineompetent valve fails to elose eompletely. There 
is a swishing sound as blood backflows or regurgitates through 
the partially open valve after the valve has (supposedly) elosed. 

A stenotie valve fails to open eompletely and its narrow open- 
ing restriets blood flow through the valve. In a stenotie aortie 
valve, for instanee, a high-pitehed sound or eliek ean be de- 
teeted when the valve should be wide open during ventricular 
eontraetion, but is not. + 


Figure 18.19 Normal and abnormal ECG traeings. 


Because the mitral valve eloses slightly before the tricuspid 
valve does, and the aortie SL valve generally snaps shut just be- 
fore the pulmonary valve, it is possible to distinguish the indi- 
vidual valve sounds by auscultating four speeifie regions of the 
thorax i| ure 18.20). Notiee that these four points, while not 
direetly superficial to the valves (because the sounds take oblique 
paths to reaeh the ehest wall), do handily define the four eorners 
of the normal heart. Knowing normal heart size and loeation is 
essential for reeognizing an enlarged (and often diseased) heart. 



Homeostatie imbalanee 18.7 


Blood flows silently as long as its flow is smooth and uninter- 
mpted. If blood strikes obstmetions, however, its flow beeomes 


Meehanieal Events:The Gardiae Cycle 

Deseribe the timing and events of the eardiae eyele. 


The heart undergoes some dramatie writhing movements as it 
alternately eontraets, foreing blood out of its ehambers, and then 
relaxes, allowing its ehambers to refill with blood. The term sys- 
tole (sis'to-le) refers to these periods of eontraetion, and dias- 
tole (di-as'to-le) refers to those of relaxation. The eardiae eyele 
includes all events assoeiated with the blood flow through the 
heart during one eomplete heartbeat—atrial systole and diastole 
followed by ventricular systole and diastole. These meehanieal 
events always/o//ow the eleetrieal events seen in the ECG. 

The eardiae eyele is marked by a succession of pressure and 
blood volume ehanges in the heart. Because blood circulates 
endlessly, we must ehoose an arbitrary starting point for one 
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Figure 18.21 Siimmary of events during the eardiae eyde. An ECG traeing ( top) 
eorrelated vvith graphs of pressure and volume ehanges (eenter) in the left side of the heart. 
Pressures are lovver in the right side of the heart. Timing of heart sounds is also indieated. 
(Bottom) Events of phases 1 through 3 of the eardiae eyele. EDV = end diastolie volume, 
ESV = end systolie volume, SV = stroke volume. 


turn of the eardiae eyele. As shown in 'igure 18.21, which 
outlines what happens in the left side of the heart, we begin with 
the heart in total relaxation: Atria and ventrieles are quiet, and 
it is mid-to-late diastole. 


0 Ventricular filling: mid-to-late diastole. Pressure in the 
heart is low, blood returning from the circulation is flow- 
ing passively through the atria and the open AV valves into 
the ventrieles, and the aortie and pulmonary valves are 
elosed. More than 80% of ventricular filling occurs during 
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this period, and the AV valve flaps begin to drift toward the 
elosed position. (The remaining 20% is delivered to the ven- 
trieles when the atria eontraet toward the end of this phase.) 

Now the stage is set for atrial systole. Following depo- 
larization (P wave of ECG), the atria eontraet, eompressing 
the blood in their ehambers. This causes a sudden slight 
rise in atrial pressure, which propels residual blood out of 
the atria into the ventrieles. At this point the ventrieles are 
in the last part of their diastole and have the maximum 
volume of blood they will eontain in the eyele, an amount 
ealled the end diastolie voliime ( EDV ). Then the atria relax 
and the ventrieles depolarize (QRS complex). Atrial dias- 
tole persists through the rest of the eyele. 

@ Ventricular systole (atria in diastole). As the atria relax, 
the ventrieles begin eontraeting. Their walls elose in on 
the blood in their ehambers, and ventricular pressure 
rises rapidly and sharply, elosing the AV valves. The split- 
seeond period when the ventrieles are eompletely elosed 
ehambers and the blood vohime in the ehambers remains 
eonstant as the ventrieles eontraet is the isovolumetric 
eontraetion phase (i"so-vor'u-met'rik). 

Ventricular pressure continues to rise. When it finally 
exceeds the pressure in the large arteries issuing from the 
ventrieles, the isovolmnetrie stage ends as the SL valves 
are foreed open and blood rnshes from the ventrieles into 
the aorta and pulmonary trunk. During this ventricular 
ejeetion phase, the pressure in the aorta normally reaehes 
about 120 mm Hg. 

(3) lsovolumetric relaxation: early diastole. During this brief 
phase following the T wave, the ventrieles relax. Because 
the blood remaining in their ehambers, referred to as the 
end systolie volume ( ESV ), is no longer eompressed, ven- 
tricular pressure drops rapidly and blood in the aorta and 
pulmonary trunk flows baek toward the heart, elosing the 
SL valves. Closure of the aortie valve raises aortie pressure 
briefly as backflowing blood rebounds off the elosed valve 
cusps, an event beginning at the dierotie noteh shown on 
the pressure graph. Onee again the ventrieles are totally 
elosed ehambers. 

All during ventricular systole, the atria have been in diastole. 
They have been filling with blood and the intra-atrial pressure 
has been rising. When blood pressure on the atrial side of the 
AV valves exceeds that in the ventrieles, the AV valves are foreed 
open and ventricular filling, phase (T), begins again. Atrial pres- 
sure drops to its lowest point and ventricular pressure begins to 
rise, eompleting the eyele. 

Assuming the average heart beats 75 times eaeh minute, the 
eardiae eyele lasts about 0.8 s, with atrial systole accounting for 
0.1 s and ventricular systole 0.3 s. The remaining 0.4 s is a period 
of total heart relaxation, the quiescent period. 

Notiee two important points: (1) Blood flow through the 
heart is eontrolled entirely by pressure ehanges and (2) blood 
flows down a pressure gradient through any available opening. 
The pressure ehanges, in turn, refleet the alternating eontraetion 
and relaxation of the myocardium and cause the heart valves to 
open, which keeps blood flowing in the forward direetion. 


The situation in the right side of the heart is essentially the 
same as in the left side except for pressure. The pulmonary eir- 
culation is a low-pressure circulation as evideneed by the much 
thinner myocardium of its right ventriele. So, typieal systolie 
and diastolie pressures for the pulmonary artery are 24 and 
10 mm Hg, eompared to systolie and diastolie pressures of 
120 and 80 mm Hg, respeetively, for the aorta. However, the two 
sides of the heart ejeet the same blood volume with eaeh heartbeat. 



Check Your Understanding 


12. The seeond heart sound is assoeiated vvith the elosing of 
vvhieh valve(s)? 

13. If the mitral valve vvere insuffieient, would you expect to hear 
the murmur (of blood flowing through the valve that should 
be elosed) during ventricular systole or diastole? 

14. During the eardiae eyele, there are two periods when all four 
valves are elosed. Name these two periods. 

_ For ansvvers, see Appendix H. 


Cardiac Output (CO) 

Name and explain the effeets of various faetors regulating 
stroke volume and heart rate. 

Explain the role of the autonomic nervous system in 
regulating eardiae output. 


Cardiac output (CO) is the amount of blood pumped out by 
eaeh ventriele in 1 minute. It is the product of heart rate (HR) 
and stroke volrnne (SV). Stroke vohime is defined as the vol- 
ume of blood pumped out by one ventriele with eaeh beat. In 
general, stroke volrnne eorrelates with the foree of ventricular 
eontraetion. 

Using normal resting values for heart rate (75 beats/min) and 
stroke volume (70 ml/beat), the average adult eardiae output 
ean be computed: 


CO = HR X SV = 75ìfeatS X 

min heaL 

= 5250 ml _ 5.25 L 
min min 



The normal adult blood volume is about 5 L (a little more 
than 1 gallon). As you ean see, the entire blood supply passes 
through eaeh side of the heart onee eaeh minute. 

Notiee that eardiae output varies direetly with SV and HR. 
This means that CO inereases when the stroke volume inereases 
or the heart beats faster or both, and it deereases when either or 
both of these faetors deerease. 

Cardiac output is highly variable and inereases markedly in 
response to speeial demands, such as mnning to eateh a bus. 
Cardiac reserve is the differenee between resting and maxi- 
mal CO. In nonathletie people, eardiae reserve is typieally four 
to five times resting CO (20-25 L/min), but CO in trained 
athletes during eompetition may reaeh 35 L/min (seven times 
resting CO). 

How does the heart aeeomplish such tremendous inereases in 
output? To understand this feat, let s look at how stroke volume 
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gure 18.22 Faetors involved in determining eardiae output. 


and heart rate are regulated. As you read the next seetions, refer 
to i |ure 18.22 for an overview of the faetors that affeet stroke 
volrnne and heart rate, and consequently, eardiae output. 








Regulation of Stroke Volume 

Mathematieally, stroke volume (SV) represents the differenee 
between end diastolie volume (EDV), the amount of blood that 
eolleets in a ventriele during diastole, and end systolie volume 
(ESV), the vohime of blood remaining in a ventriele after it has 
eontraeted. The EDV, determined by how long ventricular dias- 
tole lasts and by venous pressure, is normally about 120 ml. (An 
inerease in either faetor raises EDV.) The ESV, determined by 
arterial blood pressure and the foree of ventricular eontraetion, 
is approximately 50 ml. (The higher the arterial blood pressure, 
the higher the ESV.) To fìgure normal stroke volume, simply 
plug these values into this equation: 


SV = EDV - ESV = 


120 ml _ 50 ml _ 70 ml 
beat beat beat 


As you ean see, eaeh ventriele pumps out about 70 ml of 
blood with eaeh beat, which is about 60% of the blood in its 
ehambers. 

So what is important here—how do we make sense out of this 
alphabet soup (SV, ESV, EDV)? Although many faetors affeet SV 
by altering EDV or ESV, the three most important are preload, 
eontraetility , and afterload. As we deseribe in detail next, preload 
affeets EDV, whereas eontraetility and afterload affeet the ESV. 

Preload: Degree of Streteh of Heart Muscle The degree to 
which eardiae muscle eells are stretehed just before they eon- 
traet, which is ealled the preload, eontrols stroke volrnne. In 


a normal heart, the higher the preload, the higher the stroke 
volume will be. This relationship between preload and stroke 
volume is ealled the Frank-Starling law of the heart. Reeall that 
at an optimal length of muscle fìbers (and sareomeres) (1) the 
maximum mirnber of aetive eross bridge attaehments is possible 
between aetin and myosin, and (2) the foree of eontraetion is 
maximal (see Figure 9.22, p. 302). Cardiac muscle, like skeletal 
muscle, exhibits a length-tension relationship . 

Resting skeletal muscle fibers are kept near optimal length 
for developing maximal tension while resting eardiae eells are 
normally shorter than optimal length. As a result, stretehing ear- 
diae eells ean produce dramatie inereases in eontraetile foree. 
The most important faetor stretehing eardiae muscle is venous 
return, the amount of blood returning to the heart and distend- 
ing its ventrieles. 

Anything that inereases the volume or speed of venous re- 
turn, such as a slow heart rate or exercise, inereases EDV and, 
consequently, SV and eontraetion foree (Figure 18.22). A slow 
heartbeat allows more time for ventricular filling. Exercise 
speeds venous return because both inereased sympathetie ner- 
vous system aetivity and the squeezing aetion of the skeletal 
muscles eompress the veins, deereasing the volume of blood 
they eontain and returning more blood to the heart. During 
vigorous exercise, SV may double as a result of inereased venous 
return. Conversely, low venous return, such as might result from 
severe blood loss or an extremely rapid heart rate, deereases 
EDV, causing the heart to beat less forcefully and lowering SV. 

Because the systemie and pulmonary circulations are in se- 
ries, the intrinsie meehanism we just deseribed ensures equal 
outputs of the two ventrieles and proper distribution of blood 
volume between the two circuits. If one side of the heart suddenly 
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Figure 18.23 Norepinephrine inereases heart eontraetility via a eydie AMP seeond- 
messenger system. Cyclic AMP aetivates protein kinases that phosphorylate three different 


proteins, as shovvn in(§),©, and©. 


begins to pump more blood than the other, the inereased venous 
return to the opposite ventriele forees that ventriele—through 
inereased eardiae muscle streteh—to pump out an equal volume, 
preventing backup or accumulation of blood in the circulation. 

Contractility EDV is the major intrinsie faetor influencing 
SV, but extrinsic faetors that inerease heart muscle eontraetility 
ean also enhanee SV. Contractility is defined as the eontraetile 
strength aehieved at a given muscle length. Note in Figure 18.22 
that eontraetility is independent of muscle streteh and EDV. Con- 
traetility rises when more Ca 2 + enters the eytoplasm from the ex- 
tracellular fluid and the SR. Enhaneed eontraetility means more 
blood is ejeeted from the heart (greater SV), henee a lower ESV. 

inereased sympathetie stimulation inereases eontraetility. As 
noted on p. 676, sympathetie fibers serve not only the intrinsie 
conduction system but the entire heart. One effeet of norepine- 
phrine or epinephrine binding is to initiate a eyelie AMP seeond- 
messenger system that inereases Ca 2+ entry, which in turn pro- 
motes more eross bridge binding and enhanees ventricular eon- 
traetility (Figure 18.23). 

A battery of other ehemieals also influence eontraetility. 
Substances that inerease eontraetility are ealled positive ino- 
tropie agents (ino = muscle, fiber). The hormones epinephrine, 


thyroxine, and ghieagon; the drug digitalis; and high levels of 
extracellular Ca 2+ are all positive inotropie agents. Negative 
inotropie agents, which impair or deerease eontraetility, include 
aeidosis (excess H + ), rising extracellular K + levels, and drugs 
ealled ealemm ehannel bloekers. 



Afterload: Baek Pressure Exerted by Arterial Blood After- ■ 
load is the pressure that the ventrieles must overeome to ejeet I 
blood. It is essentially the baek pressure that arterial blood ex- " 
erts on the aortie and pulmonary valves—about 80 mm Hg in 
the aorta and 10 mm Hg in the pulmonary tmnk. 

In healthy individuals, afterload is not a major determinant 
of stroke volrnne because it is relatively eonstant. However, in 
people with hypertension (high blood pressure), afterload is 
important indeed because it reduces the ability of the ventrieles 
to ejeet blood. Consequently, more blood remains in the heart 
after systole, inereasing ESV and reducing stroke volume. 


Regiilation of Heart Rate 

Given a healthy cardiovascular system, SV tends to be relatively 
eonstant. However, when blood volume drops sharply or the 
heart is seriously weakened, SV deelines and CO is maintained 
by inereasing HR and eontraetility. Temporary stressors ean 
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also influence HR—and consequently CO—by aeting through 
homeostatie meehanisms induced neurally, ehemieally, and 
physieally. Faetors that inerease HR are ealled positive ehrono- 
tropie (ehrono = time) faetors, and those that deerease HR are 
negative ehronotropie faetors. 








Autonomic Nervous System Regulation of Heart Rate The 

autonomic nervous system exerts the most important extrinsic 
eontrols affeeting heart rate, as shown on the right side of Fig- 
ure 18.22. When emotional or physieal stressors (such as fright, 
anxiety, or exercise) aetivate the sympathetie nervous system, 
sympathetie nerve fìbers release norepinephrine at their eardiae 
synapses. Norepinephrine binds to (3 r adrenergic reeeptors in 
the heart, causing threshold to be reaehed more quickly. As a 
result, the SA node fires more rapidly and the heart responds by 
beating faster. 

Sympathetie stimulation also enhanees eontraetility and speeds 
relaxation. It does this by enhaneing Ca 2+ movements in the eon- 
traetile eells as we deseribed above and in Figure 18.23. Enhaneed 
eontraetility lowers ESV, so SV does not deeline as it would if only 
heart rate inereased. (Remember, when the heart beats faster, there 
is less time for ventricular filling and so a lower EDV.) 

The parasympathetie division opposes sympathetie effeets 
and effeetively reduces heart rate when a stressful situation has 
passed. Parasympathetie-initiated eardiae responses are medi- 
ated by aeetyleholine, which hyperpolarizes the membranes of 
its effeetor eells by opening K + ehannels. Because vagal innerva- 
tion of the ventrieles is sparse, p ar asymp athetie aetivity has little 
or no effeet on eardiae eontraetility. 

Under resting eonditions, both autonomic divisions continu- 
ously send impulses to the SA node of the heart, but the domi- 
nant influence is inhibitory. For this reason, the heart is said 
to exhibit vagal tone, and heart rate is generally slower than 
it would be if the vagal nerves were not innervating it. Cut- 
ting the vagal nerves results in an almost immediate inerease 
in heart rate of about 25 beats/min, refleeting the inherent rate 
(100 beats/min) of the paeemaking SA node. 

When sensory input from various parts of the cardiovascular 
system aetivates either division of the autonomic nervous sys- 
tem more strongly, the other division is temporarily inhibited. 
Most such sensory input is generated by baroreeeptors which re- 
spond to ehanges in systemie blood pressure, as we will discuss 
in Chapter 19. Another example, the atrial (Bainbridge) reflex, 
is an autonomic reflex initiated by inereased venous return and 
inereased atrial filling. Stretehing the atrial walls inereases heart 
rate by stimulating both the SA node and the atrial streteh reeep- 
tors. Streteh reeeptor aetivation triggers reflexive adjustments of 
autonomic output to the SA node, inereasing heart rate. 

inereased or deereased CO results in eorresponding ehanges 
to systemie blood pressure, so blood pressure regulation often 
involves reflexive eontrols of heart rate. In Chapter 19 we deseribe 
in more detail neural meehanisms that regulate blood pressure. 


ehemieal Regulation of Heart Rate Chemicals normally 
present in the blood and other body fluids may influence heart 
rate, particularly if they beeome excessive or defieient. 


■ Hormones. Epinephrine , liberated by the adrenal medulla 
during sympathetie nervous system aetivation, produces the 
same eardiae effeets as norepinephrine released by the sym- 
pathetie nerves: It enhanees heart rate and eontraetility. 

Thyroxine is a thyroid gland hormone that inereases met- 
abolie rate and production of body heat. When released in 
large quantities, it causes a sustained inerease in heart rate. 
Thyroxine aets direetly on the heart but also enhanees the ef- 
feets of epinephrine and norepinephrine. 

■ lons. Normal heart function depends on having normal lev- 
els of intraeelhilar and extracellular ions. Plasma eleetrolyte 
imbalanees pose real dangers to the heart. 

Homeostatie imbalanee 18.8 

Reduced Ca 2+ blood levels ( hypoealeemia ) depress the heart. 
Conversely, above-normal levels ( hyperealeemia ) inerease heart 
rate and eontraetility—up to a point. Very high Ca 2+ levels dis- 
mpt heart fimetion and life-threatening arrhythmias ean occur. 

High or low blood K + levels are particularly dangerous and 
arise in a number of elinieal eonditions. Excessive K + ( hyperka- 
lemia) alters eleetrieal aetivity in the heart by depolarizing the 
resting potential, and may lead to heart bloek and eardiae arrest. 
Hypokalemia is also life threatening, in that the heart beats fee- 
bly and arrhythmieally. + 



Other Faetors That Regulate Heart Rate Age, gender, exer- 
eise, and body temperature also influence HR, although they are 
less important than neural faetors. Resting heart rate is fastest in 
the fetus (140-160 beats/min) and gradually deelines through- 
out life. Average heart rate is faster in females (72-80 beats/min) 
than in males (64-72 beats/min). 

Exercise raises HR by aeting through the sympathetie ner- 
vous system (Figure 18.22). Exercise also inereases systemie 
blood pressure and routes more blood to the working mus- 
eles. However, resting HR in the physieally fit tends to be sub- 
stantially lower than in those who are out of eondition, and in 
trained athletes it may be as slow as 40 beats/min. We explain 
this apparent paradox below. 

Heat inereases HR by enhaneing the metabolie rate of ear- 
diae eells. This explains the rapid, pounding heartbeat you feel 
when you have a high fever and also accounts, in part, for the 
effeet of exercise on HR (remember, working muscles generate 
heat). Cold direetly deereases heart rate. 



Homeostatie imbalanee 18.9 


HR varies with ehanges in aetivity, but marked and persistent 
rate ehanges usually signal cardiovascular disease. 

Taehyeardia (tak"e-kar'de-ah; “heart hurry”) is an abnor- 
mally fast heart rate (more than 100 beats/min) that may result 
from elevated body temperature, stress, eertain dmgs, or heart 
disease. Persistent taehyeardia is eonsidered pathologieal be- 
cause taehyeardia oeeasionally promotes fibrillation. 

Bradyeardia (brad"e-kar'de-ah; brady = slow) is a heart rate 
slower than 60 beats/min. It may result from low body tem- 
perature, eertain dmgs, or parasympathetie nervous aetivation. 
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It is a known, and desirable, consequence of endurance train- 
ing. With physieal and cardiovascular eonditioning, the heart 
hypertrophies and SV inereases, allowing a lower resting heart 
rate while still providing the same eardiae output. However, in 
poorly eonditioned people persistent bradyeardia may result in 
grossly inadequate blood circulation to body tissues, and brady- 
eardia is often a warning of brain edema after head trauma. + 

Homeostatie imbalanee of Cardiac Output 

The hearts pumping aetion ordinarily maintains a balanee be- 
tween eardiae output and venous return. Were this not so, a 
dangerous damming up of blood (blood eongestion) would oe- 
cur in the veins returning blood to the heart. 

In eongestive heart failure (CHF), the heart is such an inef- 
fieient pump that blood circulation is inadequate to meet tissue 
needs. This progressively worsening disorder refleets weakening 
of the myoeardimn by various eonditions that damage it in dif- 
ferent ways. Lets take a look. 

■ Coronary atherosderosis. Coronary atheroselerosis, essen- 
tially fatty buildup that elogs the eoronary arteries, impairs 
blood and oxygen delivery to eardiae eells. The heart beeomes 
inereasingly hypoxic and begins to eontraet inefiFeetively. 

■ Persistent high blood pressure. Normally, pressure in the 
aorta during diastole is 80 mm Hg, and the left ventriele ex- 
erts only slightly over that amount of foree to ejeet blood 
from its ehamber. When aortie diastolie blood pressure rises 
to 90 mm Hg or more, the myocardium must exert more 
foree to open the aortie valve and pump out the same amount 
of blood. If afterload is ehronieally elevated, ESV rises and 
the myocardium hypertrophies. Eventually, the stress takes 
its toll and the myocardium beeomes progressively weaker. 

■ Multiple myoeardial infaretions. A succession of MIs (heart 
attaeks) depresses pumping eífieieney because noneontrae- 
tile fibrous (sear) tissue replaees the dead heart eells. 

■ Dilated eardiomyopathy (DCM) (kar"de-o-my-ah'path-e). 
The cause of this eondition, in which the ventrieles streteh 
(dilate) and beeome flabby and the myocardium deteriorates, 
is often unknown. Dmg toxicity (aleohol, eoeaine, excess eat- 
eeholamines, chemotherapeutic agents) and inflammation of 
the heart following an infeetion are implieated in some eases. 

The hearts attempts to work harder result in inereasing 
levels of Ca 2+ in eardiae eells. The Ca 2+ aetivates calcineurin, 
a calcium-sensitive enzyme that initiates a easeade which 
switches on genes that enlarge the heart. CO is poor because 
ventricular eontraetility is impaired, and the eardiomyopathy 
progressively worsens. 

Because the heart is a double pump, eaeh side ean initially 
fail independently of the other. If the left side fails, pulmonary 
eongestion occurs. The right side continues to propel blood 
to the lungs, but the left side does not adequately ejeet the re- 
turning blood into the systemie circulation. Blood vessels in 
the lungs beeome engorged with blood, the pressure in them 
inereases, and fluid leaks from the circulation into the lung tis- 
sue, causing pulmonary edema. If the eongestion is untreated, 
the person suffocates. 


If the right side of the heart fails, peripheral eongestion oe- 
curs. Blood stagnates in body organs, and pooled flmds in the 
tissue spaees impair the ability of body eells to obtain adequate 
nutrients and oxygen and rid themselves of wastes. The result- 
ing edema is most notieeable in the extremities (feet, ankles, 
and fingers). 

Faihire of one side of the heart puts a greater strain on the 
other side, and ultimately the whole heart fails. A seriously 
weakened, or deeompensated , heart is irreparable. Treatment is 
direeted primarily toward (1) removing the excess leaked fluid 
with diuretics (drugs that inerease the kidneys excretion of Na + 
and water), (2) reducing afterload with dmgs that drive down 
blood pressure, and (3) inereasing eontraetility with digitalis 
derivatives. Heart transplants and other surgical or meehanieal 
remedies to replaee damaged heart muscle provide additional 
hope for some eardiae patients. 



Check Your IJnderstanding 


15. After running to eateh a bus, Josh notieed that his heart was 
beating faster than normally and was pounding forcefully in 
his ehest. How did his inereased HR and SV eome about? 

16. What problem of eardiae output might ensue if the heart 
beats far too rapidly for an extended period, that is, if 
taehyeardia occurs? Why? 

_ For ansvvers, see Appendix H. 


Developmental Aspeets 
of the Heart 


s Deseribe the development of the heart, and ìndieate how 
the fetal heart differs from the adult heart. 


Provide examples of age-related ehanges in heart function. 



The human heart, derived from mesoderm and guided by 
powerful signaling molecules, begins as two simple endothe- 
lial tubes. They quickly fuse to form a single ehamber or heart 
tube that is busily pumping blood by the 22nd day of gestation 

(Figure 18.24). 



Before Birth 



The tube develops four slightly bulged areas that represent the 
earliest heart ehambers. From tail to head, following the diree- 
tion of blood flow, the four primitive ehambers are the following 
(Figure 18.24b): 

1. Sinus venosus (ven-o'sus). This ehamber initially re- 
eeives all the venous blood of the embryo. It will beeome 
the smooth-walled part of the right atrium and the eoro- 
nary sinus. It also gives rise to the sinoatrial node, which 
“takes the baton” and sets heart rate early in embryonie 
development. 

2. Atrium. This embryonie ehamber eventually beeomes the 
peetinate muscle-ridged parts of the atria. 
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(a) Day 20: 

Endothelial 
tubes begin 
to fuse. 


(b) Day 22: 

Heart starts 
pumping. 


(e) Day 24: Heart 
continues to 
elongate and 
starts to bend. 


(d) Day 28: Bending 
continues as ventriele 
moves caudally and 
atrium moves eranially. 


(e) Day 35: Bending is 
eomplete. 


Figure 18.24 Development of the human heart. Ventral vievvs, vvith the eranial direetion 
tovvard the top of the figures. Arrovvs shovv the direetion of blood flovv. Days are approximate. 
(b) 1 is the sinus venosus; 2, the atrium; 3, the ventriele; 4, the bulbus eordis; and 4a, the 
truncus arteriosus. 


3. Ventride. The strongest pumping ehamber of the early 
heart, the ventriele gives rise to the left ventriele. 

4. Bulbus eordis. This ehamber plus its eranial extension, the 
truncus arteriosus (labeled 4a in Figure 18.24b), give rise to 
the pulmonary tmnk, the first part of the aorta, and most 
of the right ventriele. 








During the next three weeks, the heart “tube ’ exhibits dra- 
matie eontortions as it undergoes rightward looping, and major 
structural ehanges eonvert it into a four-chambered organ ea- 
pable of aeting as a double pump—all without missing a beat! 
The ventriele moves caudally and the atrium eranially, assuming 
their adult positions. The heart divides into its four definitive 
ehambers (via a number of stages), the midline septum forms, 
and the bulbus eordis splits into the pulmonary tmnk and as- 
eending aorta. After the seeond month, few ehanges other than 
growth occur until birth. 

The interatrial septum of the fetal heart is ineomplete. The 
foramen ovale (literally, “oval door”) eonneets the two atria 
and allows blood entering the right heart to bypass the pulmo- 
nary circuit and the eollapsed, nonfimetional fetal lungs (Fig- 
ure 18.24e). Another lung bypass, the ductus arteriosus, exists 
between the pulmonary tmnk and the aorta. At or shortly after 
birth, these shunts elose, eompleting the separation between the 
right and left sides of the heart. 

In the adult heart, the fossa ovalis reveals the position of the 
foramen ovale, and the ligamentum arteriosum is the fibrous 
remnant of the ductus arteriosus (see Figure 18.5b). We give a 
more eomplete deseription of the fetal and newborn circulation 
in Chapter 28 (see Figure 28.14). 



Homeostatie imbalanee 18.10 


Building a perfeet heart is diíficult. Eaeh year about 30,000 in- 
fants are born in the U.S. with one or more of 30 different eon- 
genital heart defeets, making them the most eommon of all 
birth defeets. Some eongenital heart problems are traeeable to 
environmental influences, such as maternal infeetion or dmg 
intake during month 2 when the major events of heart forma- 
tion occur. 

The most prevalent abnormalities produce two basie kinds 
of disorders in the newborn. They either (1) lead to mixing of 
oxygen-poor blood with oxygenated blood (so that inadequately 
oxygenated blood reaehes the body tissues) or (2) involve nar- 
rowed valves or vessels that greatly inerease the workload on 
the heart. 

Examples of the first type of defeet are septal defeets 
(Figure 18.25a and patent ductus arteriosus , in which the 
eonneetion between the aorta and pulmonary tmnk remains 
open. Coarctation ofthe aorta (Figure 18.25b) is an example of 
the seeond type of problem. Tetralogy ofFallot (te-tral'o-je ov 
fal-o'), a serious eondition in which the baby beeomes eyanotie 
within minutes of birth, eneompasses both types of disorders 
(Figure 18.25c). Modern surgical techniques ean usually eor- 
reet these eongenital defeets. + 


Heart FunctionThroughout Life 

In the absenee of eongenital heart problems, the heart fimetions 
admirably throughout a long lifetime for most people. Homeo- 
statie meehanisms are normally so effieient that people rarely 
notiee when the heart is working harder. 
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Occurs in 
about 1 in every 
500 births 


(a) Ventrieiilar septal defeet. 

The superior part of the inter- 
ventricular septum fails to form, 
allovving blood to mix betvveen 
the two ventrieles. More blood is 
shunted from left to right because 
the left ventriele is stronger. 



Narrowed 

aorta 


Occurs in 
about 1 in every 
1500 births 


(b) Coarctation of the aorta. 

A part of the aorta is narrowed, 
inereasing the workload of 
the left ventriele. 



Occurs in 
about 1 in every 
2000 births 


(e) Tetralogy of Fallot. Multiple defeets 

(tetra = four): (1) Pulmonary trunk too narrow 
and pulmonary valve stenosed, resulting in 
(2) hypertrophied right ventriele; (3) 
ventricular septal defeet; (4) aorta opens from 
both ventrieles. 


gure 18.25 Three examples of eongenital heart defeets. Tan areas indieate the 
loeations of the defeets. 


In people who exercise regularly and vigorously, the heart 
gradually adapts to the inereased demand by enlarging and be- 
eoming more effieient and more powerful. Aerobie exercise also 
helps elear fatty deposits from blood vessel walls throughout 
the body, retarding atheroselerosis and eoronary heart disease. 
Barring some ehronie illnesses, this benefieial eardiae response 
to exercise persists into ripe old age. 

The key word on benefiting from exercise is regularity. Reg- 
ular exercise gradually enhanees myoeardial endurance and 
strength. For example, 30 minutes a day of moderately vigorous 
aetivity (brisk walking, biking, or yard work) offers signifieant 
health benefits to most adults. However, intermittent vigorous 
exercise, enjoyed by weekend athletes, may push an uncondi- 
tioned heart beyond its ability to respond to the unexpected 
demands and bring on a myoeardial infaretion. 

Because of the ineredible amount of work the heart does over 
the course of a lifetime, eertain structural ehanges are inevitable. 
Age-related ehanges affeeting the heart include the following: 

■ Valve flaps thieken and beeome selerotie (stiff). This ehange 
occurs particularly where the stress of blood flow is great- 
est (mitral valve). For this reason, heart murmurs are more 
eommon in elderly people. 

■ Cardiac reserve dedines. Although the passing years seem 
to cause little ehange in resting heart rate, the aged heart is 
less able to respond to both sudden and prolonged stressors 
that demand inereased output. In addition, the maximum 
HR deelines as sympathetie eontrol of the heart beeomes less 
effieient. These ehanges are less of a problem in physieally 
aetive seniors. 

■ Cardiac muscle beeomes f ibrosed (searred). As a person ages, 
more and more eardiae eells die and are replaeed with fibrous 
tissue. As a result, the heart stiffens and fills less effieiently 


for eaeh heartbeat, reducing stroke volume. The nodes of the 
heart s conduction system may also beeome fibrosed, which 
inereases the ineidenee of arrhythmias and other conduction 
problems. 

■ Atheroselerosis. The insidious progress of atheroselerosis 
begins in ehildhood, but inaetivity, smoking, and stress ae- 
eelerate it. The most serious consequences to the heart are 
hypertensive heart disease and eoronary artery occlusion, 
both of which inerease the risk of heart attaek and stroke. 
Although the aging proeess itself leads to ehanges in blood 
vessel walls that promote atheroselerosis, many investigators 
feel that diet, not aging, is the single most important eon- 
tributor to cardiovascular disease. We ean lower our risk by 
consuming less animal fat, eholesterol, and salt. 




17. Name the tvvo eomponents of the fetal heart that allovv 
blood to bypass the lungs. 

18. In the past deeade, many people over 70 have eompeted 
in the Ironman World ehampionships in Havvaii. In vvhat 
vvay might age-related ehanges of the heart limit the 
performanee of these athletes? 

_ For ansvvers, see Appendix H. 

The heart is an exquisitely engineered double pump that 
operates with preeision to propel blood into the large arter- 
ies leaving its ehambers. However, continuous circulation of 
blood also depends eritieally on the pressure dynamies in the 
blood vessels. Chapter 19 eonsiders the structure and func- 
tion of these vessels and relates this information to the work 
of the heart to provide a eomplete picture of cardiovascular 
functioning. 
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Chapter Summary 


MAP ^or more ehapter study tools, go to the Study Area of 

MasteringA&P at www.masteringaandp.com. 
There you will find: 

■ interaetive Physiology cP 

■ A&PFIix A&PFIix 

■ Praetiee Anatomy Lab PAL 


■ PhysioEx 


PEx 


■ Videos, Praetiee Quizzes and Tests, MP3 Tutor Sessions, Case 
Studies, and much more! 


The Pulmonary and Systemie Circuits (p. 659) 

1. The right side of the heart is the piilmonary circuit pump. It 
pumps blood through the lungs, where the blood pieks up 
oxygen and dumps earbon dioxide. Tbe leít side of the heart is the 
systemie circuit pump. It pumps blood through the body s tissues, 
supplying them with oxygen and nutrients and removing earbon 
dioxide. 

Heart Anatomy (pp. 659-671) 

Size, Loeation, and Orientation (p. 659) 

1. Tbe human heart, about the size of a elenehed fist, is loeated 
obliquely within the mediastinmn of the thorax. 

Coverings of the Heart (pp. 660-661) 

2. The heart is enelosed within a double sae made up of the outer 
fibrous pericardium and the inner serous pericardium (parietal 
and viseeral layers). The perieardial eavity between the serous 
layers eontains lubricating serous fluid. 

Layers of the Heart Wall (pp. 661-662) 


the left ventriele and then into the aorta, which provides the 
fimetional supply of all body organs. Systemie veins return the 
oxygen-depleted blood to the right atrium. 

Coronary Circulation (pp. 668-671) 

9. The right and left eoronary arteries braneh from the aorta and via 
their main branehes (anterior and posterior interventricular, right 
marginal, and circumflex arteries) supply the heart itself. Venous 
blood, eolleeted by the eardiae veins (great, middle, and small), 
empties into the eoronary sinus. 

10. Blood delivery to the myocardium occurs during heart relaxation. 

ÌP Cardiovascular System; Topie: Anatomy Review: The Heart, pp. 1-8. 

Cardiac Muscle Fibers (pp. 671-674) 

Mieroseopie Anatomy (p. 671) 

1. Cardiac muscle eells are branehing, striated, generally uninucleate 
eells. They eontain myofibrils eonsisting of typieal sareomeres. 

2. interealated dises eontaining desmosomes and gap junctions 
eonneet adjaeent eardiae eells. The myocardium behaves as a 
fimetional syncytium because of eleetrieal coupling provided by 
gap junctions. 

Meehanism and Events of Contraction (pp. 671-673) 

3. As in skeletal muscle, the membrane depolarization of eontraetile 
myoeytes causes opening of sodium ehannels and allows sodium 
to enter, which is responsible for the rising phase of the aetion 
potential curve. Depolarization also opens slow Ca 2+ ehannels; 
Ca 2+ entry prolongs the period of depolarization (ereates 

the plateau). Ca 2+ released by the SR and entering from the 
extracellular spaee couples the aetion potential to sliding of the 
myofilaments. Compared to skeletal muscle, eardiae muscle has a 
prolonged refraetory period that prevents tetany. 


3. Layers of the heart wall, from the interior out, are the 
endocardium, myocardium (reinforeed by a fibrous eardiae 
skeleton), and epicardium (viseeral layer of the serous 
pericardium). 

ehambers and Assoeiated Great Vessels (p. 662) 

4. The heart has two superior atria and two inferior ventrieles. 
Functionally, the heart is a double pump. 

5. Entering the right atrium are the superior vena eava, inferior vena 
eava, and eoronary sinus. Four pulmonary veins enter the left 
atrium. 

6. The right ventriele diseharges blood into the pulmonary trunk; 
the left ventriele pumps blood into the aorta. 

Heart Valves (pp. 662-668) 

7. The atrioventricular (AV) valves (tricuspid and mitral) prevent 
backflow into the atria when the ventrieles are eontraeting; the 
semilunar (SL) valves (pulmonary and aortie) prevent backflow 
into the ventrieles when the ventrieles are relaxing. 

Pathway of Blood Through the Heart (p. 668) 

8. Oxygen-poor systemie blood enters the right atrium, passes into 
the right ventriele, through the pulmonary tmnk to the lungs, 
and baek to the left atrium via the pulmonary veins. Oxygen- 
laden blood entering the left atrium from the hrngs flows into 


ÌP Cardiovascular System; Topie: Cardiac Aetion Potential, pp. 11-18. 

Energy Requirements (pp. 673-674) 

4. Cardiac muscle has abundant mitoehondria and depends almost 
entirely on aerobie respiration to form ATR 

Heart Physiology (pp. 674-685) 

Eleetrieal Events (pp. 674-678) 

1. Certain noneontraetile eardiae muscle eells exhibit automaticity and 
rhythmieity and ean independently initiate aetion potentials. Such 
eells have an unstable resting potential ealled a paeemaker potential 
that gradually depolarizes, drifting toward threshold for firing. 

These eells eompose the intrinsie conduction system of the heart. 

2. The conduction system of the heart eonsists of the SA and AV 
nodes, the AV bundle and bundle branehes, and the subendocardial 
conducting network. This system eoordinates the depolarization of 
the heart and ensures that the heart beats as a unit. The SA node has 
the fastest rate of spontaneous depolarization and aets as the hearts 
paeemaker; it sets the sinus rhythm. 

3. Defeets in the intrinsie conduction system ean cause arrhythmias, 
fibrillation, and heart bloek. 

4. The autonomic nervous system innervates the heart. Cardiac 
eenters in the medulla include the eardioaeeeleratory eenter, 
which projeets to the T^-T^ region of the spinal eord, which in 
turn projeets to the eervieal and upper thoraeie sympathetie 
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trunk. Postganglionie fìbers innervate the SA and AV nodes and 
the eardiae muscle fibers. The eardioinhibitory eenter exerts its 
influence via the parasympathetie vagus nerves (X), which projeet 
to the heart wall. Most parasympathetie fibers serve the SA and 
AV nodes. 

5. An eleetroeardiogram (ECG) is a graphie representation 
of the eardiae conduction eyele. The P wave refleets atrial 
depolarization. The QRS complex indieates ventricular 
depolarization; the T wave represents ventricular repolarization. 

iP Cardiovascular System; Topie: intrinsie Conduction System, 

pp. 1-7; Topie: Cardiac Aetion Potential, pp. 1-10. 

Heart Sounds (pp. 678-679) 

6. Normal heart sounds arise ehiefly from turbulent blood flow 
during the elosing of heart valves. Abnormal heart sounds, ealled 
murmurs, usually refleet valve problems. 

Meehanieal Events: The Cardiac Cycle (pp. 679-681) 

7. A eardiae eyele eonsists of the events occurring during one 
heartbeat. During mid-to-late diastole, the ventrieles fill and the 
atria eontraet. Ventricular systole eonsists of the isovolumetric 
eontraetion phase and the ventricular ejeetion phase. During 
early diastole, the ventrieles are relaxed and are elosed ehambers 
until the atrial pressure exceeds the ventricular pressure, foreing 
the AV valves open. Then the eyele begins again. At a normal 
heart rate of 75 beats/min, a eardiae eyele lasts 0.8 s. 

8. Pressure ehanges promote blood flow and valve opening and 
elosing. 

iP Cardiovascular System; Topie: Cardiac Cycle f pp. 1-19. 

Cardiac Output (pp. 681-685) 

9. Cardiac output, typieally 5 L/min, is the amount of blood 
pumped out by eaeh ventriele in 1 minute. Stroke volume is 
the amount of blood pumped out by a ventriele with eaeh 
eontraetion. Cardiac output = heart rate X stroke volume. 


10. Stroke volrnne depends to a large extent on the degree to which 
venous return stretehes eardiae muscle. Approximately 70 ml, it 
is the differenee between end diastolie volume (EDV) and end 
systolie volume (ESV). Anything that infkienees heart rate or 
blood volume influences venous return, henee stroke volume. 

11. Aetivation of the sympathetie nervous system inereases heart rate 
and eontraetility; parasympathetie aetivation deereases heart rate 
but has little effeet on eontraetility. Ordinarily, the heart exhibits 
vagal tone. 

12. Chemical regulation of the heart is effeeted by hormones 
(epinephrine and thyroxine) and ions (particularly potassium 
and calcium). Ion imbalanees severely impair heart aetivity. 

13. Other faetors influencing heart rate are age, sex, exercise, and 
body temperature. 

14. Congestive heart failure occurs when the pumping ability of the 
heart eannot provide adequate circulation to meet body needs. 
Right heart failure leads to systemie edema; leff heart failure 
results in pulmonary edema. 

iP Cardiovascular System; Topie: Cardiac Output f pp. 1-11. 

Developmental Aspeets of the Heart (pp. 685-687) 

Before Birth (pp. 685-686) 

1. The heart begins as a simple (mesodermal) tube that is pumping 
blood by the fourth week of gestation. The fetal heart has two 
lung bypasses: the foramen ovale and the ductus arteriosus. 

2. Congenital heart defeets are the most eommon of all birth 
defeets. The most eommon of these disorders lead to inadequate 
oxygenation of blood or inerease the workload of the heart. 

Heart Function Throughout Life (pp. 686-687) 

3. Age-related ehanges include selerosis and thiekening of the valve 
flaps, deelines in eardiae reserve, fibrosis of eardiae muscle, and 
atheroselerosis. 

4. Risk faetors for eardiae disease include dietary faetors, excessive 
stress, eigarette smoking, and laek of exercise. 


Revievv Questions 


Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. When the semihmar valves are open, which of the following are 
occurring? (a) 2, 3, 5, 6, (b) 1, 2, 3, 7, (e) 1, 3, 5, 6, (d) 2,4, 5, 7. 

_(1) eoronary arteries fill 

_(2) AV valves are elosed 

_(3) ventrieles are in systole 

_(4) ventrieles are in diastole 

_(5) blood enters aorta 

_(6) blood enters pulmonary arteries 

_(7) atria eontraet 

2. The portion of the intrinsie conduction system loeated in the 
superior interventricular septum is the (a) AV node, (b) SA node, 
(e) AV bundle, (d) subendocardial conducting network. 

3. An ECG provides information about (a) eardiae output, 

(b) movement of the excitation wave aeross the heart, 

(e) eoronary circulation, (d) valve impairment. 

4. The sequence of eontraetion of the heart ehambers is (a) random, 
(b) leff ehambers followed by right ehambers, (e) both atria 


followed by both ventrieles, (d) right atrium, right ventriele, leff 
atrium, leff ventriele. 

5. The faet that the left ventricular wall is thieker than the right 
reveals that it (a) pumps a greater volume of blood, (b) pumps 
blood against greater resistanee, (e) expands the thoraeie eage, 

(d) pumps blood through a smaller valve. 

6. The ehordae tendineae (a) elose the atrioventricular valves, 

(b) prevent the AV valve flaps from everting, (e) eontraet the 
papillary muscles, (d) open the semilunar valves. 

7. In the heart, which of the following apply? (1) Aetion potentials 
are conducted from eell to eell aeross the myocardium via gap 
junctions, (2) the SA node sets the paee for the heart as a whole, 
(3) spontaneous depolarization of eardiae eells ean occur in the 
absenee of nerve stiimilation, (4) eardiae muscle ean continue to 
eontraet for long periods in the absenee of oxygen. (a) all of the 
above, (b) 1, 3,4, (e) 1, 2, 3, (d) 2, 3. 

8. The aetivity of the heart depends on intrinsie properties of 
eardiae muscle and on neural faetors. Thus, (a) vagus nerve 
stimulation of the heart reduces heart rate, (b) sympathetie nerve 
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stimulation of the heart deereases time available for ventricular 
filling, (e) sympathetie stimulation of the heart inereases its foree 
of eontraetion, (d) all of the above. 

9. Freshly oxygenated blood is first reeeived by the (a) right atrium, 
(b) left atrium, (e) right ventriele, (d) left ventriele. 

Short Answer Essay Questions 

10. Deseribe the loeation and position of the heart in the body. 

11. Deseribe the pericardium and distinguish between the fibrous and 
the serous perieardia relative to histologieal structure and loeation. 

12. Traee one drop of blood from the time it enters the right atrirnn 
until it enters the left atrium. What is this circuit ealled? 

13. (a) Deseribe how heart eontraetion and relaxation infhienee 
eoronary blood flow. (b) Name the major branehes of the 
eoronary arteries, and note the heart regions served by eaeh. 

14. The refraetory period of eardiae muscle is much longer than that 
of skeletal muscle. Why is this a desirable fimetional property? 

15. (a) Name the elements of the intrinsie conduction system of the 
heart in order, beginning with the paeemaker. (b) What is the 
important fimetion of this conduction system? 

16. Draw a normal ECG pattern. Label and explain the signifieanee 
of its defleetion waves. 

17. Define eardiae eyele, and follow the events of one eyele. 

18. What is eardiae output, and how is it calculated? 

19. Discuss how the Frank-Starling law of the heart helps to explain 
the infhienee of venous return on stroke vohirne. 

20. (a) Deseribe the eommon fimetion of the foramen ovale and the 
ductus arteriosus in a fetus. (b) What problems result if these 
shunts remain patent (open) affer birth? 

( ! Critical Thinking and 

eiinieal Applieation 
Questions 

1. A gang member was stabbed in the ehest during a street fight. 

He was eyanotie and unconscious from laek of blood delivery to 


the brain. The diagnosis was eardiae tamponade. What is eardiae 
tamponade and how does it cause the observed symptoms? 

2. You have been ealled upon to demonstrate the technique for 
listening to valve sounds. (a) Explain where you would position 
your stethoseope to auscultate (1) the aortie valve of a patient 
with severe aortie valve insufficiency and (2) a stenotie mitral 
valve. (b) During which period(s) would you hear these abnormal 
valve sounds most elearly? (During atrial diastole, ventricular 
systole, ventricular diastole, or atrial systole?) (e) What cues 
would you use to differentiate between an insufficient and a 
stenotie valve? 

3. Florita Santos, a middle-aged woman, is admitted to the eoronary 
eare unit with a diagnosis of left ventricular failure resulting 
from a myoeardial infaretion. Her history indieated that she 

was aroused in the middle of the night by severe ehest pain. Her 
skin is pale and eold, and moist sounds are heard over the lower 
regions of both lungs. Explain how failure of the leff ventriele ean 
cause these signs and symptoms. 

4. Heather, a newborn baby, needs surgery because she was born 
with an aorta that arises from the right ventriele and a pulmonary 
trunk that issues from the left ventriele, a eondition ealled 
transposition of the great vessels. What are the physiologieal 
consequences of this defeet? 

5. Gabriel, a heroin addiet, feels tired, is weak and feverish, and has 
vague aehes and pains. Terrified that he has AIDS, he goes to a 
doetor and is informed that he is suffering not from AIDS, but 
from a heart murmur aeeompanied by endoearditis. What is the 
most likely way that Gabriel eontraeted endoearditis? (Hint: See 
Related Clinical Terms.) 

6. As Cara worked at her disseetion, she beeame fmstrated that 
several of the structures she had to learn about had more than 
one eommon name. Provide another name for eaeh of these 
structures: (a) atrioventricular groove, (b) tricuspid valve, 

(e) bicuspid valve (give two synonyms), and (d) atrioventricular 
bundle. 


AT THE e L I N I e 




Related eiinieal Terms 

Asystole (a-sis'to-le) Situation in which the heart fails to eontraet. 

Cardiac eatheterization Diagnostie procedure that involves passing 
a fine eatheter (tubing) through a blood vessel into the heart. 
Oxygen eontent of blood, blood flow, and pressures within the 
heart ean be measured. Findings help to deteet valve problems, 
heart deformities, and other heart malfimetions. 

Commotio eordis (“concussion of the heart”) Situation in which a 
relatively mild blow to the ehest causes heart failure and sudden 
death because it occurs during a vulnerable interval (2 ms) when 
the heart is repolarizing. Explains those rare instanees when 
youngsters drop dead on the playing field after being hit in the 
ehest by a ball. 

Cor pulmonale (kor pul-mun-nà'le; eor = heart, pulmo = 

lung) A eondition of right-sided heart failure resulting from 
elevated blood pressure in the pulmonary circuit (pulmonary 
hypertension). Acute eases may develop suddenly due to a 
pulmonary embolism; ehronie eases are usually assoeiated with 
ehronie lung disorders such as emphysema. 


Endoearditis (en"do-kar-di'tis) Inflammation ofthe endocardium, 
usually eonfined to the endocardium of the heart valves. 
Endoearditis often results from infeetion by baeteria that have 
entered the bloodstream but may result from fimgal infeetion 
or an autoimmune response. Dmg addiets may develop 
endoearditis by injeeting themselves with eontaminated needles. 

Heart palpitation A heartbeat that is unusually strong, fast, or 

irregular so that the person beeomes aware of it; may be caused 
by eertain dmgs, emotional pressures (“nervous heart”), or heart 
disorders. 

Hypertrophie eardiomyopathy (HCM) The leading cause of 

sudden death in young athletes, this eondition, which is usually 
inherited, causes the eardiae muscle eells to enlarge, thiekening 
the heart wall. The heart pumps strongly but doesn t relax well 
during diastole when the heart is filling. 

Mitral valve prolapse Valve disorder affeeting up to 1% of the 

population; most offen seen in young women. It appears to have 
a genetie basis resulting in abnormal ehordae tendineae 



ehapter 18 The Cardiovascular System: The Heart 


691 


Related ClinicalTerms (continued) 

or a malfunction of the papillary muscles. One or more of the 
mitral valve flaps beeome ineompetent and billow into the left 
atrium during ventricular systole, allowing blood regurgitation. 
Oeeasionally requires valve replaeement surgery. 

Myoearditis (mi"o-kar-di'tis; myo = muscle, eard = heart, itis 
= inflammation) Inflammation of the eardiae muscle layer 


(myocardium) of the heart; sometimes follows an untreated 
streptoeoeeal infeetion in ehildren. May weaken the heart and 
impair its ability to pump effeetively. 

Paroxysmal atrial taehyeardia (PAT) Bursts of atrial eontraetions 
with little pause between them. 

Ventricular taehyeardia (VT or V-tae) Rapid ventricular 
eontraetions that are not eoordinated with atrial aetivity. 



Case Study 


Cardiovascular System: The Heart 


Donald Ayers, a 49-year-old male, vvas 
the driver of the bus involved in the 
aeeident on Route 91. He vvas brought 
into the ER vvith blunt trauma to the 
ehest. Paramedies noted that the driver's seatbelt had broken 
and that he vvas found lying under the instrument panel. Initially 
unresponsive, Mr. Ayers regained consciousness and eomplained 
of ehest, epigastrie, and left upper quadrant pain. Examination 
revealed mild taehyeardia (110 bpm) and a blood pressure of 
105/75 mm Hg. An exam 10 minutes later shovved a rapid ehange 
in blood pressure (80/55 mm Hg) and HR (130 bpm) along vvith 
muffled heart sounds, a thready (vveak) pulse, and bulging neek 
veins. Soon after, the patient began to eomplain of a sudden 
onset of pain that radiated into his baek from the injury site. The 
patient deseribed the pain as "sharp, stabbing, and tearing" and it 
continued to inerease. 

1. Mr. Ayers's pulse is deseribed as "thready." What might this 
indieate vvith respeet to this patient's stroke volume? 

2 . Mr. Ayers's HR inereased from 110 to 130 bpm. What effeet vvi 
this have on his eardiae output? Explain your reasoning. 


Mr. Ayers's blood pressure continued to drop, so doetors 
ordered a ehest X ray, ECG, and spiral CT sean (a rapid CT 
technique). These diagnostie tests revealed four fractured ribs, 
an enlarged mediastinum, and perieardial effusions (fluid in the 
pericardium) producing eardiae tamponade. 

Mr. Ayers vvas scheduled for emergeney surgery. 

3 . Beginning vvith the eoneept of end diastolie volume (EDV), 
explain the effeet that the fluid in the pericardium is having on 
the stroke volume of Mr. Ayers's heart. 

4 . Muffled heart sounds are quieter and less distinet. Explain hovv 
ehanges in EDV ean result in muffled heart sounds. 

5 . The final diagnosis in this ease is a disseetion (tear) of the aorta. 
From vvhat you knovv about the anatomy of the heart, vvhere in 
the aorta do you think the tear is loeated? Explain your ansvver. 


6 . Why did Mr. Ayers's neek veins bulge? 


(Ansvvers in Appendix H) 









part i Blood Vessel Structure 
and Function 

Structure of Blood Vessel Walls (p. 693) 
Arterial System (pp. 693-696) 

Capillaries (pp. 696-698) 

Venous System (pp. 698-699) 

Vascular Anastomoses (pp. 699-701) 


part 2 Physiology of Circulation 

lntroduction to Blood Flow, Blood 
Pressure, and Resistanee (pp. 701-702) 

Systemie Blood Pressure (pp. 702-704) 

Maintaining Blood Pressure (pp. 704-711) 

Blood Flow Through Body Tissues: 

Tissue Perfusion (pp. 711-720) 


part 3 Circulatory Pathways: 
Blood Vessels of the Body 

The Two Main Circulations of the 
Body (p. 721) 

Systemie Arteries and Veins: 
Differenees in Pathways and Courses 

(P- 721) 

Prineipal Vessels of the Systemie 
Circulation (pp. 721-745) 

Developmental Aspeets of Blood 
Vessels (p. 745) 


B lood vessels are sometimes eompared to a system of pipes with 

blood circulating in them, but this analogy is only a starting point. Unlike rigid 
pipes, blood vessels are dynamie structures that pulsate, eonstriet, relax, and even 
proliferate. In this ehapter we examine the structure and function of these important 
circulatory passageways. 

The blood vessels of the body form a elosed delivery system that begins and ends 
at the heart. The idea that blood circulates in the body dates baek to the 1620s with the 
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inspired experiments of William Harvey, an English physieian. 
Prior to that time, people thought, as proposed by the aneient 
Greek physieian Galen, that blood moved through the body like 
an oeean tide, first moving out from the heart and then ebbing 
baek in the same vessels. 

PART 1 

Blood Vessel Structure 
and Function 

The three major types of blood vessels are arteries, eapillaries , 
and veins. As the heart eontraets, it forees blood into the large ar- 
teries leaving the ventrieles. The blood then moves into succes- 
sively smaller arteries, finally reaehing their smallest branehes, 
the arterioles (ar-te're-ólz; cc little arteries”), which feed into the 
eapillary beds of body organs and tissues. Blood drains from the 
eapillaries into venides (ven'ulz), the smallest veins, and then on 
into larger and larger veins that merge to form the large veins 
that ultimately empty into the heart. Altogether, the blood ves- 
sels in the adult human streteh for about 100,000 km (60,000 
miles) through the internal body landseape! 

Arteries earry blood awayfrom the heart, so they are said to 
“braneh,” “diverge,” or “fork” as they form smaller and smaller 
divisions. Veins, by eontrast, earry blood toward the heart and 
so are said to “join,” “merge,” and “eonverge” into the succes- 
sively larger vessels approaehing the heart. In the systemie circu- 
lation, arteries ahvays earry oxygenated blood and veins always 
earry oxygen-poor blood. The opposite is true in the pulmonary 
circulation, where the arteries, still defined as the vessels leading 
away from the heart, earry oxygen-poor blood to the lungs, and 
the veins earry oxygen-rich blood from the hrngs to the heart. 
The speeial umbilical vessels of a fetus also diífer in the roles of 
veins and arteries. 

Of all the blood vessels, only the eapillaries have intimate 
eontaet with tissue eells and direetly serve cellular needs. Ex- 
ehanges between the blood and tissue eells occur primarily 
through the gossamer-thin eapillary walls. 

Structure of Blood Vessel Walls 

s Deseribe the three layers that typieally form the wall of a 

blood vessef and state the function of eaeh. 

Define vasoeonstrietion and vasodilation. 

The walls of all blood vessels, except the very smallest, have three 
distinet layers, or tunics (“eoverings”), that surround a eentral 
blood-eontaining spaee, the vessel lumen cjure 19.1. 

The innermost tunic is the tunica intima (in'tì-mah). The 
name is easy to remember onee you know that this tunic is in 
intimate eontaet with the blood in the lumen. The tunica in- 
tima eontains the endothelium, the simple squamous epithe- 
lium that lines the lumen of all vessels. The endothelium is 
continuous with the endoeardial lining of the heart, and its flat 


eells fit elosely together, forming a sliek surface that minimizes 
frietion as blood moves through the lrnnen. In vessels larger 
than 1 mm in diameter, a subendothelial layer , eonsisting of a 
basement membrane and loose eonneetive tissue, supports the 
endothelium. 

The middle tunic, the tunica media (me'de-ah), is mostly eir- 
cularly arranged smooth muscle eells and sheets of elastin. The 
aetivity of the smooth muscle is regulated by sympathetie vaso- 
motor nervefibers of the autonomic nervous system and a whole 
battery of ehemieals. Depending on the body s needs at any given 
moment, regulation causes either vasoeonstrietion (lumen di- 
ameter deereases as the smooth muscle eontraets) or vasodila- 
tion (lumen diameter inereases as the smooth muscle relaxes). 
The aetivities of the tunica media are eritieal in regulating circu- 
latory dynamies because small ehanges in vessel diameter greatly 
influence blood flow and blood pressure. Generally, the tunica 
media is the bulkiest layer in arteries, which bear the ehief re- 
sponsibility for maintaining blood pressure and circulation. 

The outermost layer of a blood vessel wall, the tunica ex- 
terna (also ealled the tunica adventitia ; ad"ven-tish'e-ah; 
“eoming from outside”), is eomposed largely of loosely woven 
eollagen fibers that proteet and reinforee the vessel, and anehor 
it to surrounding structures. The tunica externa is infiltrated 
with nerve fibers, lymphatie vessels, and, in larger veins, a net- 
work of elastie fibers. In larger vessels, the tunica externa eon- 
tains a system of tiny blood vessels, the vasa vasorum (va'sah 
va-sor'um)—literally, “vessels of the vessels”—that nourish the 
more external tissues of the blood vessel wall. The innermost 
(luminal) portion of the vessel obtains nutrients direetly from 
blood in the lumen. 

The three vessel types vary in length, diameter, wall 
thiekness, and tissue makeup (see Table 19.1 on p. 696). 

gure 19.2 summarizes how these vascular ehannels relate 
to one another and to vessels of the lymphatie system. The 
lymphatie system reeovers fluids that leak from the circula- 
tion and is deseribed in Chapter 20. 




1. Which braneh of the aiitonomie nervous system innervates ■ 

blood vessels? Which layer of the blood vessel wall do these I 
nerves innervate? What are the effeetors (eells that earry out I 
the response)? * 

2. When vascular smooth muscle eontraets, what happens to 
the diameter of the blood vessel? What is this ealled? 

_ For ansvvers, see Appendix H. 

Arterial System 

s Compare and eontrast the structure and function of the 
three types of arteries. 

In terms of relative size and fimetion, arteries ean be divided into 

three groups—elastie arteries, muscular arteries, and arterioles. 
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gure 19.1 Generalized structure of arteries, veins, and eapillaries. (a) Light 
photomierograph of a muscular artery and the eorresponding vein in eross seetion (100x). 

(b) Comparison of vvall structure of arteries, veins, and eapillaries. Note that the tunica media 
is thieker than the tunica externa in arteries and that the opposite is true in veins. 
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Figiire 19.2 The relationship of blood vessels to eaeh other and to lymphatie vessels. 

Lymphatie vessels reeover excess tissue fluid and return it to the blood. 


Elastie Arteries 

Elastie arteries are the thick-walled arteries near the heart—the 
aorta and its major branehes. These arteries are the largest in 
diameter, ranging from 2.5 em to 1 em, and the most elastie (Ta- 
ble 19.1). Because their large lumens make them low-resistance 
pathways that conduct blood from the heart to medium-sized 
arteries, elastie arteries are sometimes ealled conducting arteries 
(Figure 19.2). 

Elastie arteries eontain more elastin than any other vessel 
type. It is present in all three tunics, but the tunica media eon- 
tains the most. There the elastin eonstmets eoneentrie “holey” 
sheets of elastie eonneetive tissue that look like sliees of Swiss 
eheese sandwiched between layers of smooth muscle eells. 
Although elastie arteries also eontain substantial amounts of 
smooth muscle, they are relatively inaetive in vasoeonstrietion. 
Thus, in terms of function, they ean be visualized as simple elas- 
tie tubes. 


Elastie arteries are pressure reservoirs, expanding and re- 
eoiling as the heart ejeets blood. Consequently, blood flows 
fairly continuously rather than starting and stopping with the 
pulsating rhythm of the heartbeat. If the blood vessels beeome 
hard and unyielding, as in atheroselerosis, blood flows more 
intermittently, similar to the way water flows through a hard 
rnbber garden hose attaehed to a faucet. When the faucet is 
on, the high pressure makes the water gush out of the hose. 
But when the faucet is shut off, the water flow abruptly be- 
eomes a triekle and then stops, because the hose walls ean- 
not reeoil to keep the water under pressure. Also, without the 
pressure-smoothing effeet of the elastie arteries, the walls of 
arteries throughout the body experience higher pressures. 
Battered by high pressures, the arteries eventually weaken and 
may balloon out or even burst. (These problems are discussed 
in A Closer Look on pp. 700-701.) 
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Table 19.1 


VESSELTYPE/ 

ILLLISTRATION* 


Summary of Blood Vessel Anatomy 


AVERAGE 

LUMEN 

DIAMETER (D) 
AND WALL 
THICKNESS (T) 


RELATIVE TISSLIE 
MAKELIP 


! 


Qj 

s 


Q? 


kí 


<u 


5 


$ 


o 

o 


5 

o 
e 

Qj 

g| 

| 



Elastie artery 


D: 1.5 em 
T: 1.0 mm 



Miiseiilar artery 


D: 6.0 mm 
T: 1.0 mm 



Arteriole 


D: 37.0 [jm 
T: 6.0 |jm 





Muscular Arteries 

Distally the elastie arteries give way to the muscular arteries, 
which deliver blood to speeifie body organs (and so are some- 
times ealled distributing arteries ). Muscular arteries account for 
most of the named arteries studied in the anatomy laboratory. 
Their internal diameter ranges from that of a little finger to that 
of a peneil lead. 

Proportionately, muscular arteries have the thiekest tunica 
media of all vessels. Their tunica media eontains relatively more 
smooth muscle and less elastie tissue than do elastie arteries 
(Table 19.1). For this reason, they are more aetive in vasoeon- 
strietion and less distensible (eapable of stretehing). In muscu- 
lar arteries, however, there is an elastie membrane on eaeh faee 
of the tunica media. 

Arterioles 

The smallest of the arteries, arterioles have a lumen diameter 
ranging from 0.3 mm down to 10 pm. Larger arterioles have 
all three tunics, but their tunica media is ehiefly smooth mus- 
ele with a few seattered elastie fibers. Smaller arterioles, which 
lead into the eapillary beds, are little more than a single layer 
of smooth muscle eells spiraling around the endothelial lining. 

As we will deseribe shortly, minute-to-minute blood flow 
into the eapillary beds is determined by arteriolar diameter, 
which varies in response to ehanging neural, hormonal, and 
loeal ehemieal influences. When arterioles eonstriet, the tissues 
served are largely bypassed. When arterioles dilate, blood flow 
into the loeal eapillaries inereases dramatieally. 

Capillaries 

Deseribe the structure and function of a eapillary bed. 



Capillary 


D: 9.0 pm 
T: 0.5 pm 



Venule 


D: 20.0 pm 
T: 1.0 pm 




D: 5.0 mm 
T: 0.5 mm 



Vein 


*Size relationships are not proportional. Smaller vessels are drawn 
relatively larger so detail ean be seen. See eoliimn 2 for actual 
dimensions. 


The mieroseopie eapillaries are the smallest blood vessels. Their 
exceedingly thin walls eonsist of just a thin tunica intima (see 
Figure 19.lb). In some eases, one endothelial eell forms the en- 
tire circumference of the eapillary wall. At strategie loeations 
along the outer surface of some eapillaries are spider-shaped 
perieytes, smooth muscle-like eells that stabilize the eapillary 
wall and help eontrol eapillary permeability igure 19.3a). 

Average eapillary length is 1 mm and average lumen diam- 
eter is 8-10 pm, just large enough for red blood eells to slip 
through in single file. Most tissues have a rieh eapillary sup- 
ply, but there are exceptions. Tendons and ligaments are poorly 
vascularized. Cartilage and epithelia laek eapillaries, but reeeive 
nutrients from blood vessels in nearby eonneetive tissues, and 
the avascular eornea and lens of the eye reeeive nutrients from 
the aqueous humor. 

If we eompare arteries and arterioles to expressways and 
roads, eapillaries are the baek alleys and driveways that pro- 
vide direet aeeess to nearly every eell in the body. Given their 
loeation and thin walls, eapillaries are ideally suited for their 
role—exchange of materials (gases, nutrients, hormones, and so 
on) between the blood and the interstitial fluid (Figure 19.2 and 
Table 19.1). We deseribe these exchanges later in this ehapter. 
Here, we focus on eapillary structure. 
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Types of Capillaries 

Structurally, there are three types of eapillaries— continuous, 
fenestrated, and sinnsoid. 

Continuous Capillaries 

Continuous eapillaries, abundant in the skin and muscles, are 
most eommon (Figure 19.3a). They are continuous in the sense 
that their endothelial eells are joined together by tight junctions, 
providing an uninterrupted lining. However, these junctions are 
usually ineomplete and leave gaps of unjoined membrane ealled 
intercellular elefìts, which are just large enough to allow limited 
passage of fluids and small solutes. Typieally, the endothelial 
eell eytoplasm eontains numerous pinoeytotie vesieles that ferry 
fluids aeross the eapillary wall. 

Brain eapillaries, however, are unique. There the tight junc- 
tions of the continuous eapillaries are eomplete and extend 
around the entire perimeter of the endothelial eells, constituting 
the structural basis of the blood brain barrier that we deseribed 
in Chapter 12. 

Fenestrated Capillaries 

Fenestrated eapillaries (fen'es-tra-tid) are similar to the eon- 
tinuous variety except that the endothelial eells in fenestrated 
eapillaries are riddled with oval pores, or fenestrations (fenestra 
= window) (Figure 19.3b). A delieate membrane, or diaphragm 
(probably eondensed basal lamina material), usually eovers the 
fenestrations. Even so, fenestrated eapillaries are much more 
permeable to flmds and small solutes than continuous eapillar- 
ies are. 

Fenestrated eapillaries are found wherever aetive eapillary 
absorption or filtrate formation occurs. For example, fenes- 
trated eapillaries in the small intestine reeeive nutrients from 
digested food, and those in endoerine organs allow hormones 
rapid entry into the blood. Fenestrated eapillaries with perpetu- 
ally open pores occur in the kidneys, where rapid filtration of 
blood plasma is essential. 

Siniisoid Capillaries (Sinusoids) 

Sinusoid eapillaries, or sinusoids (si'nii-soyds), are highly 
modified, leaky eapillaries found only in the liver, bone marrow, 
spleen, and adrenal medulla. Sinusoids have large, irregularly 
shaped lumens and are usually fenestrated. Their endothelial 
lining has fewer tight junctions and larger intercellular elefts 
than ordinary eapillaries (Figrne 19.3c). 

These structural adaptations allow large molecules and even 
blood eells to pass between the blood and surrounding tissues. 
In the liver, the endothelium of the sinusoids is discontinuous 
and its lining includes large stellate maerophages (hepatie 
maerophages), which remove and destroy any baeteria. In other 
organs, such as the spleen, phagoeytes loeated just outside the 
sinusoids stiek eytoplasmie extensions through the intereelhilar 
elefts into the sinusoid himen to get at their a prey.” Blood flows 
sluggishly through the tortuous sinusoid ehannels, allowing 
time for it to be modified in various ways. 
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(a) Continuous eapillary. Least permeable, and most 
eommon (e.g., skin, muscle). 
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(b) Fenestrated eapillary. Large fenestrations (pores) 
inerease permeability. Occurs in areas of aetive 
absorption orfiltration (e.g., kidney, small intestine). 
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(e) Sinusoid eapillary. Most permeable. Occurs in speeial 
loeations (e.g., liver, bone marrow, spleen). 


gure 19.3 Capillary structure. Note that the basement 
membrane is ineomplete only in (e) and that perieytes most often 
occur on continuous eapillaries. 
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Vaseiilar shunt 
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Posteapillary venule 


(a) Sphineters open —blood flows through true eapillaries. 



Terminal arteriole 


Posteapillary venule 


(b) Sphineters elosed —blood flows through metarteriole-thoroughfare 
ehannel and bypasses true eapillaries. 


k gure 19.4 Anatomy of a eapillary bed. 


Gapíllary Beds 



Capillaries do not function independently. Instead they form in- 
terweaving networks ealled eapillary beds. The flow of blood from 
an arteriole to a venule—that is, through a eapillary bed—is ealled 
the microcirculation. In most body regions, a eapillary bed 
eonsists of two types of vessels: (1) a vaseidar shunt (metarteriole- 
thoroughfare ehannel), a short vessel that direetly eonneets the 
arteriole and venule at opposite ends of the bed, and (2) true eapil- 
laries , the actual exchange vessels Figure 19.4] . 

The terminal arteriole feeding the bed leads into a metar- 
teriole (a vessel structurally intermediate between an arteriole 
and a eapillary), which is continuous with the thoroughfare 
ehannel (intermediate between a eapillary and a venule). The 
thoroughfare ehannel, in turn, joins the posteapillary venule 
that drains the bed. 

The true eapillaries number 10 to 100 per eapillary bed, 
depending on the organ or tissues served. They usually braneh 
off the metarteriole (proximal end of the shunt) and return to 
the thoroughfare ehannel (the distal end), but oeeasionally they 
spring from the terminal arteriole and empty direetly into the 
venule. A cuff of smooth muscle fibers, ealled a preeapillary 


sphineter, surrounds the root of eaeh tme eapillary at the metar- 
teriole and aets as a valve to regulate blood flow into the eapillary. 

Blood flowing through a terminal arteriole may go either 
through the true eapillaries or through the shunt. When the 
preeapillary sphineters are relaxed (open), as in Figure 19.4a, 
blood flows through the true eapillaries and takes part in ex- 
ehanges with tissue eells. When the sphineters are eontraeted 
(elosed), as in Figure 19.4b, blood flows through the shunts and 
bypasses the tissue eells. 

Loeal ehemieal eonditions and arteriolar vasomotor nerve 
fibers regulate the amount of blood entering a eapillary bed. A 
bed may be flooded with blood or almost eompletely bypassed, 
depending on eonditions in the body or in that speeifie organ. 
For example, suppose you have just eaten and are sitting relaxed, 
listening to your favorite musical group. Food is being digested, 
and blood is circulating freely through the true eapillaries of 
your gastrointestinal organs to reeeive the breakdown products 
of digestion. Between meals, however, most of these same eapil- 
lary pathways are elosed. 

To take another example, when you exercise vigorously, blood 
is rerouted from your digestive organs (food or no food) to the 
eapillary beds of your skeletal muscles where it is more immedi- 
ately needed. This rerouting helps explain why vigorous exercise 
right after a meal ean cause indigestion or abdominal eramps. 

Venous System 

Deseribe the structure and function of veins f and explain 
how veins differ from arteries. 

Veins earry blood from the eapillary beds toward the heart. 
Along the route, the diameter of successive venous vessels in- 
ereases, and their walls gradually thieken as they progress from 
venules to larger and larger veins. 

Venules 

Capillaries unite to form venules, which range from 8 to 100 pm 
in diameter. The smallest venules, th e posteapillary venules , eon- 
sist entirely of endothelium around which perieytes eongregate. 
Posteapillary venules are extremely porous (more like eapillar- 
ies than veins in this way), and fluid and white blood eells move 
easily from the bloodstream through their walls. Indeed, a well- 
reeognized sign of inflammation is adhesion of white blood 
eells to the posteapillary venule endothelium, followed by their 
migration through the wall into the inflamed tissue. 

Larger venules have one or two layers of smooth muscle eells 
(a seanty tunica media) and a thin tunica externa as well. 

Veins 

Venules join to form veins. Veins usually have three distinet tunics, 
but their walls are always thinner and their lumens larger than 
those of eorresponding arteries (see Figure 19.1 and Table 19.1). 
Consequently, in histologieal preparations, veins are usually eol- 
lapsed and their lrnnens appear slitlike. 
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There is relatively little smooth muscle or elastin in the tunica 
media, which is poorly developed and tends to be thin even in 
the largest veins. The tunica externa is the heaviest wall layer. 
Consisting of thiek longitudinal bundles of eollagen fibers and 
elastie networks, it is often several times thieker than the tu- 
niea media. In the largest veins—the venae eavae, which return 
blood direetly to the heart—longitudinal bands of smooth mus- 
ele make the tunica externa even thieker. 

With their large lumens and thin walls, veins ean aeeommo- 
date a fairly large blood volume. Veins are ealled eapaeitanee 
vessels and blood reservoirs because they ean hold up to 65% 
of the bodys blood supply at any time gure 19.5). Even so, 
they are normally only partially filled. 

The walls of veins ean be much thinner than arterial walls 
without danger of bursting because the blood pressure in veins 
is low. However, the low-pressure eondition demands several 
structural adaptations to ensure that veins return blood to the 
heart at the same rate it was pumped into the circulation. One 
such adaptation is their large-diameter lumens, which offer rela- 
tively little resistanee to blood flow. 

Venous Valves 

Another adaptation is valves that prevent blood from flowing 
backward. Venous valves, formed from folds of the tunica in- 
tima, resemble the semikmar valves of the heart in both struc- 
ture and fimetion (see Figure 19.1). Venous valves are most 
abundant in the veins of the limbs, where gravity opposes the 
upward flow of blood. They are usually absent in veins of the 
thoraeie and abdominal body eavities. 

The eífeetiveness of venous valves is demonstrated by this 
simple experiment: Hang one hand by your side until the blood 
vessels on its dorsal aspeet distend with blood. Next plaee two 
fingertips against one of the distended veins, and pressing 
firmly, move the superior finger proximally along the vein and 
then release that finger. The vein will remain eollapsed (flat) 
despite the pull of gravity. Finally, remove your distal fingertip 
and watch the vein refill with blood. 



Homeostatie imbalanee 19.1 


Varieose veins are veins that are tortuous and dilated because 
of ineompetent (leaky) valves. More than 15% of adults suffer 
from varieose veins, usually in the lower limbs. 

Several faetors contribute, including heredity and eonditions 
that hinder venous return, such as prolonged standing in one 
position, obesity, or pregnaney. Both the “potbelly” of an over- 
weight person and the enlarged uterus of a pregnant woman ex- 
ert downward pressure on vessels of the groin, restrieting return 
of blood to the heart. Consequently, blood pools in the lower 
limbs, and with time, the valves weaken and the venous walls 
streteh and beeome floppy. Superficial veins, which reeeive lit- 
tle support from surrounding tissues, are espeeially susceptible. 

Elevated venous pressure ean also cause varieose veins. For 
example, straining to deliver a baby or have a bowel movement 
raises intra-abdominal pressure, preventing blood from drain- 
ing from anal veins. The resulting varieosities in the anal veins 
are ealled hemorrhoids (hem'ó-roidz). + 


Pulmonary blood 
vessels 12% 


Systemie arteries 
and arterioles 15% 


Heart 8% 



Capillaries 5% 


gure 19.E Relative proportion of blood volume throughout 
the cardiovascular system. The systemie veins are ealled 
eapaeitanee vessels because they are distensible and eontain a large 
proportion of the blood volume. Pulmonary blood vessels supply the 
lungs; systemie blood vessels supply the rest of the body. 


Venous Sinuses 

Venous sinuses, such as the eoronary sinus of the heart and the 
dural venous sinuses of the brain, are highly speeialized, flattened 
veins with extremely thin walls eomposed only of endothelium. 
They are supported by the tissues that surround them, rather 
than by any additional tunics. The dural venous sinuses, which 
reeeive eerebrospinal fluid and blood draining from the brain, 
are reinforeed by the tough dura mater that eovers the brain 
surface. 


Vascular Anastomoses 


Blood vessels form speeial intereonneetions ealled vascular 
anastomoses (ah-nas"to-mo'sèz; “eoming together”). Most or- 
gans reeeive blood from more than one arterial braneh, and 
arteries supplying the same territory often merge, forming arte- 
rial anastomoses. These anastomoses provide alternate path- 
ways, ealled eollateral ehannels, for blood to reaeh a given body 
region. If one braneh is cut or bloeked by a elot, the eollateral 
ehannel ean often provide sufficient blood to the area. 

Arterial anastomoses occur around joints, where aetive 
movement may hinder blood flow through one ehannel. They 
are also eommon in abdominal organs, the heart, and the brain 
(for example, the eerebral arterial eirele in Figure 19.22d on 
p. 727). Arteries that supply the retina, kidneys, and spleen 
either do not anastomose or have a poorly developed eollateral 
circulation. If their blood flow is intermpted, eells supplied by 
such vessels die. 

The metarteriole-thoroughfare ehannel shunts of eapillary 
beds that eonneet arterioles and venules are examples of arte- 
riovenous anastomoses. Veins intereonneet much more freely 
than arteries, and venous anastomoses are eommon. (You may 
be able to see venous anastomoses through the skin on the dor- 
sum of your hand.) Because venous anastomoses are abundant, 
an oeehided vein rarely bloeks blood flow or leads to tissue 
death. 
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When pipes get elogged, it is usually 
because we've dumped something 
down the drain that shouldn't be 
there—a greasy mass or a hairball. 
Sometimes, pipes get bloeked when 
something is growing inside them 
(tree roots, for example), trapping the 
normal sludge eoming through (see top 
photo). In arterioselerosis, the walls 
of our arteries beeome thieker and 

stiffer, and /pertension results. In 

atherosderosis, the most eommon 
form of arterioselerosis, small patehy 
thiekenings ealled atheromas form that 
ean intrude into the vessel lumen, making 

it easy for arterial spasms or a 

roaming blood do to elose the vessel 
eompletely. 

Although all arteries are susceptible to 
atheroselerosis, those most often affeeted 
are the aorta and the eoronary and earotid 
arteries. 


Onset and Stages 

Atheroselerosis indireetly causes half of 
the deaths in the Western world. How 
does this scourge of blood vessels eome 
about? The development of a full-blown 
atheroma is believed to occur in several 
stages. 

1. The endothelium is injured. 

Aeeording to the response to '\rijury 
hypothesis, the initial event is damage 
to the tunica intima caused by 
bloodborne ehemieals, hypertension, 
eomponents of eigarette smoke, or 
viral or baeterial infeetions. Researehers 
suspect that almost any type of 
ehronie infeetion—even periodontal 
problems—could set the stage for 
atheroselerosis. How a bacterium such 
as ehlamydophila pneumoniae (found 
in some plaques) triggers atheroma 
development is not eompletely 
understood, but we know that any 
injury to the endothelium sets off the 
alarm summoning the immune system 
and the inflammatory proeess to repair 
the damage. 

2. Lipids accumulate and oxidize in 

the tunica intima. Injured endothelial 
eells release ehemotaetie agents and 
growth (mitosis-inducing) faetors, 
and begin to transport and modify 
lipids pieked up from the blood, 
particularly low-density lipoproteins 
(LDLs) that deliver eholesterol to 




Top A pipe elogged by accumulated 
deposits. Bottom Atheroselerotie plaques 
nearly elose a human artery. 


tissue eells via the bloodstream. This 
accumulated LDL oxidizes in the hostile 
inflammatory environment. This not 
only damages neighboring eells, but 
also aets as a ehemotaetie agent, 
attraeting maerophages. Some of these 
maerophages beeome so engorged with 
LDLs that they are transformed into 
lipid-laden foam eells. Accumulating 
foam eells form a fatty streak, the first 
visible sign of an atheroma. 

3. Smooth muscle eells proliferate and 

a fibrous eap forms. Smooth muscle 
eells migrate from the tunica media 
and deposit eollagen and elastie fibers, 
thiekening the intima and producing 
fibrous lesions with a eore of dead 
and dying foam eells ealled fibrous or 
atheroselerotie plaques. At first the 
vessel walls aeeommodate the growing 
plaque by expanding outward, but 
eventually these fatty mounds begin 
to protrude into the vessel lumen, 
producing full-blown atheroselerosis 
(see bottom photo). 


4. The plaque beeomes unstable. 

As the plaque continues to enlarge, 
the eells at its eenter die. Calcium 
is deposited, and eollagen fiber 
production by smooth muscle eells 
deelines. Now ealled a eomplieated 
plaque, it is unstable and prone to 
rupture. 

Consequences 

The presenee of plaques stiffens artery 
walls and results in hypertension. The 
inereased pressure stresses the plaques, 
making them even more unstable. 

Plaques also eonstriet the vessel and cause 
the arterial walls to fray and ulcerate, 
eonditions that encourage blood sludging 
and backup, platelet adhesion, and 
thrombus formation. 

Two other faetors also promote 
thrombus formation: (1) Endothelial eells 
damaged by plaques release less nitrie 
oxide and prostaeyelin—ehemieals that 
would otherwise promote vasodilation and 
inhibit platelet aggregation. (2) Lipoprotein 
(a), an altered form of LDL found in some 
individuals, inhibits fibrinolysis by eompeting 
with plasminogen. 

Plaque formation inereases the risk 
of myoeardial infaretion, strokes, and 
aneurysms, and is responsible for the pain 
(angina) that occurs when heart muscle 
is isehemie. We often think of large 
eomplieated plaques as being the culprits 
for heart attaeks and strokes, but plaques 
of any size may rupture and form a elot. 

At least one-third of all heart attaeks are 
caused by plaques too small to be seen 
on traditional angiograms. They cause no 
warning symptoms, and vietims appear 
perfeetly healthy until they drop dead! 

One goal of current researeh is to find 
ways to identify these vulnerable plaques. 


Risk Faetors 

Why are some of us so troubled by 
atheroselerosis while others are seemingly 
immune to its ravages? A large number 
of interaeting risk faetors determine the 
progress of atheroma development. Risk 
faetors include inereasing age, male sex, 
a family history of atheroselerosis, high 
blood eholesterol, hypertension, eigarette 
smoking, laek of exercise, diabetes, 
obesity, stress, and intake of trans fats. 

A growing body of evidenee links 
systemie inflammation with the formation 
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A CLOSER LOOK (continued) 


and subsequent rupture of atheroselerotie 
plaques. C-reactive protein is a marker of 
systemie inflammation that is measured 
to prediet the likelihood of future heart 
attaeks and strokes. 


Prevention andTreatment 

Some risk faetors are under our eontrol. 
We ean avoid smoking, lose vveight, 
exercise regularly to inerease blood 
levels of high-density lipoprotein (HDL, 
the "good" lipoprotein that removes 
eholesterol from vessel vvalls and earries it 
to the liver), and eat a healthy diet lovv in 
saturated and trans fats. 

But for many of us, these measures 
are not enough and a pharmaceutical 
approaeh is needed. At first it vvas hoped 
that eholesterol-lovvering drugs ealled 
statins would aet as cardiovascular Dràno, 
in effeet washing fatty plaques off the 
walls. Statins do lower LDL, but deerease 
plaque size by only a small amount. 

A signifieant part of their aetion, 
though, is their unexpected side benefit— 
anti-inflammatory aetivity, which appears 


to help stabilize existing plaques and keep 
them from rupturing. 

The humble aspirin ean also play a 
role. The Ameriean Heart Assoeiation 
reeommends that people at high risk 
for heart attaek or stroke take one baby 
aspirin (81 mg) daily to prevent elot 
formation when plaques do rupture. 

Larger plaques that partially bloek 
arteries are treated in much the same way 
we would treat a bloeked sewer pipe—dig 
it up and replaee it or eall Roto-Rooter to 
drill through the obstruction. In eoronary 
bypass surgery, veins removed from 
the legs or small arteries removed from 
the thoraeie eavity are implanted in the 
heart to restore myoeardial circulation. 

In balloon angioplasty, a eatheter with 
a balloon tightly paeked into its tip is 
threaded through the vessels. When the 
eatheter reaehes the obstruction, the 
balloon is inflated to eompress the fatty 
mass against the vessel wall. 

Angioplasty temporarily elears the path, 
but restenoses (new bloekages) often 
occur. Stents, short metal-mesh tubes 


that look like a ziti noodle, are inserted 
into the newly dilated vessels in order to 
hold the vessel open. Stents that slowly 
release drugs that inhibit smooth muscle 
proliferation help reduce restenosis, but 
these often beeome elogged as well. 
Treating the area with bursts of radiation 
(braehytherapy) ean help. 

When an atheroma ruptures and 
induces elot formation, thrombolytie ( elot- 
dlssolving) agents ean help. A genetieally 
engineered form of the naturally occurring 
tisstie plasminogen aetivator ( tPA) is 
injeeted direetly into the bloeked vessel. 
tPA restores blood flow quickly and puts 
an early end to many heart attaeks and 
strokes in progress. 

Of course, it's best to prevent 
atheroselerosis from progressing in the 
first plaee by ehanging our lifestyles. 
Amerieans like their burgers and butter. 
But if heart disease ean be prevented by 
reversing atheroselerosis, many people 
with diseased arteries may be willing to 
trade lifelong habits for a healthy old age! 



Check Your Understanding 


3. Name the type of artery that matehes eaeh deseription: 
major role in dampening the pulsatile pressure of heart 
eontraetions; vasodilation or eonstrietion determines blood 
flow to individual eapillary beds; have the thiekest tunica 
media relative to their lumen size. 

4. Look at Figure 19.4 on p. 698 and assume that the eapillary 
bed depieted is in your ealf muscle. Which eondition—(a) or 
(b)—would the bed be in if you were doing ealf raises at the 
gym? 

5. What is the function of venous valves? What forms the 
valves? 

6. In the systemie circuit, which eontains more blood—arteries 
or veins—or is it the same? 


For ansvvers, see Appendix H. 


PART 2 

Physiology of Circulation 

Have you ever elimbed a mountain? Well, get ready to elimb a 
hypothetieal mountain as you learn about circulatory dynamies. 
Like sealing a mountain, taekling blood pressure regulation and 
other topies of cardiovascular physiology is ehallenging while 
youre doing it, and exhilarating when you succeed. Lets begin 
the elimb. 

To sustain life, blood must be kept circulating. By now, you 
are aware that the heart is the pump, the arteries are pressure 
reservoirs and conduits, the arterioles are resistanee vessels that 
eontrol distribution, the eapillaries are exchange sites, and the 


veins are conduits and blood reservoirs. Now for the dynamies 
of this system. 


introdiietion to Blood Flow, 

Blood Pressiire, and Resistanee 

v Define blood flow, blood pressure, and resistanee, and I 

explain the relationships between these faetors. I 


First we need to define three physiologieally important terms— 
blood flow, blood pressure, and resistanee—and examine how 
these faetors relate to the physiology of blood circulation. 



Defìnition of Terms 



Blood Flow 


Blood flow is the volrnne of blood flowing through a vessel, an or- 
gan, or the entire circulation in a given period (ml/min). If we eon- 
sider the entire vascular system, blood flow is equivalent to eardiae 
output (CO), and under resting eonditions, it is relatively eonstant. 
At any given moment, however, blood flow through individual 
body organs may vary widely aeeording to their immediate needs. 


Blood Pressure (BP) 

Blood pressure (BP), the foree per unit area exerted on a ves- 
sel wall by the eontained blood, is expressed in millimeters of 
mercury (mm Hg). For example, a blood pressure of 120 mm 
Hg is equal to the pressure exerted by a column of mercury 
120 mm high. 
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Unless stated otherwise, the term blood pressme means sys- 
temie arterial blood pressure in the largest arteries near the 
heart. The pressure gradient—the differenees in blood pressure 
within the vascular system—provides the driving foree that 
keeps blood moving, always from an area of higher pressure to 
an area of lower pressure, through the body. 


When blood encounters either an abrnpt ehange in vessel 
diameter or rough or protmding areas of the tube wall (such as 
the fatty plaques of atheroselerosis), the smooth laminar blood 
flow is replaeed by turbulent flow, that is, irregular fluid motion 
where blood from the different laminae mixes. Turbulence dra- 
matieally inereases resistanee. 


Resistanee 

Resistanee is opposition to flow and is a measure of the amount 
of frietion blood encounters as it passes through the vessels. Be- 
cause most frietion is encountered in the peripheral (systemie) 
circulation, well away from the heart, we generally use the term 

peripheral resistanee. 

There are three important sources of resistanee: blood vis- 
eosity, vessel length, and vessel diameter. 

Blood Viseosity The internal resistanee to flow that exists in 
all fluids is viseosity (vis-kos'ì-te) and is related to the thiekness 
or “stiekiness” of a fhffd. The greater the viseosity, the less eas- 
ily molecules slide past one another and the more difficult it is 
to get and keep the fluid moving. Blood is much more viscous 
than water. Because it eontains formed elements and plasma 
proteins, it flows more slowly under the same eonditions. 

Blood viseosity is fairly eonstant, but eonditions such as poly- 
eythemia (excessive numbers of red blood eells) ean inerease 
blood viseosity and, henee, resistanee. On the other hand, if the 
red blood eell count is low, as in some anemias, blood is less 
viscous and peripheral resistanee deelines. 
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Total Blood Vessel Length The relationship between total 
blood vessel length and resistanee is straightforward: the longer 
the vessel, the greater the resistanee. For example, an infants 
blood vessels lengthen as he or she grows to adulthood, and so 
both peripheral resistanee and blood pressure inerease. 

Blood Vessel Diameter Because blood viseosity and vessel 
length are normally unchanging, the infhienee of these faetors 
ean be eonsidered eonstant in healthy people. However, blood 
vessel diameter ehanges frequently and signifieantly alters pe- 
ripheral resistanee. How so? The answer lies in prineiples of fluid 
flow. Fluid elose to the wall of a tube or ehannel is slowed by frie- 
tion as it passes along the wall, whereas fluid in the eenter of the 
tube flows more freely and faster. You ean verify this by watching 
the flow of water in a river. Water elose to the bank hardly seems 
to move, while that in the middle of the river flows quite rapidly. 

In a tube of a given size, the relative speed and position of fluid 
in the different regions of the tubes eross seetion remain eonstant, 
a phenomenon ealled laminar flow or streamlining. The smaller 
the tube, the greater the frietion, because relatively more of the 
fluid eontaets the tube wall, where its movement is impeded. 

Resistanee varies inversely with the fourth power of the ves- 
sel radius (one-half the diameter). This means, for example, that 
if the radius of a vessel doubles, the resistanee drops to one- 
sixteenth of its original value (r 4 = 2 X 2 X 2 X 2 = 16 and 
1/r 4 = 1/16). For this reason, the large arteries elose to the heart, 
which do not ehange dramatieally in diameter, contribute little 
to peripheral resistanee. Instead, the small-diameter arterioles, 
which ean enlarge or eonstriet in response to neural and ehemi- 
eal eontrols, are the major determinants of peripheral resistanee. 


Relationship Betvveen Flovv, Pressure, 
and Resistanee 


Now that we have defined these terms, let s summarize the rela- 
tionships between them. 

■ Blood flow ( F ) is direetly proportional to the differenee in 
blood pressure (A P) between two points in the circulation, 
that is, the blood pressure, or hydrostatie pressure, gradient. 
Thus, when A P inereases, blood flow speeds up, and when 
A P deereases, blood flow deelines. 

■ Blood flow is inversely proportional to the peripheral resis- 
tanee ( R ) in the systemie circulation; if R inereases, blood 
flow deereases. 


We ean express these relationships by the formula 



Of these two faetors infhieneing blood flow, R is far more im- 
portant than A P in infhieneing loeal blood flow because R ean 
easily be ehanged by altering blood vessel diameter. For example, 
when the arterioles serving a particular tissue dilate (thus deereas- 
ing the resistanee), blood flow to that tissue inereases, even though 
the systemie pressure is unchanged or may actually be falling. 



Check Your Understanding 


7. List three faetors that determine resistanee in a vessel. Which 
of these faetors is physiologieally most important? 

8 . Suppose vasoeonstrietion deereases the diameter of a vessel to 
one-third its size. What happens to the rate of flovv through 
that vessel? Calculate the expected size of the ehange. 

_ For ansvvers, see Appendix H. 


Systemie Blood Pressure 

Deseribe how blood pressure differs in the arteries, 
capillaries # and veins. 

Any fluid driven by a pump through a circuit of elosed ehannels 
operates under pressure, and the nearer the flmd is to the pump, 
the greater the pressme exerted on the fluid. Blood flow in blood 
vessels is no exception, and blood flows through the blood vessels 
along a pressme gradient, always moving from higher- to lower- 
pressme areas. Fundamentally, the pumping aetion ofthe heartgen- 
erates bloodflow. Pressme results whenflow is opposed by resistanee. 

As illustrated in Figure 19.6, systemie blood pressure is 
highest in the aorta and deelines throughout the pathvvay to 
finally reaeh 0 mm Hg in the right atrirnn. The steepest drop in 
blood pressure occurs in the arterioles, which offer the greatest 
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resistanee to blood flow. However, as long as a pressure gradi- 
ent exists, no matter how small, blood continues to flow until it 
eompletes the circuit baek to the heart. 


Arterial Blood Pressure 


Arterial blood pressure refleets two faetors: (1) how much the 
elastie arteries elose to the heart ean streteh (their eomplianee or 
distensibility) and (2) the volume of blood foreed into them at 
any time. If the amounts of blood entering and leaving the elas- 
tie arteries in a given period were equal, arterial pressure would 
be eonstant. Instead, as Figure 19.6 reveals, blood pressure is 
pulsatile —it rises and falls in a regular fashion—in the elastie 
arteries near the heart. 

As the left ventriele eontraets and expels blood into the aorta, 
it imparts kinetie energy to the blood, which stretehes the elas- 
tie aorta as aortie pressure reaehes its peak. Indeed, if the aorta 
were opened during this period, blood would spurt upward 5 or 
6 feet! This pressure peak generated by ventricular eontraetion 
is ealled the systolie pressure (sis-tah'lik) and averages 120 mm 
Hg in healthy adults. Blood moves forward into the arterial bed 
because the pressure in the aorta is higher than the pressure in 
the more distal vessels. 

During diastole, the aortie valve eloses, preventing blood 
from flowing baek into the heart. The walls of the aorta (and 
other elastie arteries) reeoil, maintaining sufflcient pressure to 
keep the blood flowing forward into the smaller vessels. During 
this time, aortie pressure drops to its lowest level (approximately 
70 to 80 mm Hg in healthy adults), ealled the diastolie pressure 
(di-as-tah'lik). You ean picture the elastie arteries as pressure 
reservoirs that operate as auxiliary pumps to keep blood eir- 
culating throughout the period of diastole, when the heart is 
relaxing. Essentially, the volrnne and energy of blood stored in 
the elastie arteries during systole are given baek during diastole. 

The differenee between the systolie and diastolie pressures is 
ealled the pulse pressure. It is felt as a throbbing pulsation in an 
artery (a pulse) during systole, as ventricular eontraetion forees 
blood into the elastie arteries and expands them. inereased 
stroke volume and faster blood ejeetion from the heart (a re- 
sult of inereased eontraetility) raise pulse pressure temporarily. 
Atheroselerosis ehronieally inereases pulse pressure because the 
elastie arteries beeome less stretehy. 

Because aortie pressure fluctuates up and down with eaeh 
heartbeat, the important pressure figure to eonsider is the mean 
arterial pressure (MAP) —the pressure that propels the blood 
to the tissues. Diastole usually lasts longer than systole, so MAP 
is not simply the value halfway between systolie and diastolie 
pressures. Instead, it is roughly equal to the diastolie pressure 
plus one-third of the pulse pressure. 


MAP = 


diastolie pressure + 


pulse pressure 

3 


For a person with a systolie blood pressure of 120 mm Hg 
and a diastolie pressure of 80 mm Hg: 


MAP = 


80 mm Hg + 


40 mm Hg 
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Figure 19.6 Blood pressure in various blood vessels of the 
systemie circulation. 


MAP and pulse pressure both deeline with inereasing dis- 
tanee from the heart. The MAP loses ground to the never- 
ending frietion between the blood and the vessel walls, and the 
pulse pressure is gradually phased out in the less elastie muscu- 
lar arteries, where elastie rebound of the vessels eeases to occur. 
At the end of the arterial tree, blood flow is steady and the pulse 
pressure has disappeared. 


Capillary Blood Pressure 


As Figure 19.6 shows, by the time blood reaehes the eapillaries, 
blood pressure has dropped to approximately 35 mm Hg and 
by the end of the eapillary beds is only around 17 mm Hg. Such 
low eapillary pressures are desirable because (1) eapillaries are 
fragile and high pressures would rupture them, and (2) most 
eapillaries are extremely permeable and thus even the low eapil- 
lary pressure ean foree solute-containing fluids (filtrate) out of 
the bloodstream into the interstitial spaee. 

As we deseribe later in this ehapter, these flmd flows are im- 
portant for continuously refreshing the interstitial fluid. 



Venous Blood Pressure 



Unlike arterial pressme, which pulsates with eaeh eontraetion 
of the left ventriele, venous blood pressure is steady and ehanges 
very little drning the eardiae eyele. The pressme gradient in the 
veins, from vemiles to the termini of the venae eavae, is only 
about 15 mm Hg (that from the aorta to the ends of the arteri- 
oles is about 60 mm Hg). 

The differenee in pressure between an artery and a vein be- 
eomes very elear when the vessels are cut. If a vein is cut, the blood 
flows evenly from the wound, but a laeerated artery spurts blood. 
The very low pressure in the venous system refleets the cumula- 
tive effeets of peripheral resistanee, which dissipates most of the 
energy of blood pressme (as heat) dming eaeh circuit. 
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eonstriets under sympathetie eontrol, venous volume is re- 
duced and blood is pushed toward the heart. 

All three of these functional adaptations inerease venous return, 
which inereases stroke volume (by the Frank-Starling meeha- 
nism) and therefore inereases eardiae output. 

Maintaining Blood Pressure 

List and explain the faetors that influence blood pressore, 
and deseribe how blood pressure is regulated. 

✓ Define hypertension. Deseribe its manifestations and 
consequences. 

Maintaining a steady flow of blood from the heart to the toes is 
vital for organs to function properly. But making sure a person 
jumping out of bed in the morning does not keel over from in- 
adequate blood flow to the brain requires the finely tuned eoop- 
eration of the heart, blood vessels, and kidneys—all supervised 
by the brain. 

Central among the homeostatie meehanisms that regulate 
cardiovascular dynamies are those that maintain blood pres- 
sure, prineipally eardiae output , peripheral resistanee , and blood 
volume. If we rearrange the formula pertaining to blood flow 
presented on p. 702, we ean see how eardiae output (blood flow 
of the entire circulation) and peripheral resistanee relate to 
blood pressure: 


Figure 19.7 The muscular pump. When eontraeting skeletal 
muscles press against a vein, they foree open the valves proximal 
to the area of eontraetion and blood is propelled toward the heart. 
Backflowing blood eloses the valves distal to the area of eontraetion. 

Despite the structural modifieations of veins (large lumens 
and valves), venous pressure is normally too low to promote 
adequate venous return. For this reason, three fimetional adap- 
tations are eritieally important to venous return: 

■ The muscular pump. The muscular pump eonsists of skeletal 
muscle aetivity. As the skeletal muscles surrounding the deep 
veins eontraet and relax, they “milk” blood toward the heart, 
and onee blood passes eaeh successive valve, it eannot flow 
baek Figure 19.Í . People who earn their living in “stand- 
ing professions,” such as hairdressers and dentists, often have 
swollen ankles because blood pools in their feet and legs. 
Indeed, standing for prolonged periods may cause fainting 
because skeletal muscle inaetivity reduces venous return. 

■ The respiratory pump. The respiratory pump moves blood 
up toward the heart as pressure ehanges in the ventral body 
eavity during breathing. As we inhale, abdominal pressure 
inereases, squeezing loeal veins and foreing blood toward the 
heart. At the same time, the pressure in the ehest deereases, 
allowing thoraeie veins to expand and speeding blood entry 
into the right atrium. 

■ Sympathetie venoeonstrietion. Sympathetie venoeonstrie- 
tion reduces the volrnne of blood in the veins—the eapaei- 
tanee vessels. As the layer of smooth muscle around the veins 


F = A P/R or CO = A P/R or AP = CO X R 

eiearly, blood pressure varies direetly with CO and R. Addition- 
ally, blood pressure varies direetly with blood volume because 
CO depends on blood volume (the heart eant pump out what 
doesnt enter its ehambers). 

So in theory, a ehange (inerease or deerease) in any of these 
variables would cause a eorresponding ehange in blood pres- 
sure. However, what really happens in the body is that ehanges 
in one variable that threaten blood pressure homeostasis are 
quickly eompensated for by ehanges in the other variables. 

As we deseribed in Chapter 18, CO is equal to stroke volume 
(ml/beat) times heart rate (beats/min), and normal CO is 5.0 to 5.5 
L/min. i |ure 19.8 shows the main faetors determining eardiae 
output—venous return and the neural and hormonal eontrols. 
Remember that the eardioinhibitory eenter in the mediilla is “in 
eharge” of heart rate most of the time and, via the parasympathetie 
vagus nerves, maintains the resting heart rate. During “resting” pe- 
riods, venous return (end diastolie volume) largely eontrols stroke 
volume. During stress, the eardioaeeeleratory eenter takes over, 
aetivating the sympathetie nervous system and inereasing both 
heart rate (by aeting on the SA node) and stroke volume (by en- 
haneing eardiae muscle eontraetility, which deereases end systolie 
volume). The enhaneed CO, in turn, inereases MAR 

In the following discussion we explore faetors that regulate 
blood pressure. Short-term regulation by the nervous system 
and bloodborne hormones alters blood pressure by ehanging 
peripheral resistanee and CO. Long-term regulation alters blood 
volume via the kidneys. Figure 19.11 (p. 709) summarizes the 
influence of nearly all of the important faetors. 
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gure 19.8 Major faetors enhaneing eardiae output. BP = blood pressure 7 
EDV = end diastolie volume, ESV = end systolie volume. 


Short-Term Regulation: Neural Gontrols 

Neural eontrols alter both eardiae output and peripheral resis- 
tanee. Neural eontrols of peripheral resistanee are direeted at 
two main goals: 

■ Maintaining adequate MAP by altering blood vessel diam- 
eter on a moment-to-moment basis. (Remember, very small 
ehanges in blood vessel diameter cause substantial ehanges 
in peripheral resistanee, and henee in systemie blood pres- 
sure.) Under eonditions of low blood volume, all vessels ex- 
eept those supplying the heart and brain are eonstrieted to 
allow as much blood as possible to flow to those two vital 
organs. 

■ Altering blood distribution to respond to speeifie demands 
of various organs. For example, during exercise blood is 
shunted temporarily from the digestive organs to the skeletal 
muscles. 

Most neural eontrols operate via reflex ares involving barore- 
eeptors and assoeiated afferent fibers. These reflexes are inte- 
grated in the cardiovascular eenter of the medulla, and their 
output travels via autonomic fibers to the heart and vascular 
smooth muscle. Oeeasionally, inputs from ehemoreeeptors 
and higher brain eenters also influence the neural eontrol 
meehanism. 


Role of the Cardiovascular Center 


Several clusters of neurons in the medulla oblongata aet to- 
gether to integrate blood pressure eontrol by altering eardiae 
output and blood vessel diameter. This cardiovascular eenter 
eonsists of the eardiae eenters (the eardioaeeeleratory and ear- 
dioinhibitory eenters discussed in Chapter 18), and the vaso- 
motor eenter that eontrols the diameter of blood vessels. 

The vasomotor eenter transmits impulses at a fairly steady 
rate along sympathetie efferents ealled vasomotor fibers. These 
fibers exit from the T : through L 2 levels of the spinal eord and 
innervate the smooth muscle of blood vessels, mainly arterioles. 
As a result, the arterioles are almost always in a state of moder- 
ate eonstrietion, ealled vasomotor tone. 

The degree of vasomotor tone varies from organ to organ. Gen- 
erally, arterioles of the skin and digestive viseera reeeive vasomotor 
impulses more frequently and tend to be more strongly eonstrieted 
than those of skeletal muscles. Any inerease in sympathetie aetiv- 
ity produces generalized vasoeonstrietion and raises blood pres- 
sure. Deereased sympathetie aetivity allows the vascular muscle to 
relax somewhat and lowers blood pressure to basal levels. 

Cardiovascular eenter aetivity is modified by inputs from (1) 
baroreeeptors (pressure-sensitive meehanoreeeptors that respond 
to ehanges in arterial pressure and streteh), (2) ehemoreeeptors (re- 
eeptors that respond to ehanges in blood levels of earbon dioxide, 
H + , and oxygen), and (3) higher brain eenters. Lets take a look. 
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(3)tlmpulses from baroreeeptors 
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eenter) and inhibit vasomotor 
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gure 19.9 Baroreeeptor reflexes that help maintain blood pressure homeostasis. 

CO = eardiae output; R = peripheral resistanee; HR = heart rate; BP = blood pressure. 


Baroreeeptor Reflexes 

When arterial blood pressure rises, it aetivates baroreeep- 
tors. These streteh reeeptors are loeated in the earotid sirmses 
(dilations in the internal earotid arteries, which provide the 
major blood supply to the brain), in the aortie areh , and in 
the walls of nearly every large artery of the neek and thorax. 
When stretehed, baroreeeptors send a rapid stream of im- 
pulses to the cardiovascular eenter, inhibiting the vasomotor 
and eardioaeeeleratory eenters and stimulating the eardio- 
inhibitory eenter. The result is a deerease in blood pressure 
(Figure 19.9). 


Three meehanisms bring this about: 

■ Arteriolar vasodilation. Deereased output from the vasomo- 
tor eenter allows arterioles to dilate. As peripheral resistanee 
falls, so does MAP. 

■ Venodilation. Deereased output from the vasomotor eenter 
also allows veins to dilate, which shifts blood to the venous 
reservoirs. This deereases venous return and CO. 

■ Deereased eardiae output. Impulses to the eardiae eenters 
inhibit sympathetie aetivity and stimulate parasympathetie 
aetivity, reducing heart rate and eontraetile foree. As CO 
falls, so does MAP. 
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Table 19.2 Effeets of Seleeted Hormones on Blood Pressure 

HORMONE 

EFFECT ON BP 

VARIABLE AFFEdED 

SITE OF ACTION 

Epinephrine and norepinephrine (NE) 

t 

T CO (HR and eontraetility) 

Heart (p-, reeeptors) 



T Peripheral resistanee (vasoeonstrietion) 

Arterioles (a reeeptors) 

Angiotensin II 

t 

T Peripheral resistanee (vasoeonstrietion) 

Arterioles 

Atrial natriuretic peptide (ANP) 

i 

i Peripheral resistanee (vasodilation) 

Arterioles 

Antidiuretic hormone (ADH) 

t 

T Peripheral resistanee (vasoeonstrietion) 

Arterioles 



T Blood volume (T water loss) 

Kidney tubule eells 

Aldosterone 

t 

T Blood volume (T water and salt loss) 

Kidney tubule eells 


In the opposite situation, a deeline in MAP initiates reflex 
vasoeonstrietion and inereases eardiae output, bringing blood 
pressure baek up. In this way, peripheral resistanee and eardiae 
output are regulated in tandem to minimize ehanges in blood 
pressure. 

Rapidly responding baroreeeptors proteet the circulation 
against short-term (acute) ehanges in blood pressure. For ex- 
ample, blood pressure falls (particularly in the head) when 
you stand up after reelining. Baroreeeptors taking part in the 
earotid sinus reflex proteet the blood supply to your brain, 
whereas those aetivated in the aortie reflex help maintain ad- 
equate blood pressure in your systemie circuit as a whole. 

Baroreeeptors are relatively ineffeetive in proteeting us 
against sustained pressure ehanges, as evideneed by the faet that 
many people develop ehronie hypertension. In such eases, the 
baroreeeptors are “reprogrammed” (adapt) to monitor pressure 
ehanges at a higher set point. 

ehemoreeeptor Reflexes 

When the earbon dioxide levels rise, or the pH falls, or oxygen 
eontent of the blood drops sharply, ehemoreeeptors in the aor- 
tie areh and large arteries of the neek transmit impulses to the 
eardioaeeeleratory eenter, which then inereases eardiae output, 
and to the vasomotor eenter, which causes reflex vasoeonstrie- 
tion. The rise in blood pressure that follows speeds the return of 
blood to the heart and lungs. 

The most prominent ehemoreeeptors are the earotid and 
aortie bodies loeated elose by the baroreeeptors in the earotid 
sinuses and aortie areh. Chemoreceptors play a larger role in 
regulating respiratory rate than blood pressure, so we eonsider 
their flmetion in Chapter 22. 

Influence of Higher Brain Centers 

Reflexes that regulate blood pressure are integrated in the me- 
dulla oblongata of the brain stem. Although the eerebral cortex 
and hypothalamus are not involved in routine eontrols of blood 
pressure, these higher brain eenters ean modify arterial pressure 
via relays to the medullary eenters. 

For example, the fight-or-flight response mediated by the 
hypothalamus has profound eífeets on blood pressure. (Even 
the simple aet of speaking ean make your blood pressure 
jump if the person you are talking to makes you anxious.) The 


hypothalamus also mediates the redistribution of blood flow 
and other cardiovascular responses that occur during exercise 
and ehanges in body temperature. 


Short-Term Regulation: Hormonal Gontrols 


Hormones also help regulate blood pressure, both in the short 
term via ehanges in peripheral resistanee and in the long term 
via ehanges in blood volume (Table 19.2). Paraerines (loeal 
ehemieals), on the other hand, primarily serve to mateh blood 
flow to the metabolie need of a particular tissue. In rare in- 
stanees, massive release of paraerines ean affeet blood pressure. 
We will discuss these paraerines later—here we will examine the 
short-term effeets of hormones. 


■ Adrenal medulla hormones. During periods of stress, the 
adrenal gland releases epinephrine and norepinephrine 
(NE) to the blood. Both hormones enhanee the sympathetie 
response by inereasing eardiae output and promoting gener- 
alized vasoeonstrietion. 


■ Angiotensin II. When blood pressure or blood volume are 
low, the kidneys release renin. Renin aets as an enzyme, ul- 
timately generating angiotensin II (an"je-o-ten'sin), which 
stimulates intense vasoeonstrietion, promoting a rapid rise 
in systemie blood pressure. It also stiimilates release of aldos- 
terone and ADH, which aet in long-term regulation of blood 
pressure by enhaneing blood volume. 

■ Atrial natriiiretie peptide (ANP). The atria of the heart pro- 
duce the hormone atrial natriuretic peptide (ANP), which 
leads to a reduction in blood volume and blood pressure. 
As noted in Chapter 16, ANP antagonizes aldosterone and 
prods the kidneys to excrete more sodium and water from 
the body, reducing blood volume. It also causes generalized 
vasodilation. 


r 


19 


L 


■ Antidiuretic hormone (ADH). Produced by the hypotha- 
lamus, antidiuretic hormone (ADH, also ealled vaso- 
pressin) stimulates the kidneys to eonserve water. It is not 
usually important in short-term blood pressure regulation. 
However, when blood pressure falls to dangerously low lev- 
els (as during severe hemorrhage), much more ADH is re- 
leased and helps restore arterial pressure by causing intense 
vasoeonstrietion. 





708 


UNIT 4 Maintenanee of the Body 




j Arterial pressure 






| Filtration by kidneys 




19 







Initial stimulus 


Physiologieal response 
Result 



t Sympathetie nervous 
system aetivity 




t Renin release 
from kidneys 


Angiotensin 


1 


Angiotensin eonverting 
enzyme (ACE) 


Angiotensin II 




Adrenal cortex 


t ADH release by 
posterior pituitary 


▼ 


t Thirst via 
hypothalamus 


Vasoeonstrietion; 


| peripheral resistanee 


2 * 




Seeretes 


Aldosterone 




t Sodium reabsorption 


f Water reabsorption 


t Water intake 

by kidneys 

by kidneys 


V V Ulvl II 1 LLi 1 W 

< m y 






t Blood volume 


t Mean arterial pressure 




Figiire 19.10 Direet and indireet (hormonal) meehanisms for renal eontrol of blood 
pressure. Lovv blood pressure also triggers other aetions not shovvn here that inerease BP: 
additional meehanisms of renin release (deseribed in ehapter 25) and short-term aetions of the 
sympathetie nervous system. 


Long-Term Regulation: Renal Meehanisms 

Unlike short-term eontrols of blood pressure that alter periph- 
eral resistanee and eardiae output, long-term eontrols alter blood 
volrnne. Renal meehanisms mediate long-term regulation. 

Although baroreeeptors respond to short-term ehanges in 
blood pressure, they quickly adapt to prolonged or ehronie epi- 
sodes of high or low pressure. This is where the kidneys step in 
to restore and maintain blood pressure homeostasis by regu- 
lating blood volume. Although blood volume varies with age, 
body size, and sex, renal meehanisms usually keep it elose to 5 L. 


As we noted earlier, blood volume is a major determinant 
of eardiae output (via its infhienee on venous return, EDV, and 
stroke volume). An inerease in blood volume is followed by a rise 
in blood pressure, and anything that inereases blood volume— 
such as excessive salt intake, which promotes water retention— 
raises MAP because of the greater fhiid load in the vascular tree. 

By the same token, deereased blood volume translates to a fall 
in blood pressure. Blood loss and the garden-variety dehydra- 
tion that occurs during vigorous exercise are eommon causes of 
reduced blood volume. A sudden drop in blood pressure often 
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gure 19.11 Faetors that inerease MAP. 


signals internal bleeding and blood volume too low to support 
normal circulation. 

However, these assertions—inereased blood volume inereases 
BP and deereased blood volume deereases BP—do not tell the 
whole story because we are dealing with a dynamie system. In- 
ereases in blood volrnne that raise blood pressure also stimulate 
the kidneys to eliminate water, which reduces blood volume and 
consequently blood pressure. Likewise, falling blood volume trig- 
gers renal meehanisms that inerease blood volume and blood 
pressure. As you ean see, blood pressure ean be stabilized or main- 
tained within normal limits only when blood volume is stable. 

The kidneys aet both direetly and indireetly to regulate arte- 
rial pressure and provide the major long-term meehanisms of 
blood pressure eontrol. 

Direet Renal Meehanism 

The direet renal meehanism alters blood volume independently 
of hormones. When either blood volume or blood pressure 
rises, the rate at which fluid filters from the bloodstream into the 
kidney tubules speeds up. In such situations, the kidneys eannot 
reabsorb the filtrate rapidly enough, and more of it leaves the 
body in urine. As a result, blood volume and blood pressure fall. 


When blood pressure or blood volume is low, water is eon- 
served and returned to the bloodstream, and blood pressure 
rises ( i |ures 19.10 and 19.11). As blood volume goes, so 
goes the arterial blood pressure. 

indireet Renal Meehanism 

The kidneys ean also regulate blood pressure indireetly via the 
renin-angiotensin-aldosterone meehanism. When arterial 
blood pressure deelines, eertain eells in the kidneys release the 
enzyme renin into the blood. Renin enzymatieally eleaves an- 
giotensinogen, a plasma protein made by the liver, eonverting 
it to angiotensin I. In turn, angiotensin eonverting enzyme 
(ACE) eonverts angiotensin I to angiotensin II. ACE aetivity is 
assoeiated with the eapillary endothelium in various body tis- 
sues, particularly the hrngs. 

Angiotensin II aets in four ways to stabilize arterial blood 
pressure and extracellular flmd volume (Figure 19.10). 

■ It stiimilates the adrenal cortex to seerete aldosterone, a 
hormone that enhanees renal reabsorption of sodium. As 
sodium moves into the bloodstream, water follows, which 
eonserves blood volume. In addition, angiotensin II direetly 
stimulates sodium reabsorption by the kidneys. 
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Figure 19.12 Body sites where the pulse is most easily 
palpated. (We discuss the speeifie arteries indieated on pp. 726-735.) 



It prods the posterior pitiiitary to release ADH, which pro- 
motes more water reabsorption by the kidneys. 

It triggers the sensation of thirst by aetivating the hypotha- 
lamie thirst eenter (see Chapter 26). This encourages water 
consumption, ultimately restoring blood volume and so 
blood pressure. 

It is a potent vasoeonstrietor, inereasing blood pressure by 
inereasing peripheral resistanee. 


I Clinical Monitoring of C reiilatory Effìeieney 

f dinieians ean assess the effieieney of a persons circulation by 
measuring pulse and blood pressure. These values, along with 
measurements of respiratory rate and body temperature, are re- 
ferred to eolleetively as the body s vital signs. Let s examine how 
vital signs are determined or measured. 


Taking a Pulse 

The alternating expansion and reeoil of arteries during eaeh 
eardiae eyele allow us to feel a pressure wave—a pulse —that 
is transmitted through the arterial tree. You ean feel a pulse in 
any artery that lies elose to the body surface by eompressing the 
artery against firm tissue, and this provides an easy way to count 
heart rate. Because it is so aeeessible, the point where the radial 
artery surfaces at the wrist, the radial pulse , is routinely used to 
take a pulse measurement, but there are several other elinieally 
important arterial pulse points Figure 19.12 . 


These pulse points are also ealled pressure points because 
they are eompressed to stop blood flow into distal tissues during 
hemorrhage. For example, if you seriously laeerate your hand, 
you ean slow or stop the bleeding by eompressing your radial 
or braehial artery. 

Monitoring pulse rate is an easy way to assess the effeets of 
aetivity, postural ehanges, and emotions on heart rate. For ex- 
ample, the pulse of a healthy man may be around 66 beats per 
minute when he is lying down, 70 when he sits up, and 80 if he 
suddenly stands. During vigorous exercise or emotional upset, 
pulse rates between 140 and 180 are not unusual because of 
sympathetie nervous system effeets on the heart. 

Measm ing Blood Pressure 

Most offen, you measure systemie arterial blood pressure in- 
direetly in the braehial artery of the arm by the auscultatory 
method (aw-skul'tah-to"re). The steps of this procedure are 
outlined next: 

1. Wrap the blood pressme cuff.\ or sphygmomanometer 
(sfig"mo-mah-nom'é-ter; sphygmo — pulse), snugly 
around the persons arm just superior to the elbow. 

2. Inflate the cuff until the cuffpressure exceeds systolie pres- 
sure. At this point, blood flow into the arm stops and a 
braehial pulse eannot be felt or heard. 

3. Reduce the cuff pressure gradually and listen (auscultate) 
with a stethoseope for sounds in the braehial artery. 

The pressure read when the first soft tapping sounds are 
heard (the first point at which a small amount of blood is spurt- 
ing through the eonstrieted artery) is systolie pressure. As the 
cuff pressure is reduced fiirther, these sounds, ealled the sounds 
ofKorotkoff] beeome louder and more distinet. However, when 
the artery is no longer eonstrieted and blood flows freely, the 
sounds ean no longer be heard. The pressure at which the 
sounds disappear is the diastolie pressure. 

Homeostatie imbalanees in Blood Pressure 

Normal blood pressure for resting adults is a systolie pressure 
of less than 120 mm Hg and a diastolie pressure of less than 
80 mm Hg. Transient elevations in blood pressure occur as nor- 
mal adaptations during ehanges in posture, physieal exertion, 
emotional upset, and fever. Age, sex, weight, and raee also affeet 
blood pressure. What is “normal” for you may not be normal for 
your grandfather or your neighbor. 

Hypertension 

Chronically elevated blood pressure is ealled hypertension and 
is eharaeterized by a sustained inerease in either systolie pres- 
sure (above 140 mm Hg) or diastolie pressure (above 90 mm Hg). 
The Ameriean Heart Assoeiation eonsiders individuals to have 
prehypertension if their blood pressure values are elevated but not 
yet in the hypertension range. These individuals are at higher risk 
for developing full-blown hypertension and are often advised 
to ehange their lifestyles to reduce their risk of developing full- 
blown hypertension. 
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Chronic hypertension is a eommon and dangerous disease. 
An estimated 30% of people over age 50 are hypertensive. Al- 
though this “silent killer” is usually asymptomatie for the first 
10 to 20 years, it slowly but surely strains the heart and damages 
the arteries. Prolonged hypertension is the major cause of heart 
failure, vascular disease, renal failure, and stroke. The higher the 
pressure, the greater the risk for these serious problems. 

Because the heart is foreed to pump against greater resis- 
tanee, it must work harder, and over time the myocardium 
enlarges. When finally strained beyond its eapaeity, the heart 
weakens and its walls beeome flabby. Hypertension also rav- 
ages the blood vessels, aeeelerating the progress of atherosele- 
rosis (see A CloserLook on pp. 700-701). As the vessels beeome 
inereasingly bloeked, blood flow to the tissues beeomes inad- 
equate and vascular eomplieations appear in the brain, heart, 
kidneys, and retinas of the eyes. 

Primary Hypertension Although hypertension and athero- 
selerosis are often linked, it is often diíficult to blame hyperten- 
sion on any distinet anatomieal pathology. Indeed, about 90% of 
hypertensive people have primary, or essential, hypertension, 
for which no underlying cause has been identified. This is be- 
cause primary hypertension is due to a rieh interplay between 
your genes and a variety of environmental faetors: 

■ Heredity. Hypertension runs in families. Children of hyper- 
tensive parents are twice as likely to develop hypertension as 
are ehildren of normotensive parents, and more blaeks than 
whites are hypertensive. Many of the faetors listed here re- 
quire a genetie predisposition, and the course of the disease 
varies in different population groups. 

■ Diet. Dietary faetors that contribute to hypertension include 
high intakes of salt (NaCl), saturated fat, and eholesterol, and 
defieieneies in eertain metal ions (K + , Ca 2+ , and Mg 2+ ). 

■ Obesity. Obesity causes hypertension in a number of ways 
that are not yet well understood. For example, adipoeytes 
release hormones that appear to inerease sympathetie tone 
and interfere with the ability of endothelial eells to induce 
vasodilation. 

■ Age. Hypertension usually appears after age 40. 

■ Diabetes mellitus. 

■ Stress. Particularly at risk are “hot reaetors,” people whose 
blood pressure zooms upward during every stressful event. 

■ Smoking. Nieotine, an important ehemieal in tobaeeo and 
one of the strongest toxins known, causes intense vasoeon- 
strietion not only by direetly stimulating postganglionie 
sympathetie neurons but also by prompting release of large 
amounts of epinephrine and NE. Chemicals in eigarette 
smoke also damage the tunica intima, interfering with its 
ability to ehemieally regulate arteriolar diameter. 

Primary hypertension eannot be cured, but most eases ean 
be eontrolled. Restrieting salt, fat, and eholesterol intake, in- 
ereasing exercise and losing weight, stopping smoking, manag- 
ing stress, and taking antihypertensive drugs ean all help. Dmgs 
eommonly used are dhireties, beta-bloekers, calcium ehannel 
bloekers, angiotensin eonverting enzyme (ACE) inhibitors, and 


angiotensin II reeeptor bloekers. Inhibiting ACE or bloeking 
reeeptors for angiotensin II suppresses the renin-angiotensin- 
aldosterone meehanism. 

Seeondary Hypertension Seeondary hypertension, which ae- 
counts for 10% of eases, is due to identifiable eonditions, for ex- 
ample obstmeted renal arteries, kidney disease, and endoerine 
disorders such as hyperthyroidism and Cushings syndrome. 
Treatment for seeondary hypertension focuses on eorreeting 
the problem that caused it. 


Hypotension 


In many eases, hypotension, or low blood pressure (below 
90/60 mm Hg), simply refleets individual variations and is no 
cause for eoneern. In faet, low blood pressure is often assoeiated 
with long life and an old age free of cardiovascular disease. 

Hypotension is usually a eoneern only if it leads to inadequate 
blood flow to tissues. For example, hypotension may cause diz- 
ziness or fainting because of inadequate oxygen delivery to the 
brain. Acute hypotension is one of the most important signs of 
circulatory shoek (p. 717) and a threat to patients undergoing 
surgery and those in intensive eare units. 

Orthostatie hypotension is a temporary drop in blood pres- 
sure resulting in dizziness when a person rises suddenly from 
a reelining or sitting position. Elderly people are prone to or- 
thostatie hypotension because the aging sympathetie nervous 
system does not respond as quickly as it onee did to postural 
ehanges. Blood pools briefly in the lower limbs, reducing blood 
pressure and consequently blood delivery to the brain. Chang- 
ing position slowly gives the nervous system time to adjust and 
usually prevents this problem. 

Oeeasionally, ehronie hypotension is a sign of a serkms under- 
lying eondition. Addisons disease (inadequate adrenal cortex 
fimetion), hypothyroidism, or severe malnutrition ean cause M 
ehronie hypotension. I 



Check Your IJnderstanding 


9. Deseribe the baroreeeptor reflex ehanges that occur to 
maintain blood pressure vvhen you rise from a lying-dovvn to 
a standing position. 

10. The kidneys play an important role in maintaining MAP 
by influencing vvhieh variable? Explain hovv renal artery 
obstruction could cause seeondary hypertension. 



For ansvvers, see Appendix H. 


Blood FlowThrough Body 
Tissues: Tissue Perfusion 

Explain how blood flow is regulated in the body ín general 
and in speeifie organs. 

Blood flow through body tissues, or tissue perfusion, is in- 
volved in (1) delivering oxygen and nutrients to tissue eells, and 
removing wastes from them, (2) exchanging gases in the lungs, 
(3) absorbing nutrients from the digestive traet, and (4) forming 
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Total blood flow during 
strenuous exercise 
17,500 ml/min 


gure 19.13 Distribution of blood flow at rest and during 
strenuous exercise. 
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urine in the kidneys. The rate of blood flow to eaeh tissue and 
organ is almost exactly the right amount to provide for proper 
function—no more, no less. 

When the body is at rest, the brain reeeives about 13% of total 
blood flow, the heart 4%, kidneys 20%, and abdominal organs 
24%. Skeletal muscles, which make up almost half of body mass, 
normally reeeive about 20% of total blood flow. During exercise, 
however, nearly all of the inereased eardiae output flushes into 
the skeletal muscles and blood flow to the kidneys and digestive 
organs deelines (Figure 19.13). 


Veloeity of Blood Flow 

Have you ever watched a swift river emptying into a large lake? 
The waters speed deereases as it enters the lake until its flow 
beeomes almost impereeptible. This is because the total eross- 
seetional area of the lake is much larger than that of the river. 
Veloeity in this ease is inversely related to eross-seetional area. 
The same thing happens with blood flow inside our blood vessels. 

As shown in gure 19.14, the speed or veloeity of blood 
flow ehanges as blood travels through the systemie circulation. 
It is fastest in the aorta and other large arteries (the river), slow- 
est in the eapillaries (whose large total eross-seetional area make 
them analogous to the lake), and then pieks up speed again in 
the veins (the river again). 


Relative eross- 
seetional area of 
different vessels 
of the vascular bed 



5000 

Total area 4000 
(em 2 ) of the 3000 


vaseiilar 

bed 


2000 

1000 

0 



Veloeity of 
blood fíow 
(em/s) 



Figure 19.14 Blood flow veloeity and total eross-seetional 
area of vessels. Various blood vessels of the systemie circulation differ 
in their total eross-seetional area (e.g., the eross seetion of all systemie 
eapillaries eombined versus the eross seetion of all systemie arteries 
eombined), vvhieh affeets the veloeity of blood flovv through them. 


Just as in our analogy of the river and lake, blood flows fast- 
est where the total eross-seetional area is least. As the arterial 
system branehes, the total eross-seetional area of the vascular 
bed inereases, and the veloeity of blood flow deelines propor- 
tionately. Even though the individual branehes have smaller lu- 
mens, their eombined eross-seetional areas and thus the volume 
of blood they ean hold are much greater than that of the aorta. 

For example, the eross-seetional area of the aorta is 2.5 em 2 
but the eombined eross-seetional area of all the eapillaries is 
4500 em 2 . This differenee results in fast blood flow in the aorta 
(40-50 em/s) and slow blood flow in the eapillaries (about 
0.03 em/s). Slow eapillary flow is benefieial because it allows 
adequate time for exchanges between the blood and tissue eells. 

As eapillaries eombine to form first venules and then veins, 
total eross-seetional area deelines and veloeity inereases. The 
eross-seetional area of the venae eavae is 8 em 2 , and the veloeity 
of blood flow varies from 10 to 30 em/s in those vessels, depend- 
ing on the aetivity of the skeletal muscle pump. 


Autoregulation: Loeal Regulation 
of Blood Flow 

As our aetivities ehange throughout the day, how does eaeh or- 
gan or tissue manage to get the blood flow it needs? The an- 
swer is autoregulation, the automatic adjustment of blood flow 
to eaeh tissue in proportion to the tissues requirements at any 
instant. Loeal eonditions regulate this proeess independent of 
eontrol by nerves or hormones. MAP is the same everywhere 
in the body and homeostatie meehanisms adjust eardiae output 
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as needed to maintain that eonstant pressure. Changes in blood 
flow through individual organs are eontrolled intrinsieally by 
modifying the diameter of loeal arterioles feeding the eapillaries. 

You ean eompare blood flow autoregulation to water use in 
your home. To get water in a sink or a garden hose, you have to 
turn on a faucet. Whether you have several taps open or none, 
the pressure in the main water pipe in the street remains rela- 
tively eonstant, as it does in the even larger water lines eloser to 
the pumping station. Similarly, loeal eonditions in the arterioles 
feeding the eapillary beds of an organ have little effeet on pres- 
sure in the muscular artery feeding that organ, or in the large 
elastie arteries. The pumping station is, of course, the heart. The 
beauty of this system is that as long as the water eompany (eir- 
culatory feedbaek meehanisms) maintains a relatively eonstant 
water pressure (MAP), loeal demand regulates the amount of 
flmd (blood) delivered to various areas. 

In summary, organs regulate their own blood flows by vary- 
ing the resistanee of their arterioles. As we deseribe next, these 
intrinsie eontrol meehanisms may be elassed as metabolie 
(ehemieal) or myogenie (physieal). 

Metabolie Controls 

When blood flow is too low to meet a tissues metabolie needs, 
oxygen levels deeline and metabolie products (which aet as 
paraerines) accumulate. These ehanges serve as autoregulation 
stimuli that lead to automatic inereases in tissue blood flow. 

The metabolie faetors that regulate blood flow are low oxy- 
gen levels, and inereases in H + (from C0 2 and laetie aeid), K + , 
adenosine, and prostaglandins. The relative importanee of these 
faetors is not elear. Many of them aet direetly to relax vascular 
smooth muscle, but some may aet by causing vascular endothe- 
lial eells to release nitrie oxide. 

Nitrie oxide (NO) is a powerful vasodilator which aets via a 
eyelie GMP seeond-messenger system. NO is quickly destroyed 
and its potent vasodilator effeets are very brief. Even so, NO is 
the major player in eontrolling loeal vasodilation, often over- 
riding sympathetie vasoeonstrietion when tissues need more 
blood flow. 

The endothelium also releases potent vasoeonstrietors, in- 
cluding the family of peptides ealled endothelins, which are 
among the most potent vasoeonstrietors known. Normally, NO 
and endothelin release from endothelial eells are in a dynamie 
balanee, but this balanee tips in favor of NO when blood flow is 
too low for metabolie needs. 

The net result of metabolieally eontrolled autoregulation is 
immediate vasodilation of the arterioles serving the eapillary 
beds of the ct needy” tissues and dilation of their preeapillary 
sphineters. Blood flow to the area rises temporarily, allowing 
blood to surge through the true eapillaries and beeome available 
to the tissue eells. 

Inflammatory ehemieals (such as histamine, kinins, and 
prostaglandins) released in injury, infeetion, or allergie reae- 
tions also cause loeal vasodilation. Inflammatory vasodilation 
helps the defense meehanisms elear mieroorganisms and toxins 
from the area, and promotes healing. 


Myogenie Controls 

Fluctuations in systemie blood pressure would cause problems 
for individual organs were it not for the myogenie responses 
(:myo — muscle; gen — origin) of vascular smooth muscle. In- 
adequate blood perfusion through an organ is quickly followed 
by a deeline in the organs metabolie rate and, if prolonged, or- 
gan death. Likewise, excessively high arterial pressure and tis- 
sue perfusion ean be dangerous because the eombination may 
rupture more fragile blood vessels. 

Fortunately, vascular smooth muscle prevents these prob- 
lems by responding direetly to passive streteh (caused by in- 
ereased intravascular pressure) with inereased tone, which 
resists the streteh and causes vasoeonstrietion. Reduced streteh 
promotes vasodilation and inereases blood flow into the tissue. 
These myogenie responses keep tissue perfusion fairly eonstant 
despite most variations in systemie pressure. 

Generally, both metabolie and myogenie faetors determine the 
final autoregulatory response of a tissue. For example, reaetive 
hyperemia (hi"per-e'me-ah) refers to the dramatieally inereased 
blood flow into a tissue that occurs after the blood supply to the 
area has been temporarily bloeked. It results both from the myo- 
genie response and from the metabolie wastes that accumulated in 
the area during occlusion. ure 19.1Í summarizes the various 
intrinsie (loeal) and extrinsic eontrols of arteriolar diameter. 


Long-Term Autoregulation 

If a tissue needs more nutrients than short-term autoregulatory 
meehanisms ean supply, a long-term autoregulatory meehanism 
may develop over weeks or months to enrieh loeal blood flow still 
more. The number of blood vessels in the region inereases, and 
existing vessels enlarge. This phenomenon, ealled angiogenesis , is 
particularly eommon in the heart when a eoronary vessel is par- 
tially occluded. It occurs throughout the body in people who live 
in high-altitude areas, where the air eontains less oxygen. 

Blood Flow in Speeial Areas 

Eaeh organ has speeial requirements and hmetions that are re- 
vealed in its pattern of autoregulation. Autoregulation in the 
brain, heart, and kidneys is extraordinarily effieient, maintain- 
ing adequate perfusion even when MAP fluctuates. 

Skeletal Muscles 


r 
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Blood flow in skeletal muscle varies with fiber type and muscle 
aetivity. Generally speaking, eapillary density and blood flow are 
greater in red (slow oxidative) fibers than in white (fast glyeolytie) 
fibers. Resting skeletal muscles reeeive about 1 L of blood per 
minute, and only about 25% of their eapillaries are open. During 
rest, myogenie and general neural meehanisms predominate. 

When muscles beeome aetive, blood flow inereases ( hyper- 
emia) in direet proportion to their greater metabolie aetivity, a 
phenomenon ealled aetive or exercise hyperemia. This form 
of autoregulation occurs almost entirely in response to the de- 
ereased oxygen eoneentration and accumulated metabolie faetors 
that result from the “rewed-up” metabolism of working muscles. 
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I Figiire 19.1! intrinsie and extrinsic eontrol of arteriolar smooth musde in the 

systemie circulation. Epinephrine and norepinephrine eonstriet arteriolar smooth muscle by 
aeting at a-adrenergie reeeptors. (B-adrenergic reeeptors (causing vasodilation) are present in 
arterioles supplying skeletal and heart muscle, but their physiologieal relevanee is minimal. 
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However, systemie adjustments mediated by the vasomo- 
tor eenter must also occur to ensure that blood delivery to the 
muscles is both faster and more abundant. During exercise, 
sympathetie nervous system aetivity inereases. Norepinephrine 
released from sympathetie nerve endings causes vasoeonstrie- 
tion of the vessels of blood reservoirs such as the digestive 
viseera and skin, diverting blood away from these regions tem- 
porarily and ensuring that more blood reaehes the muscles. 

In skeletal muscles, the sympathetie nervous system and lo- 
eal metabolie eontrols have opposing effeets on arteriolar di- 
ameter. During exercise, loeal eontrols override sympathetie 
vasoeonstrietion. Consequently, blood flow to skeletal muscles 
ean inerease tenfold or more during physieal aetivity, as you saw 
in Figure 19.13, and virtually all eapillaries in the aetive imiseles 
open to aeeommodate the inereased flow. 

Epinephrine aeting at beta ((3) adrenergie reeeptors and aee- 
tyleholine aeting at eholinergie reeeptors were onee thought to 
contribute to arteriolar dilation during exercise. However, these 


appear to have little physiologieal importanee in eontrolling hu- 
man skeletal muscle blood flow. 

Without question, strenuous exercise is one of the most de- 
manding eonditions the cardiovascular system faees. Ultimately, 
the major faetor determining how long imiseles ean eontraet 
vigorously is the ability of the cardiovascular system to deliver 
adequate oxygen and mitrients and remove waste products. 

The Brain 

Blood flow to the brain averages 750 ml/min and is maintained 
at a relatively eonstant level. Constant eerebral blood flow is 
neeessary because neurons are totally intolerant of isehemia. 
Also, the brain is unable to store essential mitrients despite be- 
ing the most metabolieally aetive organ in the body. 

Cerebral blood flow is regulated by one of the body s most 
preeise autoregulatory systems and is tailored to loeal neuro- 
nal need. For example, when you make a fist with your right 
hand, the neurons in the left eerebral motor cortex eontrolling 
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that movement reeeive more blood than the adjoining neurons. 
Brain tissue is exceptionally sensitive to deelining pH, and in- 
ereased blood earbon dioxide levels (resulting in aeidie eon- 
ditions in brain tissue) cause marked vasodilation. Low blood 
levels of oxygen are a much less potent stimulus for autoregula- 
tion. However, very high earbon dioxide levels abolish autoreg- 
ulatory meehanisms and severely depress brain aetivity. 

Besides metabolie eontrols, the brain also has a myogenie 
meehanism that proteets it from possibly damaging ehanges 
in blood pressure. When MAP deelines, eerebral vessels dilate 
to ensure adequate brain perfusion. When MAP rises, eerebral 
vessels eonstriet, proteeting the small, more fragile vessels far- 
ther along the pathway from excessive pressure. Under eertain 
circumstances, such as brain isehemia caused by rising intrae- 
ranial pressure (as with a brain tumor), the brain (via the med- 
ullary cardiovascular eenters) regulates its own blood flow by 
triggering a rise in systemie blood pressure. 

However, when systemie pressure ehanges are extreme, the 
brain beeomes vulnerable. Fainting, or syneope (sin'cuh-pe; 
c cutting short”), occurs when MAP falls below 60 mm Hg. Cer- 
ebral edema is the usual result of pressures over 160 mm Hg, 
which dramatieally inerease brain eapillary permeability. 

The Skin 

Blood flow through the skin (1) supplies nutrients to eells, (2) 
helps regulate body temperature, and (3) provides a blood res- 
ervoir. Autoregulation serves the first hinetion in response to 
the need for oxygen, but the other two require neural interven- 
tion. The primary hmetion of the cutaneous circulation is to 
help maintain body temperature, so we will eoneentrate on that 
hmetion here. 

Below the skin surface are extensive venous plexuses (net- 
works of intertwining vessels). The blood flow through these 
plexuses ean ehange from 50 ml/min to as much as 2500 ml/ 
min, depending on body temperature. This eapability re- 
fleets neural adjustments of blood flow through arterioles and 
through unique eoiled arteriovenous anastomoses. These tiny 
arteriovenous shunts are loeated mainly in the fingertips, palms 
of the hands, toes, soles of the feet, ears, nose, and lips. Riehly 
supplied with sympathetie nerve endings (unlike the shunts 
of most other eapillary beds), they are eontrolled by reflexes 
initiated by temperature reeeptors or signals from higher CNS 
eenters. The arterioles, in addition, respond to metabolie au- 
toregulatory stimuli. 

When the skin is exposed to heat, or body temperature rises 
for other reasons (such as vigorous exercise), the hypothalamie 
cc thermostaf ’ signals for reduced vasomotor stimulation of the 
skin vessels. As a result, warm blood flushes into the eapillary 
beds and heat radiates from the skin surface. The arterioles di- 
late even more when we sweat, because an enzyme in perspi- 
ration aets on a protein in tissue fluid to produce bradykinin , 
which stimulates the vessels endothelial eells to release the po- 
tent vasodilator NO. 

When the ambient temperature is eold and body tempera- 
ture drops, superficial skin vessels strongly eonstriet. Henee, 
blood almost entirely bypasses the eapillaries assoeiated with 


the arteriovenous anastomoses, diverting the warm blood to 
the deeper, more vital organs. Paradoxically, the skin may stay 
quite rosy because some blood gets “trapped” in the superficial 
eapillary loops as the shunts swing into operation. The trapped 
blood remains red because the ehilled skin eells take up less 0 2 . 


The Lungs 

Blood flow through the pulmonary circuit to and from the 
lungs is unusual in many ways. The pathway is relatively short, 
and pulmonary arteries and arterioles are structurally like veins 
and venules. That is, they have thin walls and large lumens. Be- 
cause resistanee to blood flow is low in the pulmonary arterial 
system, less pressure is needed to propel blood through those 
vessels. Consequently, arterial pressure in the pulmonary eir- 
culation is much lower than in the systemie circulation (24/10 
versus 120/80 mm Hg). 

In the pulmonary circulation, the autoregulatory meehanism 
is the opposite of what is seen in most tissues: Low pulmonary 
oxygen levels cause loeal vasoeonstrietion, and high levels pro- 
mote vasodilation. While this may seem odd, it is perfeetly 
eonsistent with the gas exchange role of this circulation. When 
the air saes of the lungs are flooded with oxygen-rich air, the 
pulmonary eapillaries beeome flushed with blood and ready to 
reeeive the oxygen load. If the air saes are eollapsed or bloeked 
with mucus, the oxygen eontent in those areas is low, and blood 
largely bypasses those nonfunctional areas. 


The Heart 


Aortie pressure and the pumping aetivity of the ventrieles influ- 
enee the movement of blood through the smaller vessels of the 
eoronary circulation. When the ventrieles eontraet and eom- 
press the eoronary vessels, blood flow through the myocardium 
stops. As the heart relaxes, the high aortie pressure forees blood 
through the eoronary circulation. 

Under normal circumstances, the myoglobin in eardiae eells 
stores sufficient oxygen to satisfy the eells oxygen needs during 
systole. However, an abnormally rapid heartbeat seriously re- 
duces the ability of the myocardium to reeeive adequate oxygen 
and nutrients during diastole. 

Under resting eonditions, blood flow through the heart is 
about 250 ml/min and is probably eontrolled by a myogenie 
meehanism. Consequently, blood flow remains fairly eonstant 
despite wide variations (50 to 140 mm Hg) in eoronary per- 
ffision pressure. During strenuous exercise, the eoronary vessels 
dilate in response to loeal accumulation of vasodilators (par- 
ticularly adenosine), and blood flow may inerease three to four 
times (see Figure 19.13). Additionally, any event that deereases 
the oxygen eontent of the blood releases vasodilators that adjust 
the 0 2 supply to the 0 2 demand. 

This enhaneed blood flow during inereased heart aetivity is 
important because under resting eonditions, eardiae eells use 
as much as 65% of the oxygen earried to them in blood. (Most 
other tissue eells use about 25% of the delivered oxygen.) Con- 
sequently, inereasing the blood flow is the only way to provide 
more oxygen to a vigorously working heart. 
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UNIT 4 Maintenanee of the Body 



Check Your IJnderstanding 


11. Suppose you are in a bieyele raee. What happens to the 
smooth muscle in the arterioles supplying your leg muscles? 
What is the key meehanism in this ease? 

12. If many arterioles in your body dilated at onee, you would 
expect MAP to plummet. What prevents MAP from 
deereasing during your bieyele raee? 

_ For ansvvers, see Appendix Fi. 


Blood FlowThrough Capillaries 
and Capillary Dynamies 

Outline faetors involved in eapillary dynamies, and explain 
the signifieanee of eaeh. 


Blood flow through eapillary networks is slow and intermittent. 
Intermittent flow is due to vasomotion, the on/off opening and 
elosing of preeapillary sphineters in response to loeal autoregu- 
latory eontrols. 


Capillary Exchange of Respiratory Gases 
and Nutrients 
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Oxygen, earbon dioxide, most nutrients, and metabolie wastes 
pass between the blood and interstitial fluid by diffusion. Re- 
eall that in diífusion, net movement always occurs along a eon- 
eentration gradient—eaeh substance moving from an area of 
its higher eoneentration to an area of its lower eoneentration. 
Henee, oxygen and nutrients pass from the blood, where their 
eoneentration is fairly high, through the interstitial fluid to the 
tissue eells. Carbon dioxide and metabolie wastes leave the eells, 
where their eontent is higher, and diffuse into the eapillary blood. 

There are four different routes aeross eapillaries for different 
types of molecules, as Figure 19.16 shows. (l) Lipid-soluble 
molecules, such as respiratory gases, diffuse through the lipid 
bilayer of the endothelial eell plasma membranes. Small water- 
soluble solutes, such as amino aeids and sugars, pass through 

(2) fluid-filled intercellular eapillary elefts or (3) fenestrations. 

(3) Some larger molecules, such as proteins, are aetively trans- 
ported in pinoeytotie vesieles or eaveolae. 

As we mentioned earlier, eapillaries differ in their “leakiness,” 
or permeability. Liver eapillaries, for instanee, are sinusoids that 
allow even proteins to pass freely, whereas brain eapillaries are 
impermeable to most substances. 


Fluid Movements: Bulk Flow 

While nutrient and gas exchanges are occurring aeross the 
eapillary walls by diffusion, bulk fluid flows are also going on. 
Fluid is foreed out of the eapillaries through the elefts at the 
arterial end of the bed, but most of it returns to the bloodstream 
at the venous end. Though relatively unimportant to eapillary 
exchange of nutrients and wastes, bulk flow is extremely im- 
portant in determining the relative fluid volumes in the blood- 
stream and the interstitial spaee. (Approximately 20 L of fluid 
filter out of the eapillaries eaeh day before being returned to the 
blood—almost seven times the total plasma volume!) 


Pinoeytotie 

vesieles 


Endothelial eell nucleus 


Basement membrane 



junction 


Inte rcellular 
eleft 


Red blood 
eell in lumen 


Endothelial 



Fenestration 

(pore) 




gure 19.16 Capillary transport meehanisms. The four 
possible pathways or routes of transport aeross the endothelial eell 
wall of a fenestrated eapillary. 


As we deseribe next and as shown in Focus on Bulk Flow Aeross 
Capillary Walls Figure 19.1 , the direetion and amount of flow 
aeross eapillary walls refleet the balanee between two dynamie 
and opposing forees—hydrostatie and eolloid osmotie pressures. 

Hydrostatie Pressures Hydrostatie pressure (HP) is the foree 
exerted by a fluid pressing against a wall. In eapillaries, hydro- 
statie pressure is the same as eapillary blood pressme —the pres- 
sure exerted by blood on eapillary walls. Capillary hydrostatie 
pressure (HP C ) tends to foree fluids through eapillary walls (a 
proeess ealled fdtration), leaving behind eells and most proteins. 
Blood pressure drops as blood flows along a eapillary bed, so 
HP C is higher at the arterial end of the bed (35 mm Hg) than at 
the venous end (17 mm Hg). 
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In theory, blood pressure—which forees fluid out of the 
eapillaries—is opposed by the interstitial fluid hydrostatie 
pressure (HP if ) aeting outside the eapillaries and pushing fluid 
in. However, there is usually very little flmd in the interstitial 
spaee, because the lymphatie vessels eonstantly withdraw it. 
HP if may vary from slightly negative to slightly positive, but 
traditionally it is assumed to be zero. 

Colloid Osmotie Pressures Oolloid osmotie pressure (OP), the 

foree opposing hydrostatie pressure, is ereated by large nondiffiis- 
ible molecules, such as plasma proteins, that are unable to eross the 
eapillary wall. Such molecules draw water toward themselves. In 
other words, they encourage osmosis because the water eoneen- 
tration in their vieinity is lower than it is on the opposite side of 
the eapillary wall. A quick and dirty way to remember this is “hy- 
drostatie pressure pushes and osmotie pressure pulls (or sucks).” 

The abundant plasma proteins in eapillary blood (primarily al- 
bumin molecules) develop a eapillary eolloid osmotie pressure 
(OP c ), also ealled oneotie pressme , of approximately 26 mm Hg. 
Interstitial fluid eontains few proteins, so its eolloid osmotie pres- 
sure (OP if ) is substantially lower—from 0.1 to 5 mm Hg. Unlike 
HP, OP does not vary signifieantly from one end of the eapillary 
bed to the other. 

Hydrostatie-Osmotie Pressure interaetions We are now ready 
to ealenlate the net fìltration pressure (NFP), which eonsiders 
all the forees aeting at the eapillary bed. As you work your way 
through the right-hand page of Figure 19.17, notiee that while net 
filtration is occurring at the arteriolar end of the eapillary, a negative 
value for NFP at the venous end of the eapillary indieates that fluid 
is moving into the eapillary bed (a proeess ealled reabsorption) . As 
a result, net fluid flow is out of the circulation at the arterial ends of 
eapillary beds and into the circulation at the venous ends. 

However, more fluid enters the tissue spaees than returns to 
the blood, resulting in a net loss of fluid from the circulation of 
about 1.5 ml/min. Lymphatie vessels piek up this fhiid and any 
leaked proteins and return it to the vascular system, which ae- 
counts for the relatively low levels of both fluid and proteins in 
the interstitial spaee. Were this not so, this “insignifieant” fhiid 
loss would empty your blood vessels of plasma in about 24 hours! 



Check Your IJnderstanding 


13. Suppose OP if rises dramatieally—say because of a severe 
baeterial infeetion in the surrounding tissue. (a) Prediet hovv 
fluid flovv vvill ehange in this situation. (b) Novv calculate the 
NFP at the venous end of the eapillary in Figure 19.17 if OP if 
inereases to 10 mm Flg. (e) In vvhieh direetion does fluid flovv 
at the venous end of the eapillary novv—in or out? 

_ For ansvvers, see Appendix H. 


Circulatory Shoek 

Define circulatory shoek. List several possible causes. 

Circulatory shoek is any eondition in which blood vessels are 
inadequately filled and blood eannot circulate normally. Blood 
flow is inadequate to meet tissue needs. If circulatory shoek per- 
sists, eells die and organ damage follows. 


Hypovolemie Shoek 

The most eommon form of circulatory shoek is hypovolemie shoek 
(hi'po-vo-le'mik; hypo = low, defieient; volemia = blood volume), 
which results from large-seale blood or fluid loss, as might follow 
acute hemorrhage, severe vomiting or diarrhea, or extensive burns. 
If blood volume drops rapidly, heart rate inereases in an attempt to 
eorreet the problem. Thus, a weak, “thready” pulse is often the first 
sign of hypovolemie shoek. Intense vasoeonstrietion also occurs, 
which shifts blood from the various blood reservoirs into the major 
circulatory ehannels and enhanees venous return. 

Blood pressure is stable at first, but eventually drops if blood 
loss continues. A sharp drop in blood pressure is a serious, and 
late, sign of hypovolemie shoek. The key to managing hypovo- 
lemie shoek is to replaee fluid volume as quickly as possible. 

Although you have not yet explored all of the body systems 
that respond to hypovolemie shoek, acute bleeding is such a 
threat to life that it seems important to have a summary of its 
signs and symptoms and the body s attempts to restore homeo- 
stasis. Figure 19.18 provides such a resource. Study it in part 
now, and in more detail later onee you have studied the re- 
maining body systems. 


Vascular Shoek 


In vascular shoek, blood volume is normal, but circulation is poor 
as a result of extreme vasodilation. A huge drop in peripheral re- 
sistanee follows, as revealed by rapidly falling blood pressure. 

A eommon cause of vascular shoek is loss of vasomotor tone 
due to anaphylaxis (anaphylaetie shoek), a systemie allergie re- 
aetion in which the massive release of histamine triggers body- 
wide vasodilation. Two other eommon causes are failure of 
autonomic nervous system regulation ( neurogenic shoek ), and 
septieemia ( septie shoek ), a severe systemie baeterial infeetion 
(baeterial toxins are notorious vasodilators). 

Transient vascular shoek may occur when you sunbathe for 
a prolonged time. The heat of the sun on your skin dilates cu- 
taneous blood vessels. Then, if you stand up abruptly, blood 
pools briefly (because of gravity) in the dilated vessels of your 
lower limbs rather than returning promptly to the heart. Con- 
sequently, your blood pressure falls. The dizziness you feel is a 
signal that your brain is not reeeiving enough oxygen. 



Cardiogenic Shoek 



Cardiogenic shoek, or pump failure, occurs when the heart 
is so ineffieient that it eannot sustain adequate circulation. Its 
usual cause is myoeardial damage, as might follow numerous 
myoeardial infaretions (heart attaeks). 




Check Your LJnderstanding 

14. Your neighbor, Bob, ealls you because he thinks he is having 
an allergie reaetion to a medieation. You find Bob on the 
verge of losing consciousness and having trouble breathing. 
When paramedies arrive, they note his blood pressure is 
63/38 and he has a rapid, thready pulse. Explain Bob's lovv 
blood pressure and rapid heart rate. 

_ For ansvvers, see Appendix H 


(Text continues on p. 721.) 












FOCUS 


Bulk Flow Aeross Oapillary VValls 


Fie ure 19.1 Bulk fluid flow aeross eapillary walls causes 
continuous mixing of fluid between the plasma and the 
interstitial fluid eompartments, and maintains the 
interstitial environment. 



The big picture 

Fluid filters from eapillaries at their arteriolar 
end and flows through the interstitial spaee. 
Most is reabsorbed at the venous end. 


Arteriole 


For all eapillary beds, 
20 L of fluid is filtered 
out per day—almost 7 
times thetotal plasma 
volume! 













Fluid moves through 
the interstitial spaee. 
















Net filtration pressure (NFP) determines the direetion of 
fluid movement. Two kinds of pressure drive fluid flow: 


Hydrostatie pressure (HP) 


Due to fluid pressing against a 
boundary 

HP “pushes” fluid aeross the 
boundary 

In blood vessels, is due to blood 
pressure 


Piston 





Boundary 


Pushes 




Osmotie pressure (OP) 


Due to nondiffusible solutes that 
eannot eross the boundary 
OP “pulls” fluid aeross the 
boundary 

In blood vessels, is due to 
plasma proteins 


-■ 


Solute 
molecules 
(proteins) 




Boundary 


Pulls 












17 L of fluid per 
day is reabsorbed 
into the eapillaries 
at the venous end. 


Venule 








About 3 L per day 
of fluid (and any 
leaked proteins) are 
removed by the 
lymphatie system 
(see ehapter 20). 





Lymphatie 

eapillary 


*• 
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How do the pressiires drive fluid flow aeross a eapillary? 


Net filtration occurs at the arteriolar end of a eapillary. 




Hydrostatie pressure in eapillary 
"pushes" fluid out of eapillary. 


Osmotie pressure in eapillary 
"pulls" fluid into eapillary. 


Capillary 




Boundary 
(eapillary wall) 


Interstitial fluid 


HP_ = 35 mm Hg 





1 







OP_ = 26 mm Hg 



NFP= 10 mm Hg 


Hydrostatie pressure in 
interstitial fluid 
pushes" fluid into 
eapillary. 


Osmotie pressure in 
interstitial fluid "pulls 
fluid out of eapillary. 


## 


To determine the pressure driving the 
fluid out of the eapillary at any given 
point, we calculate the net filtration 
pressure (NFP) —the outward pressures 
(HP C and OP if ) minus the inward 

pressures (HP if and OP c ). So, 

NFP = (HP c + OP jf )-(HP if + OP c ) 

= (35+ 1) — (0 + 26) 

= 10 mm Hg (net outward pressure) 

As a result, fluid moves from the eapillary 
into the interstitial spaee. 


Net reabsorption occurs at the venous end of a eapillary. 


eapillary 



Hydrostatie pressure in eapillary 
"pushes" fluid out of eapillary. The 
pressure has dropped because of 
resistanee encountered along the 
eapillaries. 


— Boundary 

Interstitial fluid 

(eapillary wall) 



\ 


HP, = 17mm Hg 


Osmotie pressure in eapillary 
"pulls" fluid into eapillary. 





OP_ = 26 mm Hg 




Hydrostatie pressure in 
interstitial fluid "pushes 
fluid into eapillary. 


## 


Osmotie pressure in 
interstitial fluid ' 


out of eapillary. 


pulls" fluid 



Ti 


NFP= -8 mm Hg 



Again, we calculate the NFP: 


NFP = (HP c + OP jf )-(HP if + OP c ) 

= (17+1)-(0 + 26) 

= -8 mm Hg (net inward pressure) 


Notiee that the NFP at the venous end is 
a negative number. This means that 
reabsorption, not filtration, is occurring 
and so fluid moves from the interstitial 
spaee into the eapillary. 
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UNIT 4 Maintenanee of the Body 



Acute bleeding (or other events that reduce 
blood volume) leads to: 

1. Inadequate tissue perfusion 
resulting in 10 2 and nutrients to eells 

2. Anaerobie metabolism by eells, so laetie 
aeid accumulates 

3. Movement of interstitial fluid into blood, 
so tissues dehydrate 


Initial stimulus 
Physiologieal response 
Signs and symptoms 
Result 


t 


t 


* 


t 


ehemoreeeptors aetivated 
(by | in blood pH) 


Baroreeeptor firing reduced 
(by| blood volume and pressure) 




Hypothalamus aetivated 
(by | blood pressure) 


Major effeet 


Minor effeet 



Respiratory eenters 
aetivated 


y 


t Rate and 
depth of 
breathing 


v 


C0 2 blown 
off; blood 
pH rises 




í 


Cardioacceleratory and 
vasomotor eenters aetivated 


► 





Taehyeardia; 
weak, thready 
pulse 


Sympathetie nervous 
system aetivated 





Intense vasoeonstrietion 
(only heart and brain spared) 



Adrenal 

cortex 





■ i 

fT* 




Angiotensin II 
produced in blood 



Kidneys 


t 


▼ 


Aldosterone 

released 


► 


Kidneys retain 
salt and water 


Water 

retention 


i 



Brain 


Neurons 

depressed 

byjpH 



Skin beeomes 
eold, elammy, 
and eyanotie 



Central 

nervous system 
depressed 


y 


Restlessness 
(early sign) 


j: 


Coma 
(late sign) 


í 


Blood pressure maintained; 

if fluid volume continues to 
deerease, BP ultimately 
drops. | BP is a late sign. 


Figure 19.18 Events and signs of hypovolemie shoek. 
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PART 3 

Circulatory Pathways: 

Blood Vessels of the Body 

TheTwo Main Circulations 
of the Body 

Traee the pathway of blood through the pulmonary circuit # 
and state the importanee of this speeial circulation. 

Deseribe the general functions of the systemie circuit. 

The term vascular system is often used to deseribe the body s 
complex network of blood vessels. However, the heart is actu- 
ally a double pump that serves two distinet circulations, eaeh 
with its own set of arteries, eapillaries, and veins. The pulmo- 
nary circulation is the short loop that runs from the heart to 
the hrngs and baek to the heart. The systemie circulation routes 
blood through a long loop to all parts of the body before re- 
turning it to the heart. Table 19.3 on pp. 722-723 shows both 
circuits sehematieally. 


their eompanion arteries. Superficial veins mn just beneath 
the skin and are readily seen, espeeially in the limbs, faee, 
and neek. Because there are no superficial arteries, the names 
of the superficial veins do not eorrespond to the names of 
any of the arteries. 

■ Venous pathways are more intereonneeted. Unlike the fairly 
distinet arterial pathways, venous pathways tend to have nu- 
merous intereonneetions, and many veins are represented by 
not one but two similarly named vessels. As a result, venous 
pathways are more difficult to follow. 

■ The brain and digestive systems have unique venous drain- 
age systems. Most body regions have a similar pattern for 
their arterial supply and venous drainage. However, the 
venous drainage pattern in at least two important body ar- 
eas is unique. First, venous blood draining from the brain 
enters large dural venous sinuses rather than typieal veins. 
Seeond, blood draining from the digestive organs enters a 
speeial subcirculation, the hepatie portal system , and perfuses 
through the liver before it reenters the general systemie eir- 
culation (see Table 19.12). 


Systemie Arteries and Veins: 
Differenees in Pathways 
and Courses 

As we saw in Chapter 18, the heart pumps all of its blood into a 
single systemie artery—the aorta. In eontrast, blood returning 
to the heart is delivered largely by two terminal systemie veins, 
the superior and inferior venae eavae. The single exception to 
this is the blood draining from the myocardium of the heart, 
which is eolleeted by the eardiae veins and reenters the right 
atrium via the eoronary sinus. 

In addition to these difiFerenees between arteries and veins 
eonneeting to the heart, there are three important dififerenees 
between systemie arteries and veins: 

■ Arteries run deep while veins are both deep and superficial. 

Deep veins parallel the course of the systemie arteries and 
both are proteeted by body tissues along most of their course. 
With a few exceptions, these veins are named identieally to 


Prineipal Vessels of the 
Systemie Circulation 

Name and give the loeation of the major arteries and veins 
in the systemie circulation. 

s Deseribe the structure and speeial function of the hepatie 
portal system. 


Except for speeial vessels and shunts of the fetal circulation (de- 
seribed in Chapter 28), the prineipal arteries and veins of the sys- 
temie circulation are deseribed in ables 19.4 through 19.13. 

Notiee that by eonvention, oxygen-rich blood is shown red, 
while blood that is relatively oxygen-poor is depieted blue, 
regardless of vessel type. The sehematie flowcharts (pipe dia- 
grams) that aeeompany eaeh table show the vessels that would 
be eloser to the viewer in brighter, more intense eolors than ves- 
sels deeper or farther from the viewer. For example, darker blue 
veins would be eloser to the viewer than lighter blue veins in the 
body region shown. 


r 


19 


L 


(Text continues onp. 745.) 



722 


UNIT 4 Maintenanee of the Body 


Table 19.3 Pulmonary and Systemie Circulations 


Pulmonary Circulation 

The pulmonary circulation i jure 19.19a) fiinetions only to 
bring blood into elose eontaet with the alveoli (air saes) of the 
lungs so that gases ean be exchanged. It does not direetly serve 
the metabolie needs of body tissues. 

Oxygen-poor, dark red blood enters the pulmonary circula- 
tion as it is pumped from the right ventriele into the large pulmo- 
nary trunk (Figure 19.19b), which runs diagonally upward for 
about 8 em and then divides abmptly to form the right and left 
pulmonary arteries. In the lungs, the pulmonary arteries subdi- 
vide into the lobar arteries (lo'bar) (three in the right lung and 
two in the left lung), eaeh of which serves one lung lobe. The 
lobar arteries aeeompany the main bronehi into the hrngs and 
then braneh profusely, forming first arterioles and then the dense 
networks of pulmonary eapillaries that surround and eling to 
the delieate air saes. It is here that oxygen moves from the alveolar 
air to the blood and earbon dioxide moves from the blood to the 
alveolar air. As gases are exchanged and the oxygen eontent of 
the blood rises, the blood beeomes bright red. The pulmonary 
eapillary beds drain into venules, which join to form the two pul- 
monary veins exiting from eaeh lung. The four pulmonary veins 
eomplete the circuit by unloading their precious eargo into the 
left atrium of the heart. 


Pulmonary 
eapillaries 
of the 


R. Iung 


R. pulmonary L. pulmonary 


artery 


artery 


Pulmonary 
eapillaries 
of the 


L. Iung 



L. pulmonary 


veins 


(a) Sehematie flovvehart. 
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Left pulmonary 
artery 


Aortie areh 


alveolus 
of lung 


Pulmonary trunk 


Right pulmonary 


k artery 


Three lobar arteries 
to right lung 


Pulmonary 

eapillary 


Pulmonary 


veins 


Right 
atrium 


Right 
ventriele 



Left atrium 


(b) lllustration.The pulmonary arterial system is shown in blue to indieate that the blood it earries is oxygen-poor. 
The pulmonary venous drainage is shown in red to indieate that the blood it transports is oxygen-rich. 


gure 19.19 Pulmonary circulation. RA = right atrium 7 RV = right ventriele, LA = left atrium, LV = left ventriele. 
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Table 19.3 


(continued) 


Note that any vessel with the term pnlmonary or lobar in its 
name is part of the pulmonary circulation. All others are part of 
the systemie circulation. 

Pulmonary arteries earry oxygen-poor, earbon dioxide-rich 
blood, and pulmonary veins earry oxygen-rich blood.* This is 
opposite to the systemie circulation, where arteries earry oxy- 
gen-rieh blood and veins earry earbon dioxide-rich, relatively 
oxygen-poor blood. 

Systemie Circulation 

The systemie circulation provides th efunctional blood supply to 
all body tissues; that is, it delivers oxygen, nutrients, and other 
needed substances while earrying away earbon dioxide and 
other metabolie wastes. Freshly oxygenated blood* returning 
from the pulmonary circuit is pumped out of the left ventriele 
into the aorta Figure 19.20' . 

From the aorta, blood ean take various routes, because essen- 
tially all systemie arteries braneh from this single great vessel. 
The aorta arehes upward from the heart and then curves and 
mns downward along the body midline to its terminus in the 
pelvis, where it splits to form the two large arteries serving the 
lower extremities. The branehes of the aorta continue to sub- 
divide to produce the arterioles and, finally, the eapillaries that 
ramify through the organs. Venous blood draining from organs 
inferior to the diaphragm ultimately enters the inferior vena 
cava. + Except for some eoronary and thoraeie venous drainage 
(which enters the azygos system of veins), the superior vena 
eava drains body regions above the diaphragm. The venae eavae 
empty the earbon dioxide-laden blood into the right atrium of 
the heart. 

Two important points eoneerning the two major circula- 
tions: (1) Blood passes from systemie veins to systemie arteries 
only after first moving through the pulmonary circuit (Figure 
19.19a), and (2) although the entire eardiae output of the right 
ventriele passes through the pulmonary circulation, only a 
small fraetion of the output of the left ventriele flows through 
any single organ (Figure 19.20). The systemie circulation ean be 
viewed as multiple circulatory ehannels functioning in parallel 
to distribute blood to all body organs. 

As you examine the tables that follow and loeate the various 
systemie arteries and veins in the illustrations, be aware of cues 
that make your memorization task easier. In many eases, the 
name of a vessel refleets the body region traversed (axillary, bra- 
ehial, femoral, ete.), the organ served (renal, hepatie, gonadal), 
or the bone followed (vertebral, radial, tibial). Also, notiee that 
arteries and veins tend to mn side by side and, in many plaees, 
they also mn with nerves. Finally, be alert to the faet that the 
systemie vessels do not always mateh on the right and left sides 
of the body. Thus, while almost all vessels in the head and limbs 
are bilaterally symmetrieal, some of the large, deep vessels of the 
tmnk region are asymmetrieal or unpaired. 


*By eonvention, oxygen-rich blood is shown red and oxygen-poor blood is shown 
blue. 

f Venous blood from the digestive viseera passes through the hepatie portal circula- 
tion (liver and assoeiated veins) before entering the inferior vena eava. 
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Figure 19.20 Sehematie flowchart showing an overview of 
the systemie circulation. The piilmonary circulation is shovvn 
in gray for eomparison. RA = right atrium, RV = right ventriele, 

LA = left atrium, LV = left ventriele. 













































































Table 19.4 The Aorta and Major Arteries of the Systemie Circulation 


Figure 19.21a diagrams the distribution of the aorta and ma- 
jor arteries of the systemie circulation in flowchart form, and 
Figure 19.21b illustrates them. See Tables 19.5 through 19.8 for 
fine points about the vessels arising from the aorta. 

The aorta is the largest artery in the body. In adults, the aorta 
(a-or'tah) is approximately the size of a garden hose where it issues 
from the left ventriele of the heart. Its internal diameter is 2.5 em, 
and its wall is about 2 mm thiek. It deereases in size slightly as it 
mns to its terminus. The aortie valve guards the base of the aorta 
and prevents backflow of blood during diastole. Opposite eaeh 
aortie valve cusp is an aortie sinus , which eontains baroreeeptors 
important in reflex regulation of blood pressure. 

Different portions of the aorta are named aeeording to shape or 
loeation. The first portion, the aseending aorta, mns posteriorly 
and to the right of the pulmonary tmnk. It persists for only about 
5 em before curving to the left as the aortie areh. The only branehes 
of the aseending aorta are the right and left eoronary arteries, 


which supply the myocardium. The aortie areh, deep to the ster- 
num, begins and ends at the sternal angle (T 4 level). Its three major 
branehes (Rto L) are: (1) thebrachiocephalictrunk(bra'ke-o-sé- 
fal"ik; c armhead”), which passes superiorly under the right ster- 
noclavicular joint and branehes into the right eommon earotid 
artery (kah-rot'id) and the right subclavian artery, (2) the left 
eommon earotid artery, and (3) the left subclavian artery. These 
three vessels provide the arterial supply of the head, neek, upper 
limbs, and part of the thorax wall. 

The deseending aorta mns along the anterior spine. Called 
the thoraeie aorta from T 5 to T 12 , it sends off numerous small 
arteries to the thorax wall and viseera before piereing the dia- 
phragm. As it enters the abdominal eavity, it beeomes the ab- 
dominal aorta. This portion supplies the abdominal walls and 
viseera and ends at the L 4 level, where it splits into the right and 
left eommon iliae arteries, which supply the pelvis and lower 
limbs. 
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(a) Sehematie flovvehart 
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Table 19.4 


(continued) 


Arteries of the head and trunk 

Internal earotid artery 

External earotid artery 

Common earotid arteries 

Vertebral artery 

Subclavian artery 

Braehioeephalie trunk 
Aortie areh 
Aseending aorta 

Ooronary artery 


Celiac trunk 

Abdominal aorta 

Superior mesenterie artery 
Renal artery 

Gonadal artery 


Inferior mesenterie artery 
Common iliae artery 
Internal iliae artery 


Figure 19.21 Major arteries 
of the systemie circulation. 


(b) IIIiistration, anterior view 



Arteries that supply the upper limb 
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Lllnar artery 


Deep palmar areh 
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Arteries that supply the lower limb 
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UNIT 4 Maintenanee of the Body 


Table 19.5 Arteries of the Head and Neek 


Four paired arteries supply the head and neek. These are the eom- 
mon earotid arteries, plus three branehes from eaeh subclavian 
artery: the vertebral arteries, the thyroeervieal tmnks, and the 
eostoeervieal tmnks Figure 19.22b). Of these, the eommon ea- 
rotid arteries have the broadest distribution (Figure 19.22a). 

R. and L. anterior 
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artery 
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artery 
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artery 

Oerebral arterial eirele 


R. and L. 


posterior 
communicating 
arteries 


Superficial 

temporal 

artery 


Maxillary 

artery 


R. posterior 

eerebral 

artery 


Basilar 

artery 
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R. and L. 
vertebral 
arteries 


Oeeipital 

artery 


Faeial 

artery 


Lingual 

artery 


Superior 

thyroid 

artery 


R.and L 
internal 
earotid 
arteries 


R.and L 
external 
earotid 
arteries 


R.and L 
eommon 
earotid 
arteries 


R. and L. 
subclavian 
arteries 


Braehioeephalie trunk 


(a) Sehematie flowchart 

gure 19.22 Arteries of the head, neek, and brain. 


Eaeh eommon earotid divides into two major branehes (the 
internal and external earotid arteries). At the division point, 
eaeh internal earotid artery has a slight dilation, the earotid si- 
nus, that eontains baroreeeptors that assist in reflex blood pres- 
sure eontrol. The earotid bodies, ehemoreeeptors involved in 
eontrolling respiratory rate, are loeated elose by. Pressing on the 
neek in the area of the earotid sinuses ean cause unconscious- 
ness (earot — stupor) because the pressure ereated mimies high 
blood pressure, elieiting vasodilation, which interferes with 
blood delivery to the brain. 

Deseription and Distribution 

Common earotid arteries. The origins of these two arteries 
differ: The right eommon earotid artery arises from the bra- 
ehioeephalie tmnk; the left is the seeond braneh of the aortie 
areh. The eommon earotid arteries aseend through the lateral 
neek, and at the superior border of the larynx (the level of the 
“Adams apple”), eaeh divides into its two major branehes, the 
external and internal earotid arteries. 

The external earotid arteries supply most tissues of the head 
except for the brain and orbit. As eaeh artery mns superiorly, it 
sends branehes to the thyroid gland and larynx (superior thy- 
roid artery), the tongue (lingual artery), the skin and mus- 
eles of the anterior faee (faeial artery), and the posterior sealp 
(oeeipital artery). Eaeh external earotid artery terminates by 
splitting into a superficial temporal artery, which supplies the 
parotid salivary gland and most of the sealp, and a maxillary 
artery, which supplies the upper and lower jaws and chewing 
muscles, the teeth, and the nasal eavity. A elinieally important 
braneh of the maxillary artery is the middle meningeal artery 
(not ilhistrated). It enters the skull through the foramen spino- 
sum and supplies the inner surface of the parietal bone, squa- 
mous part of the temporal bone, and the underlying dura mater. 

The larger internal earotid arteries supply the orbits and 
more than 80% of the eerebmm. They assume a deep course 
and enter the skull through the earotid eanals of the tempo- 
ral bones. Onee inside the eranimn, eaeh artery gives off one 
main braneh, the ophthalmie artery, and then divides into the 
anterior and middle eerebral arteries. The ophthalmie arter- 
ies (of-thal'mik) supply the eyes, orbits, forehead, and nose. 
Eaeh anterior eerebral artery supplies the medial surface of the 
frontal and parietal lobes of the eerebral hemisphere on its side 
and also anastomoses with its partner on the opposite side via a 
short arterial shunt ealled the anterior communicating artery 
(Figure 19.22d). The middle eerebral arteries run in the lateral 
sulci of their respeetive eerebral hemispheres and supply the 
lateral parts of the temporal, parietal, and frontal lobes. 

Vertebral arteries. The vertebral arteries spring from the subcla- 
vian arteries at the root of the neek and aseend through foramina 
in the transverse proeesses of the eervieal vertebrae to enter the 
skull through the foramen magnum. En route, they send branehes 
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Table 19.5 


(continued) 


to the vertebrae and eervieal spinal eord and to some deep struc- 
tures of the neek. Within the cranium, the right and left vertebral 
arteries join to form the basilar artery (bas'í-lar), which aseends 
along the anterior aspeet of the brain stem, giving off branehes 
to the cerebellum, pons, and inner ear (Figure 19.22b and d). At 
the pons-midbrain border, the basilar artery divides into a pair of 
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posterior eerebral arteries, which supply the oeeipital lobes and 
the inferior parts of the temporal lobes. 

Arterial shunts ealled posterior communicating arter- 
ies eonneet the posterior eerebral arteries to the middle eer- 
ebral arteries anteriorly. The two posterior and single anterior 
communicating arteries eomplete the formation of an arterial 
anastomosis ealled the eerebral arterial eirele {eirele ofWillis). 

This structure eneireles the pituitary gland and optie 

ehiasma and unites the brains anterior and posterior 
Ophthalmie artery blood supplies. It also equalizes blood pressure in the 

two brain areas and provides alternate routes for blood 
to reaeh the brain tissue if a earotid or vertebral artery 


Branehes of 
the external 
earotid artery 

• Superficial 
temporal artery 

• Maxillary artery 

• Oeeipital artery 

• Faeial artery 

• Lingual artery 

• Superior thyroid 
artery 


beeomes occluded. 

Thyroeervieal and eostoeervieal trunks. These short 
vessels arise from the subclavian artery just lateral to the 
vertebral arteries on eaeh side (Figures 19.22b and Fig- 
ure 19.23). The thyroeervieal trunk mainly supplies the 
thyroid gland, portions of the eervieal vertebrae and spi- 
nal eord, and some scapular muscles. The eostoeervieal 
trunk serves deep neek and superior intereostal muscles. 
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Posterior 


(e) Colorized arteriograph of the arterial supply of the brain 


(d) Major arteries serving the brain (inferior view, right side 
of cerebellum and part of right temporal lobe removed) 


Figiire 19.2 (continued) 
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UNIT 4 Maintenanee of the Body 


Table 19.6 Arteries of the Llpper Limbs and Thorax 


The upper limbs are supplied entirely by arteries arising from 
the subclavian arteries Figure 19.23a]. Affer giving oíf 
branehes to the neek, eaeh subclavian artery courses laterally 
between the elaviele and first rib to enter the axilla, where its 
name ehanges to axillary artery. The thorax wall is supplied 


by an array of vessels that arise either direetly from the tho- 
raeie aorta or from branehes of the subclavian arteries. Most 
viseeral organs of the thorax reeeive their fimetional blood 
supply from small branehes issuing from the thoraeie aorta. 
Because these vessels are so small and tend to vary in number 
(except for the bronehial arteries), Figures 19.23a and b do not 
illustrate them, but several are listed at the end of this table. 
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ii 


Metaearpal arteries 
Superficial palmar areh 


Digital arteries 


(a) Sehematie flowchart 


Deseription and Distribution 
Arteries of the Upper Limb 

Axillary artery. As it runs through the axilla aeeompa- 
nied by eords of the braehial plexus, eaeh axillary artery 
gives off branehes to the axilla, ehest wall, and shoulder 
girdle. These branehes include the thoraeoaeromial 
artery (tho"rah-ko-ah-kro'me-al), which supplies the 
deltoid muscle and peetoral region; the lateral thoraeie 
artery, which serves the lateral ehest wall and breast; the 
subscapular artery to the scapula, dorsal thorax wall, 
and part of the latissimus dorsi muscle; and the anterior 
and posterior circumflex humeral arteries, which wrap 
around the humeral neek and help supply the shoul- 
der joint and the deltoid muscle. As the axillary artery 
emerges from the axilla, it beeomes the braehial artery. 

Braehial artery. The braehial artery runs down the me- 
dial aspeet of the humerus and supplies the anterior flexor 
muscles of the arm. One major braneh, the deep artery of 
the arm, serves the posterior trieeps braehii muscle. As it 
nears the elbow, the braehial artery gives off several small 
branehes that contribute to an anastomosis serving the 
elbow joint and eonneeting it to the arteries of the fore- 
arm. As the braehial artery erosses the anterior midline 
aspeet of the elbow, it provides an easily palpated pulse 
point (braehial pulse) (see Figure 19.12). Immediately be- 
yond the elbow, the braehial artery splits to form the radial 
and ulnar arteries, which more or less follow the course of 
similarly named bones down the anterior forearm. 

Radial artery. The radial artery runs from the median 
line of the cubital fossa to the styloid proeess of the ra- 
dius. It supplies the lateral muscles of the forearm, the 
wrist, and the thumb and index finger. At the root of the 
thumb, the radial artery provides a eonvenient site for 
taking the radial pulse. 

Lllnar artery. The ulnar artery supplies the medial as- 
peet of the forearm, fingers 3-5, and the medial aspeet of 
the index finger. Proximally, the ulnar artery gives off a 
short braneh, the eommon interosseous artery (in"ter- 
os'e-us), which runs between the radius and ulna to 
serve the deep flexors and extensors of the forearm. 

Palmar arehes. In the palm, branehes of the radial and ul- 
nar arteries anastomose to form the superficial and deep 
palmar arehes. The metaearpal arteries and digital arter- 
ies that supply the fingers arise from these palmar arehes. 


jure 19.23 Arteries of the right upper limb and thorax. 
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Table 19.6 


(continued) 


Vertebral artery 
Thyroeervieal trunk 

Costocervical trunk 
Suprascapular artery 

Thoraeoaeromial artery 

Axillary artery 

Subscapular artery 

Posterior circumflex 
humeral artery 

Anterior circumflex 
humeral artery 


Braehial artery 


Deep artery of arm 


Common interosseous 
artery 


Radial artery 


lllnar artery 



Common earotid arteries 


Deep palmar areh 


Superficial palmar areh 


Digital arteries 


Right subclavian artery 


Left subclavian artery 


Braehioeephalie trunk 


Posterior intereostal 
arteries 


Anterior intereostal 
artery 


Internal thoraeie artery 


Lateral thoraeie artery 


Thoraeie aorta 


the intereostal spaees anteriorly. The internal thoraeie artery also 
sends superficial branehes to the skin and mammary glands and 
terminates in twiglike branehes to the anterior abdominal wall 
and diaphragm. 

Posterior intereostal arteries. The superior two pairs of pos- 
terior intereostal arteries are derived from the eostoeervieal 
trunk. The next nine pairs issue from the thoraeie aorta and 
course around the rib eage to anastomose anteriorly with the 
anterior intereostal arteries. Inferior to the 12th rib, a pair of 
subcostal arteries emerges from the thoraeie aorta (not illus- 
trated). The posterior intereostal arteries supply the posterior 
intereostal spaees, deep muscles of the baek, vertebrae, and spi- 
nal eord. Together, the posterior and anterior intereostal arter- 
ies supply the intereostal muscles. 

Superior phrenie arteries. One or more paired superior 
phrenie arteries serve the posterior superior aspeet of the dia- 
phragm surface. 
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(b) llliistration, anterior view 

Figiire 19.1 (continued) 

Arteries of the Thorax Wall 

Internal thoraeie arteries. The internal thoraeie arteries (for- 
merly ealled the internal mammary arteries) arise from the 
subclavian arteries and supply blood to most of the anterior 
thorax wall. Eaeh of these arteries deseends lateral to the ster- 
num and gives oíf anterior intereostal arteries, which supply 


Arteries of the Thoraeie Viseera 

Perieardial arteries. Several tiny branehes supply the poste- 
rior pericardium. 

Bronehial arteries. Two left and one right bronehial arteries 
supply systemie (oxygen-rich) blood to the lungs, bronehi, and 
pleurae. 

Esophageal arteries. Four to five esophageal arteries supply 
the esophagus. 

Mediastinal arteries. Many small mediastinal arteries serve 
the posterior mediastinum. 
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UNIT 4 Maintenanee of the Body 


Table 19.7 Arteries of the Abdomen 


The arterial supply to the abdominal organs arises from the 
abdominal aorta gure 19.24a' . Under resting eonditions, 
about half of the entire arterial flow moves through these 
vessels. Except for the eeliae trunk, the superior and inferior 


mesenterie arteries, and the median saeral artery, all are paired 
vessels. These arteries supply the abdominal wall, diaphragm, 
and viseeral organs of the abdominopelvie eavity. We discuss 
the branehes in the order of their issue. 
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(a) Sehematie flowchart. 


gure 19.24 Arteries of the abdomen. 
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(continued) 


Table 19.7 


Deseription and Distribution 

Inferior phrenie arteries. The inferior phrenies emerge from 
the aorta at T 12 , just inferior to the diaphragm (Figure 19.24c). 
They serve the inferior diaphragm surface. 

Ce//ac trunk. This very large unpaired braneh of the abdominal 
aorta divides almost immediately into three branehes: the eom- 
mon hepatie, splenie, and left gastrie arteries (Figure 19.24b). The 
eommon hepatie artery (hé-pat'ik) gives offbranehes to the stom- 
aeh, duodenum, and panereas. Where the gastroduodenal artery 
branehes off, the eommon hepatie beeomes the hepatie artery 


proper, which splits into right and left branehes that serve the 
liver. As the splenie artery (splen'ik) passes deep to the stomaeh, 
it sends branehes to the panereas and stomaeh and terminates in 
branehes to the spleen. The left gastrie artery ( gaster = stomaeh) 
supplies part of the stomaeh and the inferior esophagus. The right 
and left gastroepiploie arteries (gas"tro-ep"ì-plo'ik)—branehes 
of the gastroduodenal and splenie arteries, respeetively—serve the 
greater curvature of the stomaeh. A right gastrie artery, which 
supplies the stomaehs lesser curvature, may arise from the eom- 
mon hepatie artery or from the hepatie artery proper. 


Liver (cut) 


Inferior vena eava 
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Common hepatie artery 


Hepatie artery proper 


Gastroduodenal artery 
Right gastrie artery 

Gallbladder 
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(b) The eeliae trunk and its major branehes. The left half of the liver has been removed. 
gure 19.24 (continued) 
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UNIT 4 Maintenanee of the Body 


Table 19.7 Arteries of the Abdomen 


Superior mesenterie artery (mes-en-ter' ik). This large, unpaired 
artery arises from the abdominal aorta at the L x level immediately 
below the eeliae tmnk (Figure 19.24d). It runs deep to the pan- 
ereas and then enters the mesentery (a drapelike membrane that 
supports the small intestine), where its numerous anastomosing 
branehes serve virtually all of the small intestine via the intestinal 
arteries, and most of the large intestine—the appendix, cecum, as- 
eending eolon (via the ileoeolie and right eolie arteries), and part 
of the transverse eolon (via the middle eolie artery). 

Suprarenal arteries (soo'prah-re'nal). The middle suprare- 
nal arteries flank the origin of the superior mesenterie artery 
as they emerge from the abdominal aorta (Figure 19.24c). They 
supply blood to the adrenal (suprarenal) glands overlying the 
kidneys. The adrenal glands also reeeive two sets of branehes 
not illustrated: superior suprarenal branehes from the nearby 
inferior phrenie arteries, and inferior suprarenal branehes from 
the nearby renal arteries. 

Renal arteries. The short but wide renal arteries, right and 
left, issue from the lateral surfaces of the aorta slightly below 
the superior mesenterie artery (between L : and L 2 ). Eaeh serves 
the kidney on its side. 

Gonadal arteries (go-nà'dul). The paired gonadal arteries 
are ealled the ovarian arteries in females and the testicular 


arteries in males. The ovarian arteries extend into the pelvis 
to serve the ovaries and part of the uterine tubes. The much 
longer testicular arteries deseend through the pelvis and in- 
guinal eanals to enter the scrotum, where they serve the testes. 

Inferior mesenterie artery. This final major braneh of the 
abdominal aorta is unpaired and arises from the anterior aor- 
tie surface at the L 3 level. It serves the distal part of the large 
intestine—from the midpart of the transverse eolon to the 
midrectum—via its left eolie, sigmoidal, and superior ree- 
tal branehes (Figure 19.24d). Looping anastomoses between 
the superior and inferior mesenterie arteries help ensure that 
blood will continue to reaeh the digestive viseera in eases of 
trauma to one of these abdominal arteries. 

Lumbar arteries. Four pairs of lumbar arteries arise from the 
posterolateral surface of the aorta in the lumbar region. These 
segmental arteries supply the posterior abdominal wall. 

Median saeral artery. The unpaired median saeral artery is- 
sues from the posterior surface of the abdominal aorta at its 
termimis. This tiny artery supplies the sacrum and coccyx. 

Common iliae arteries. At the L 4 level, the aorta splits into 
the right and left eommon iliae arteries, which supply blood 
to the lower abdominal wall, pelvie organs, and lower limbs 
(Figure 19.24c). 
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Hiatus (opening) 
for inferior vena eava 


Hiatus (opening) 
for esophagus 


Adrenal (suprarenal) 
gland 

Celiac trunk 
Kidney 


Abdominal aorta 


Lumbar arteries 


Llreter 

Median saeral 
artery 



Diaphragm 


Inferior phrenie artery 


Middle suprarenal artery 


Renal artery 


Superior mesenterie artery 


Gonadal (testicular 
or ovarian) artery 

Inferior mesenterie artery 


Common iliae artery 


(e) Major branehes of the abdominal aorta. 


gure 19.24 (continued) Arteries of the abdomen. 
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Table 19.7 




(continued) 


Celiac trunk 


Superior mesenterie 
artery 


Branehes of the siiperior 
mesenterie artery 

• Middle eolie artery 

• Intestinal arteries 

• Right eolie artery 

• lleoeolie artery 


Aseending eolon 


Right eommon iliae artery 


lleum 


Cecum 


Appendix 



Transverse eolon 


Aorta 


Inferior mesenterie 
artery 


Branehes of the inferior 
mesenterie artery 

• Left eolie artery 

• Sigmoidal arteries 

• Superior reetal artery 


Deseending eolon 


Sigmoid eolon 
Rectum 


(d) Distribiition of the superior and inferior mesenterie arteries. The transverse eolon has been pulled superiorly. 

ìigure 19.24 (continued) 



Check Your LPnderstanding 


15. Which paired artery supplies most of the tissues of the head 
except for the brain and orbits? 

16. Name the arterial anastomosis at the base of the eerebmm. 

17. Name the four unpaired arteries that emerge from the 
abdominal aorta. 


For ansvvers, see Appendix H. 
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UNIT 4 Maintenanee of the Body 


Table 19.8 Arteries of the Pelvis and Lower Limbs 


Abdominal 

aorta 


Superior 

gluteal 

artery 


Inferior 

gluteal 

artery 


Internal 
iliae 
artery 


Internal 
pudendal 

Medial — 
circumflex 
femoral 
artery 





r 








Common 

iliae 

artery 


Obturator 

artery 


Deep artery 
of thigh 


External 

iliae 

artery 


Lateral — 
circumflex 
femoral 
artery 


Femoral 

artery 



Adductor 

hiatus 



Arterial- 

anastomosis 


Anterior 


Lateral 
plantar 
artery 

Arcuate 

artery 


Dorsal 
metatarsal 
arteries 

(a) Sehematie flowchart 



Popliteal 

artery 


Posterior tibial 
artery 


Fibular 

(peroneal) 

artery 


Lateral 

plantar 

artery 


Medial 

plantar 

artery 


Plantar areh 


Plantar 

metatarsal 

arteries 


At the level of the saeroiliae joints, the eommon iliae arteries 
divide into two major branehes, the internal and external iliae 
arteries Figure 19.25a’ . The internal iliaes distribute blood 
mainly to the pelvie region. The external iliaes primarily serve 
the lower limbs but also send branehes to the abdominal wall. 

Deseription and Distribution 

Internal iliae arteries. These paired arteries run into the pelvis 
and distribute blood to the pelvie walls and viseera (bladder 
and rectum, plus the uterus and vagina in the female and the 
prostate and ductus deferens in the male). Additionally they 
serve the gluteal muscles via the superior and inferior gluteal 
arteries, adductor muscles of the medial thigh via the obtura- 
tor artery, and external genitalia and perineum via the inter- 
nal pudendal artery (not illustrated). 

External iliae arteries. These arteries supply the lower limbs 
(Figure 19.25b). As they course through the pelvis, they give 
oífbranehes to the anterior abdominal wall. After passing un- 
der the inguinal ligaments to enter the thigh, they beeome the 
femoral arteries. 

Femoral arteries. As eaeh of these arteries passes down the 
anteromedial thigh, it gives oíf several branehes to the thigh 
muscles. The largest of the deep branehes is the deep artery 
of the thigh (also ealled the deep femoral artery ), which is the 
main supply to the thigh muscles (hamstrings, quadriceps, and 
adductors). Proximal branehes of the deep femoral artery, the 
lateral and medial circumflex femoral arteries, eneirele the 
neek of the femur. The medial circumflex artery is the major 
vessel to the head of the femur. If it is torn in a hip fracture, the 
bone tissue of the head of the femur dies. A long deseending 
braneh of the lateral circumflex artery supplies the vastus later- 
alis muscle. Near the knee the femoral artery passes posteriorly 
and through a gap in the adductor magnus muscle, the adduc- 
tor hiatus , to enter the popliteal fossa, where its name ehanges 
to popliteal artery. 

Popliteal artery. This posterior vessel contributes to an arte- 
rial anastomosis that supplies the knee region and then splits 
into the anterior and posterior tibial arteries of the leg. 

Anterior tibial artery. The anterior tibial artery runs through 
the anterior eompartment of the leg, supplying the extensor 
muscles along the way. At the ankle, it beeomes the dorsalis 
pedis artery, which supplies the ankle and dorsum of the 
foot, and gives off a braneh, the arcuate artery, which issues 
the dorsal metatarsal arteries to the metatarsus of the foot. 
The superficial dorsalis pedis ends by penetrating into the 
sole where it forms the medial part of the plantar areh. The 
dorsalis pedis artery provides a elinieally important pulse 
point, the pedal pulse. If the pedal pulse is easily felt, it is 
fairly eertain that the blood supply to the leg is good. 


Figure 19.2 Arteries of the right pelvis and lower limb. 
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Table 19.8 



Common iliae artery 
Internal iliae artery 
Superior gluteal artery 


External iliae artery 
Deep artery of thigh 


Lateral circumflex 
femoral artery 





# jè 



1 1 



Medial circumflex 
femoral artery 


Obturator artery 


Femoral artery 


Adductor hiatus 


Popliteal artery 


Anterior tibial artery 


Posterior tibial artery 


Fibular artery 


Dorsalis pedis artery 


Arcuate artery 


Dorsal metatarsal 
arteries 



Posterior tibial artery. This large artery courses through the 
posteromedial part of the leg and supplies the flexor muscles. 
Proximally, it gives oíf a large braneh, the fibiilar (peroneal) 
artery, which supplies the lateral fibularis muscles of the leg. 
On the medial side of the foot, the posterior tibial artery di- 
vides into lateral and medial plantar arteries that serve the 
plantar surface of the foot. The lateral plantar artery forms the 
lateral end of the plantar areh. Plantar metatarsal arteries and 
digital arteries to the toes arise from the plantar areh. 



Popliteal artery 


Anterior tibial artery 


Fibular artery 


Dorsalis pedis artery 
(from top of foot) 


Plantar areh 


(b) Anterior view 


(e) Posterior view 


Figure 19.25 (continued) 




Check Your IJnderstanding 

18. You are assessing the circulation in the leg of a diabetie 
patient at the elinie. Name the artery you palpate in eaeh of 


these three loeations: behind the knee, behind the medial 
malleolus of the tibia, on the dorsum of the foot. 

_ For ansvvers, see Appendix Fi 










































Table 19.9 


The Venae Cavae and the Major Veins of the Systemie Circulation 


In our survey of the systemie veins, the major tributaries (branehes) 
of the venae eavae are noted first in igure 19.26, followed by a 
deseription in Tables 19.10 through 19.13 of the venous pattern of 
the various body regions. Because veins mn toward the heart, the 
most distal veins are named first and those elosest to the heart last. 
Deep veins generally drain the same areas served by their eom- 
panion arteries, so they are not deseribed in detail. 

Deseription and Areas Drained 

Superior vena eava. This great vein reeeives systemie blood 
draining from all areas superior to the diaphragm, except the heart 
wall. It is formed by the union of the right and left braehioeephalie 


Veins of 

R.upper 
limb 


R. external 


R. vertebral 


jugular 


- eervieal spinal 


- superficial 


eord and 


head and neek 


vertebrae 



R. axillary 




intraeranial 

dural venous sinuses 


veins and empties into the right atrium (Figure 19.26b). Notiee 
that there are two braehioeephalie veins, but only one braehio- 
eephalie artery (tmnk). Eaeh braehioeephalie vein is formed by 
the joining of the internal jugular and subclavian veins on its 
side. In most of the flowcharts that follow, only the vessels drain- 
ing blood from the right side of the body are shown (except for the 
azygos circulation of the thorax). 

Inferior vena eava. The widest blood vessel in the body, this 
vein returns blood to the heart from all body regions below 
the diaphragm. The abdominal aorta lies direetly to its left. The 
paired eommon iliae veins join at L 5 to form the distal end of 
the inferior vena eava. From this point, it courses superiorly 

along the anterior aspeet of the spine, reeeiving venous 
blood from the abdominal walls, gonads, and kidneys. 
Immediately above the diaphragm, the inferior vena eava 


R. subclavian 
- R. head, neek, 
and upper 
limb 



ends as it enters the inferior aspeet of the right atrium. 


R. internal jugular 
dural venous 
sinuses of the brain 



Same as R. braehioeephalie 


R. braehioeephalie 
- R. side of head and R. upper limb 



L. braehioeephalie 


L. side of head and L. upper limb 


Superior vena eava 
- runs from union of braehioeephalie 
veins behind manubrium to R. atrium 




Azygos system 
- drains much of 


thorax 


R. atrium of heart 


Diaphragm 






Inferior vena eava 


runs from junction of eommon iliae 
veins at L 5 to R. atrium of heart 
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R. suprarenal 
(L. suprarenal drains 
into L. renal vein) 

- adrenal glands 


L., R., and middle 
hepatie veins 
liver 


L. and R. renal veins 
kidneys 


R. gonadal 
(L. gonadal drains 
into L. renal vein) 
- testis or ovary 



Lumbar veins 
(several pairs) 
posterior abdominal 
wall 


R. eommon iliae 


L. eommon iliae 

- pelvis and R. lower 


- pelvis and L. lower 

limb 


limb 


Veins of 
R. lower limb 




Veins of 
L. lower limb 


(a) Sehematie flowchart 
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Table 19.9 



Veins of the head and trunk 


Dural venous sinuses 


External jugular vein 

Vertebral vein 
Internal jugular vein 

Right and left 
braehioeephalie veins 

Superior vena eava 


Great eardiae vein 


Hepatie veins 
Splenie vein 
Hepatie portal vein 
Renal vein 


Superior mesenterie vein 


Inferior mesenterie vein 


Inferior vena eava 
Common iliae vein 


Internal iliae vein 


Figure 19.26 Majorveins 
of the systemie circulation. 



Veins that drain 
the upper limb 

Subclavian vein 

Axillary vein 
Cephalic vein 
Braehial vein 
Basilie vein 


Median cubital vein 


Lllnar vein 
Radial vein 


Digital veins 


Veins that drain the lower limb 


External iliae vein 


Femoral vein 


Great saphenous vein 
Popliteal vein 


Posterior tibial vein 
Anterior tibial vein 
Small saphenous vein 


Dorsal venous areh 
Dorsal metatarsal veins 


(b) lllustration. anterior view. The vessels of the pulmonary circulation are not shown. 
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UNIT 4 Maintenanee of the Body 


Table 19.10 Veins of the Head and Neek 


Three pairs of veins eolleet most of the blood draining from the 
head and neek Figure 19.27a): 

■ The external jugular veins, which empty into the subclavians 

■ The internal jugular veins 

■ The vertebral veins, which drain into the braehioeephalie 
vein 

Although most extracranial veins have the same names as the 
extracranial arteries, their courses and intereonneetions differ 
substantially. 

Most veins of the brain drain into the dural venous sinuses, 
an intereonneeted series of enlarged ehambers loeated be- 
tween the dura mater layers. The superior and inferior sagittal 


sinuses are in the falx eerebri, which dips down between the 
eerebral hemispheres. The inferior sagittal sinus drains into the 
straight sinus posteriorly (Figure 19.27a and e). The superior 
sagittal and straight sinuses then empty into the transverse si- 
nuses, which run in shallow grooves on the internal surface 
of the oeeipital bone. These drain into the S-shaped sigmoid 
sinuses, which beeome the internal jugular veins as they leave 
the skull through the jugular foramen. The cavernous sinuses, 
which flank the sphenoid body, reeeive venous blood from the 
ophthalmie veins of the orbits and the faeial veins, which drain 
the nose and upper lip area. The internal earotid artery and era- 
nial nerves III, IV, VI, and part of V, all run through the eavern- 
ous sinus on their way to the orbit and faee. 
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j 


Superior sagittal sinus 


Oeeipital 


vein 


Inferior 
sagittal sinus 


Straight 

sinus 


Transverse 
sinus 


Superficial 
temporal vein 


□ □□□ 
□ □□□ 


Cavernous 

sinus 


Ophthalmie 


vein 


Faeial vein 


Posterior auricular 
vein 


Sigmoid sinus 


Internal jugular vein 


External jugular 


vein 


Superior thyroid vein 


Vertebral vein 


Subclavian vein 



! - 


\ s 




Middle thyroid vein 
Braehioeephalie veins 


Superior vena eava 


(a) Sehematie flovvehart 

gure 19.27 Venous drainage of the head, neek, and brain. 


Deseription and Area Drained 

External jugular veins. The right and left external jugu- 
lar veins drain superficial sealp and faee structures served 
by the external earotid arteries. However, their tributaries 
anastomose frequently, and some of the superficial drain- 
age from these regions enters the internal jugular veins 
as well. As the external jugular veins deseend through 
the lateral neek, they pass obliquely over the sternoelei- 
domastoid muscles and then empty into the subclavian 
veins. 

Vertebral veins. Unlike the vertebral arteries, the ver- 
tebral veins do not serve much of the brain. Instead they 
drain the eervieal vertebrae, the spinal eord, and some 
small neek imiseles. They run inferiorly through the 
transverse foramina of the eervieal vertebrae and join the 
braehioeephalie veins at the root of the neek. 

Internal jugular veins. The paired internal jugular 
veins, which reeeive the bulk of blood draining from 
the brain, are the largest of the paired veins draining the 
head and neek. They arise from the dural venous sinuses, 
exit the skull via th e jugular foramina, and then deseend 
through the neek alongside the internal earotid arteries. 
As they move inferiorly, they reeeive blood from some 
of the deep veins of the faee and neek—branehes of the 
faeial and siiperfieial temporal veins (Figure 19.27b). At 
the base of the neek, eaeh internal jugular vein joins the 
subclavian vein on its own side to form a braehioeephalie 
vein. As already noted, the two braehioeephalie veins 
unite to form the superior vena eava. 
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Table 19.10 


(continued) 


Ophthalmie vein 


Superficial 
temporal vein 


Faeial vein 


Oeeipital vein 


Posterior 
auricular vein 


External 


jugular vein 


Vertebral vein 


Internal 
jugular vein 

Superior and middle 
thyroid veins 

Braehioeephalie 
vein 


Subclavian vein 


Superior 


vena eava 


. , 



(b) Veins of the head and neek, right siiperfieial aspeet 


ngiire 19.2 (eontimied) 


Superior sagittal sinus 


Falx eerebri 


Inferior sagittal sinus 


Straight sinus 


Cavernous sinus 


Transverse sinuses 



Sigmoid sinus 


Jugular foramen 


Right internal jugular vein 



(e) Dural venous sinuses of the brain 



Check Your LPnderstanding 


19. In vvhat important vvay does the area drained by the vertebral 
veins differ from the area served by the vertebral arteries? 


20. Which veins drain the dural venous sinuses and vvhere do 
these veins terminate? 


For ansvvers, see Appendix H. 
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UNIT 4 Maintenanee of the Body 


Table 19.11 Veins of the llpper Limbs and Thorax 


Subclavian Internal 

vein jugularvein 

External 


Axillary 


jugular vein 


Braehioeephalie 


veins 


Superior 
vena eava 


Aeeessory 

hemiazygos 


vein 



Hemiazygos 


Right and left posterior 
intereostal veins 


Cephalic 


Radial 

vein 


Ulnar 

vein 



Deep venous 
palmar areh 

Metaearpal veins 

Superficial venous 
palmar areh 

Digital veins 


(a) Sehematie flowchart 

gure 19.28 Veins of the thorax and right upper limb. For 

elarity, the abundant branehing and anastomoses of the siiperfieial 
veins are not shovvn. 


The deep veins of the upper limbs follow the paths of their eom- 
panion arteries and have the same names Figure 19.28a . 
However, except for the largest, most are paired veins that flank 
their artery. The superficial veins of the upper limbs are larger 
than the deep veins and are easily seen just beneath the skin. 
The median cubital vein, erossing the anterior aspeet of the el- 
bow, is eommonly used to obtain blood samples or administer 
intravenous medieations. 

Blood draining from the mammary glands and the first two 
to three intereostal spaees enters the braehioeephalie veins. 
However, the vast majority of thoraeie tissues and the thorax 
wall are drained by a complex network of veins ealled the azy- 
gos system (az'í-gos). The branehing nature of the azygos sys- 
tem provides a eollateral circulation for draining the abdominal 
wall and other areas served by the inferior vena eava, and there 
are numerous anastomoses between the azygos system and the 
inferior vena eava. 

Deseription and Areas Drained 
Deep Veins of the Llpper Limbs 

The most distal deep veins of the upper limb are the radial and 
ulnar veins. The deep and superficial venous palmar arehes 
of the hand empty into the radial and ulnar veins of the fore- 
arm, which then unite to form the braehial vein of the arm. As 
the braehial vein enters the axilla, it beeomes the axillary vein, 
which beeomes the subclavian vein at the level of the first rib. 

Superficial Veins of the Llpper Limbs 

The superficial venous system begins with the dorsal venous net- 
work (not illustrated), a plexus of superficial veins in the dorsum 
of the hand. In the distal forearm, this plexus drains into two 
major superficial veins—the eephalie and basilie veins—which 
anastomose frequently as they course upward (Figure 19.28b). 
The eephalie vein bends around the radius as it travels supe- 
riorly and then continues up the lateral superficial aspeet of 
the arm to the shoulder, where it runs in the groove between 
the deltoid and peetoralis muscles to join the axillary vein. The 
basilie vein courses along the posteromedial aspeet of the fore- 
arm, erosses the elbow, and then joins the braehial vein in the 
axilla, forming the axillary vein. At the anterior aspeet of the 
elbow, the median cubital vein eonneets the basilie and eephalie 
veins. The median antebraehial vein lies between the radial and 
ulnar veins in the forearm and terminates (variably) at the elbow 
by entering either the basilie or the eephalie vein. 

The Azygos System 

The azygos system eonsists of the following vessels, which flank 
the vertebral column laterally. 

Azygos vein. Loeated against the right side of the vertebral 
column, the azygos vein (azygos = unpaired) originates in the 
abdomen, from the right aseending lumbar vein that drains 
most of the right abdominal eavity wall and from the right pos- 
terior intereostal veins (except the first) that drain the ehest 
muscles. At the T 4 level, it arehes over the great vessels that run 
to the right lung and empties into the superior vena eava. 















































































ehapter 19 The Cardiovascular System: Blood Vessels 


741 


(continued) 


Table 19.11 


Hemiazygos vein (hé"me-a-zi'gus; “half the azygos”). This 
vessel aseends on the left side of the vertebral column. Its ori- 
gin, from the left aseending lumbar vein and the lower (9th- 
1 lth) posterior intereostal veins, mirrors that of the inferior 
portion of the azygos vein on the right. About midthorax, the 
hemiazygos vein passes in front of the vertebral column and 
joins the azygos vein. 


Aeeessory hemiazygos vein. The aeeessory hemiazygos eom- 
pletes the venous drainage of the left (middle) thorax and ean 
be thought of as a superior continuation of the hemiazygos 
vein. It reeeives blood from the 4th-8th posterior intereostal 
veins and then erosses to the right to empty into the azygos 
vein. Like the azygos, it reeeives oxygen-poor systemie blood 
from the bronehi of the lungs ( bronehial veins). 


Braehioeephalie veins 


Right subclavian vein 


Axillary vein 


Braehial vein 


Cephalic vein 


Basilie vein 


Median cubital vein 


Median 


antebraehial 

vein 


Cephalic vein 


Radial vein 



Superficial venous 
palmar areh 


Digital veins 


Internal jugular vein 
External jugular vein 

Left subclavian vein 

Superior vena eava 
Azygos vein 

Aeeessory hemiazygos vein 

Hemiazygos vein 

Posterior intereostals 

Inferior vena eava 
Aseending lumbar vein 


r 


19 


L 


(b) Anterior view 

gure 19.28 (continued) 
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UNIT 4 Maintenanee of the Body 


Table 19.12 Veins of the Abdomen 


The inferior vena eava returns blood from the abdominopelvie 
viseera and abdominal walls to the heart igure 19.29a . Most 
of its venous tributaries have names that eorrespond to the ar- 
teries serving the abdominal organs. 

Veins draining the digestive viseera empty into a eommon 
vessel, the hepatie portal vein , which transports this venous 
blood into the liver before it is allowed to enter the major sys- 
temie circulation via the hepatie veins (Figure 19.29c). Such a ve- 
nous system—veins eonneeting two eapillary beds together—is 


ealled a portal system and always serves very speeifie needs. The 
hepatie portal system earries nutrient-rich blood (which may 
also eontain toxins and mieroorganisms) from the digestive or- 
gans to the liver, where it ean be “treated” before it reaehes the 
rest of the body. As the blood pereolates slowly through the liver 
sinusoid eapillaries, hepatoeytes proeess nutrients and toxins, 
and phagoeytie eells rid the blood of baeteria and other foreign 
matter. The veins of the abdomen are listed in inferior to supe- 
rior order. 
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j 



Cystic vein 


Hepatie 
portal 
syste m 


Lumbar veins 


R. aseending 
lumbar vein 


Common iliae veins 


Inferior 
vena eava 

Inferior phrenie veins 
Hepatie veins 


Superior mesenterie vein 

Splenie vein 


mesenterie 



External iliae vein 


Internal iliae veins 


(a) Sehematie flowchart. 

gure 19.29 Veins of the abdomen. 


Deseription and Areas Drained 

Lumbar veins. Several pairs of lumbar veins drain the 
posterior abdominal wall. They empty both direetly into 
the inferior vena eava and into the aseending lumbar 
veins of the azygos system of the thorax. 

Gonadal (testicular or ovarian) veins. The right gonadal 
vein drains the ovary or testis on the right side of the body 
and empties into the inferior vena eava. The left gonadal 
vein drains into the left renal vein superiorly. 

Renal veins. The right and left renal veins drain the 
kidneys. 

Suprarenal veins. The right suprarenal vein drains the 
adrenal gland on the right and empties into the inferior 
vena eava. The left suprarenal vein drains into the left re- 
nal vein. 

Hepatie portal system. Like all portal systems, the hepatie 
portal system is a series of vessels in which two separate eap- 
illary beds lie between the arterial supply and the final ve- 
nous drainage. In this ease, the first eapillary beds are in the 
stomaeh and intestines and drain into tributaries of the he- 
patie portal vein, which brings them to the seeond eapillary 
bed in the liver. The short hepatie portal vein begins at the 
L 2 level. Numerous tributaries from the stomaeh and pan- 
ereas contribute to the hepatie portal system (Figure 19.29c), 
but the major vessels are as follows: 

■ Superior mesenterie vein: Drains the entire small in- 
testine, part of the large intestine (aseending and trans- 
verse regions), and stomaeh. 

■ Splenie vein: Collects blood from the spleen, parts of 
the stomaeh and panereas, and then joins the superior 
mesenterie vein to form the hepatie portal vein. 

■ Inferior mesenterie vein: Drains the distal portions 
of the large intestine and rectum and joins the splenie 
vein just before that vessel unites with the superior 
mesenterie vein to form the hepatie portal vein. 

Hepatie veins. The right, left, and middle hepatie veins 
earry venous blood from the liver to the inferior vena eava. 

Cystic veins. The eystie veins drain the gallbladder and 
join the portal veins in the liver. 

Inferior phrenie veins. The inferior phrenie veins drain 
the inferior surface of the diaphragm. 























































































ehapter 19 The Cardiovascular System: Blood Vessels 


743 


Table 19.12 


(continued) 


Hepatie veins- 

Inferior vena eava — 
Right suprarenal vein 


Right gonadal vein 


External iliae vein 




Inferior phrenie vein 


Left suprarenal vein 

Renal veins 

Left aseending 
lumbar vein 

Lumbar veins 
Left gonadal vein 

Common iliae vein 

Internal iliae vein 


(b)Tributaries of the inferior vena eava. Venous drainage of abdominal organs not drained by the hepatie portal vein. 


Hepatie veins 


Liver 


Hepatie portal vein 


Figure 19.29 (continued) 


Small intestine 


Rectum 



Gastrie veins 
Spleen 


Inferior vena eava 
Splenie vein 


Right 

gastroepiploie vein 
Inferior 

mesenterie vein 


Superior 
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(e) The hepatie portal eireiilation. 
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Table 19.13 Veins of the Pelvis and Lower Limbs 


As in the upper limbs, most deep veins of the lower limbs have 
the same names as the arteries they aeeompany and many are 
double. Poorly supported by surrounding tissues, the two su- 
perfieial saphenous veins (great and small) are eommon sites of 
varieosities. The great saphenous ( saphenous = obvious) vein is 
frequently excised and used as a eoronary bypass vessel. 

Deseription and Areas Drained 

Deep veins. After being formed by the union of the medial 
and lateral plantar veins, the posterior tibial vein aseends 
deep in the ealf muscle and reeeives the fibular (peroneal) vein 
gure 19.30' . The anterior tibial vein, which is the superior 
continuation of the dorsalis pedis vein of the foot, unites at 
the knee with the posterior tibial vein to form the popliteal 
vein, which erosses the baek of the knee. As the popliteal vein 
emerges from the knee, it beeomes the femoral vein, which 
drains the deep structures of the thigh. The femoral vein be- 
eomes the external iliae vein as it enters the pelvis. In the pel- 
vis, the external iliae vein unites with the internal iliae vein to 
form the eommon iliae vein. The distribution of the internal 
iliae veins parallels that of the internal iliae arteries. 
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vena eava 


Common iliae vein 




Femoral 

vein 


Femoral 

vein 


19 
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saphenous 

vein 




Fibular 
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Dorsal 
venous 
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metatarsal 
veins 



Small 

saphenous 

vein 


Fibular 

(peroneal) 

vein 


Anterior 


Plantar 

veins 

Deep 

plantar areh 

Digital 

veins 


Posterior 


Superficial veins. The great and small saphenous veins 

(sah-fe'nus) issue from the dorsal venous areh of the foot (Fig- 
ure 19.30b and e). These veins anastomose frequently with eaeh 
other and with the deep veins along their course. The great 
saphenous vein is the longest vein in the body. It travels superi- 
orly along the medial aspeet of the leg to the thigh, where it emp- 
ties into the femoral vein just distal to the inguinal ligament. The 
small saphenous vein mns along the lateral aspeet of the foot and 
then through the deep faseia of the ealf muscles, which it drains. 
At the knee, it empties into the popliteal vein. 
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(a) Sehematie flowchart of the anterior and posterior veins 


(b) Anterior view 


(e) Posterior view 


gure 19.30 Veins of the right lovver limb. 
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Check Your IJnderstanding 


21. What is a portal system? What is the function of the hepatie 
portal system? 

22. Name the leg veins that often beeome varieosed. 

_ For ansvvers, see Appendix H. 


Developmental Aspeets 
of Blood Vessels 

Explain hovv blood vessels develop. 

Provide examples of ehanges that often occur in blood 

vessels as a person ages. 

The endothelial lining of blood vessels is formed by mesodermal 
eells, which eolleet in little masses ealled blood islands through- 
out the mieroseopie embryo. These blood islands form fragile 
sprouting extensions that reaeh toward one another and toward 
the forming heart to lay down the radimentary vascular tubes. 
Meanwhile, adjaeent mesenehymal eells, stimulated by platelet- 
derived growth faetor, surround the endothelial tubes, forming 
the stabilizing muscular and fibrous eoats of the vessel walls. 

How do blood vessels Cí know” where to grow? Many blood 
vessels simply follow the same guidance cues that nerves follow, 
which is why forming vessels often snuggle elosely to nerves. 
Whether a vessel beeomes an artery or a vein depends upon the 
loeal eoneentration of a differentiation faetor ealled vaseidar en- 
dothelial growth faetor. As noted in Chapter 18, the heart pumps 
blood through the rudimentary vascular system by the fourth 
week of development. 

In addition to the fetal shunts that bypass the nonfunc- 
tional lungs (the foramen ovale and ductus arteriosus ), other 
vascular modifieations are found in the fetus. A speeial vessel, 
the ductus venosus , largely bypasses the liver. Also important 
are the umbilical vein and arteries , large vessels that circulate 
blood between the fetal circulation and the plaeenta where gas 
and mitrient exchanges occur with the mother s blood (see 
Chapter 28). Onee the fetal circulatory pattern is laid down, 
few vascular ehanges occur until birth, when the umbilical 
vessels and shunts are oeehided. 

Unlike eongenital heart diseases, eongenital vascular prob- 
lems are rare, and blood vessels are remarkably trouble-free 
during youth. Vessels form as needed to support body growth 
and wound healing, and to rebuild vessels lost eaeh month dur- 
ing a womans menstraal eyele. As we age, signs of vascular dis- 
ease begin to appear. In some, the venous valves weaken, and 
purple, snakelike varieose veins appear. In others, more insidi- 
ous signs of ineffieient circulation appear: tingling fingers and 
toes and eramping muscles. 

Although the degenerative proeess of atheroselerosis begins 
in youth, its consequences are rarely apparent until middle to 


old age, when it may preeipitate a myoeardial infaretion or 
stroke. Until puberty, the blood vessels of boys and girls look 
alike, but from puberty to about age 45, women have strikingly 
less atheroselerosis than men because of the proteetive effeets 
of estrogen. By enhaneing nitrie oxide production, inhibiting 
endothelin release, and bloeking voltage-gated Ca 2+ ehannels, 
estrogen reduces resistanee to blood flow. Estrogen also stimu- 
lates the liver to produce enzymes that speed up eatabolism of 
LDLs and inerease the production of HDLs, thus reducing the 
risk of atheroselerosis (see A Closer Look). 

Between the ages of 45 and 65, when estrogen production 
wanes in women, this c gap” between the sexes eloses, and males 
and females above age 65 are equally at risk for cardiovascular 
disease. You might expect that giving postmenopausal women 
supplementary estrogen would maintain this proteetive effeet. 
Surprisingly, elinieal trials have shown that this is not the ease. 

Blood pressure ehanges with age. In a newborn baby, arte- 
rial pressure is about 90/55. Blood pressure rises steadily during 
ehildhood to finally reaeh the adult value (120/80). After age 40, 
the ineidenee of hypertension inereases dramatieally, as do as- 
soeiated illnesses such as heart attaeks, strokes, vascular disease, 
and renal failure. 

At least some vascular disease is a product of our modern 
teehnologieal culture. cc Blessed” with high-protein and lipid- 
rieh diets, empty-ealorie snaeks, energy-saving deviees, and 
high-stress jobs, many of us are straek down prematurely. Life- 
style modifieations—a healthy diet, regular aerobie exercise, 
and eliminating eigarette smoking—ean help prevent eardio- 
vascular disease. Poor diet, laek of exercise, and smoking are 
probably more detrimental to your blood vessels than aging 
itself could ever be! 



Check Your IJnderstanding 


23. List three differenees between systemie arteries and veins 
with respeet to their general pathways and courses. 

24. Name three fetal shunts that are occluded shortly after birth. 
VVhieh structure does eaeh shunt bypass? 

25. List three eommon age-related vascular problems. 

_ For ansvvers, see Appendix H. 



Now that we have deseribed the structure and fimetion of ■ 
blood vessels, our survey of the cardiovascular system is eom- ^ 
plete. The pump, the phimbing, and the circulating fluid form 
a dynamie organ system that eeaselessly serviees every other 
organ system of the body, as smnmarized in System Connec- 
tions on p. 746. However, our study of the circulatory system is 
still unfinished because we have yet to examine the lymphatie 
system, which aets with the cardiovascular system to ensure 
continuous circulation and to provide sites from which lym- 
phoeytes ean poliee the body and provide immunity. These are 
the topies of Chapter 20. 










SYSTEM 


CONNECTIONS 


Homeostatie Interrelationships Between the 
Cardiovascular System and Other Body Systems 




lntegumentary System Chapter 5 

■ The cardiovascular system delivers oxygen and nutrients; earries 
avvay vvastes 

■ The skin vasculature is an important blood reservoir and 
provides a site for heat loss from the body 


Skeletal System Chapters6-8 

■ The cardiovascular system delivers oxygen and nutrients; earries 
avvay vvastes 

■ Bones are the sites of hematopoiesis; proteet cardiovascular 
organs by enclosure; and provide a calcium depot 


Muscular System Chapters 9-10 

■ The cardiovascular system delivers oxygen and nutrients; earries 
avvay vvastes 

■ The muscle "pump" aids venous return; aerobie exercise 
enhanees cardiovascular effieieney and helps prevent 
atheroselerosis 


Nervous System Chapters 11-15 

■ The cardiovascular system delivers oxygen and nutrients; earries 
avvay vvastes 

■ The ANS regulates eardiae rate and foree; sympathetie division 
maintains blood pressure and eontrols blood flovv to skin for 
thermoregulation 

Endoerine System Chapter 16 

■ The cardiovascular system delivers oxygen and nutrients; earries 
avvay vvastes; blood serves as a transport vehiele for hormones 

■ Various hormones influence blood pressure (epinephrine, ANP, 
angiotensin II, thyroxine, ADH); estrogen maintains vascular 
health in premenopausal vvomen 

Lymphatie System/lmmunity Chapters 20-21 

■ The cardiovascular system delivers oxygen and nutrients to 
lymphatie organs, vvhieh house immune eells; provides transport 
medium for lymphoeytes and antibodies; earries avvay vvastes 

■ The lymphatie system pieks up leaked fluid and plasma proteins 
and returns them to the cardiovascular system; immune eells 
proteet cardiovascular organs from speeifie pathogens 

Respiratory System Chapter 22 

■ The cardiovascular system delivers oxygen and nutrients; earries 
avvay vvastes 

■ The respiratory system earries out gas exchange: loads oxygen 
and unloads earbon dioxide from the blood; respiratory 
"pump" aids venous return 

Digestive System Chapter 23 

■ The cardiovascular system delivers oxygen and nutrients; earries 
avvay vvastes 

■ The digestive system provides nutrients to the blood including 
iron and B vitamins essential for RBC (and hemoglobin) 
formation 


IJrinary System Chapters 25-26 

■ The cardiovascular system delivers oxygen and nutrients; earries 
avvay vvastes; blood pressure drives filtration in the kidneys 

The urinary system helps regulate blood volume and pressure by 
altering urine volume and releasing renin 


Reproductive System Chapter27 

■ The cardiovascular system delivers oxygen and nutrients; earries 
avvay vvastes 

■ Estrogen maintains vascular and osseous health in vvomen 




MasteríngA&P 



Aeeess more System Connections in the Study Area at www.masteringaandp.com. 
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Chapter Siimmary 





For more ehapter study tools, go to the Study Area of 
MasteringA&P at www.masteringaandp.com. 
There you will find: 

■ interaetive Physiology IP 

■ A&PFIix AÉcPFIix 

■ Praetiee Anatomy Lab PAL 


PhysioEx 


PEx 


Videos, Praetiee Quizzes and Tests, MP3 Tutor Sessions, 
Case Studies, and much more! 


part 1 Blood Vessel Structure 
and Function 

1. Blood is transported throughout the body via a continuous 
system of blood vessels. Arteries transport blood away from the 
heart; veins earry blood baek to the heart. Capillaries earry blood 
to tissue eells and are exchange sites. 


iP Cardiovascular System; Topie: Anatomy Review: Blood Vessel 
Structure and Function f pp. 1-27. 


part 2 Physiology of Circulation 

lntroduction to Blood Flow, Blood Pressure, 
and Resistanee (pp. 701-702) 

1. Blood flow is the amount of blood flowing through a vessel, an 
organ, or the entire circulation in a given period of time. Blood 
pressure (BP) is the foree per unit area exerted on a vessel wall 
by the eontained blood. Resistanee is opposition to blood flow; 
blood viseosity and blood vessel length and diameter contribute 
to resistanee. 

2. Blood flow is direetly proportional to blood pressure and 
inversely proportional to resistanee. 

iP Cardiovascular System; Topie: Faetors that Affeet Blood Pressure, 
pp. 1-15. 

Systemie Blood Pressure (pp. 702-704) 


Structure of Blood Vessel Walls (p. 693) 

1. All blood vessels except eapillaries have three layers: tunica 
intima, tunica media, and tunica externa. Capillary walls are 
eomposed of the tunica intima only. 

Arterial System (pp. 693-696) 

1. Elastie (conducting) arteries are the large arteries elose to the 
heart that expand during systole, aeting as pressure reservoirs, 
and then reeoil during diastole to keep blood moving. Muscular 
(distributing) arteries earry blood to speeifie organs; they are less 
stretehy and more aetive in vasoeonstrietion. Arterioles regulate 
blood flow into eapillary beds. 

2. Atheroselerosis is a degenerative vascular disease that deereases 
the elastieity of arteries. 

eapillaries (pp. 696-698) 

1. Capillaries are mieroseopie vessels with very thin walls. Most 
exhibit intercellular elefts, which aid in the exchange between 
blood and interstitial fluid. 

2. The most permeable eapillaries are sinusoid eapillaries (wide, tortuous 
ehannels). Fenestrated eapillaries with pores are next most permeable. 
Least permeable are continuous eapillaries, which laek pores. 

3. Vascular shunts (metarteriole-thoroughfare ehannels) eonneet 
the terminal arteriole and posteapillary venule at opposite ends 
of a eapillary bed. Most tme eapillaries arise from and rejoin the 
shunt ehannels. Preeapillary sphineters regulate the amount of 
blood flowing into the tme eapillaries. 

Venous System (pp. 698-699) 

1. Veins have eomparatively larger lumens than arteries, and a 
system of valves prevents backflow of blood. 

2. Normally most veins are only partially filled; for this reason, they 
ean serve as blood reservoirs. 

Vascular Anastomoses (pp. 699-701) 

1. The joining together of blood vessels to provide alternate 
ehannels in the same organ is ealled an anastomosis. Vascular 
anastomoses form between arteries, between veins, and between 
arterioles and venules. 


1. Systemie blood pressure is highest in the aorta and lowest in the 
venae eavae. The steepest drop in BP occurs in the arterioles, 
where resistanee is greatest. 

2. Arterial BP depends on eomplianee of the elastie arteries and on 
how much blood is foreed into them. Arterial blood pressure is 
pulsatile, and peaks during systole; this is measured as systolie 
pressure. During diastole, as blood is foreed distally in the 
circulation by the rebound of elastie arteries, arterial BP drops to 
its lowest value, ealled the diastolie pressure. 

3. Pulse pressure is systolie pressure minus diastolie pressure. The 
mean arterial pressure (MAP) = diastolie pressure plus one-third 
of pulse pressure and is the pressure that keeps blood moving 
throughout the eardiae eyele. 

4. Low eapillary pressure (35 to 17 mm Hg) proteets the delieate 
eapillaries from rupture while still allowing adequate exchange 
aeross the eapillary walls. 

5. Venous pressure is nonpulsatile and low (deelining to zero) 
because of the cumulative effeets of resistanee. Venous valves, 
large lumens, fimetional adaptations (muscular and respiratory 
pumps), and sympathetie nervous system aetivity promote 
venous return. 

Maintaining Blood Pressure (pp. 704-711) 

1. Blood pressure varies direetly with CO, peripheral resistanee 
(R), and blood volume. Vessel diameter is the major faetor 
determining resistanee, and small ehanges in the diameter of 
vessels (ehiefly arterioles) signifieantly affeet blood pressure. 

ÌP Cardiovascular System; Topie: Measuring Blood Pressure f pp. 1-13. 

2. BP is regulated by autonomic neural reflexes involving baroreeep- 
tors or ehemoreeeptors, the cardiovascular eenter (a medullary 
eenter that includes the eardiae and vasomotor eenters), and au- 
tonomie fibers to the heart and vascular smooth muscle. 

3. Aetivation of the reeeptors by falling BP (and to a lesser extent by 
a rise in blood C0 2 , or falling blood pH or 0 2 levels) stimulates 
the vasomotor eenter to inerease vasoeonstrietion and the 
eardioaeeeleratory eenter to inerease heart rate and eontraetility. 
Rising BP inhibits the vasomotor eenter (permitting vasodilation) 
and aetivates the eardioinhibitory eenter. 
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4. Higher brain eenters (eerebmm and hypothalamus) may modify 
neural eontrols of BP via medullary eenters. 

5. Hormones that inerease BP by promoting vasoeonstrietion 
include epinephrine and NE (these also inerease heart rate and 
eontraetility), ADH, and angiotensin II (generated in response 
to renin release by kidney eells). Hormones that reduce BP by 
promoting vasodilation include atrial natriuretic peptide, which 
also causes a deeline in blood volume. 

6. The kidneys regulate blood pressure by regulating blood volume. 
Rising BP direetly enhanees fìltrate formation and fluid losses 

in urine; falling BP causes the kidneys to retain more water, 
inereasing blood volume. 

7. indireet renal regulation of blood vohirne involves the renin- 
angiotensin-aldosterone meehanism, a hormonal meehanism. 
When BP falls, the kidneys release renin, which triggers the 
formation of angiotensin II. Angiotensin II causes (1) release 
of aldosterone, stimulating salt and water retention, (2) 
vasoeonstrietion, (3) release of ADH, and (4) thirst. 

iP Cardiovascular System; Topie: Blood Pressure Regulation f pp. 1-31. 

8. Pulse and blood pressure measurements are used to assess 
cardiovascular efheieney. 

9. The pulse is the alternating expansion and reeoil of arterial walls 
with eaeh heartbeat. Pulse points are also pressure points. 

10. Blood pressure is routinely measured by the auscultatory method. 
Normal BP in adults is 120/80 mm Hg (systolie/diastolie). 

11. Chronic hypertension (high blood pressure) is persistent BP 
readings of 140/90 or higher. It indieates inereased peripheral 
resistanee, which strains the heart and promotes vascular 
eomplieations of other organs, particularly the eyes and kidneys. 

It is a major cause of myoeardial infaretion, stroke, and renal 
disease. Risk faetors are high-fat, high-salt diet, obesity, diabetes 
mellitus, advaneed age, smoking, stress, and being a member of 
the blaek raee or a family with a history of hypertension. 

12. Hypotension, or low blood pressure (below 90/60 mm Hg), is 
rarely a problem except in circulatory shoek. 

iP Cardiovascular System; Topie: Measuring Blood Pressure f 

pp. 11-12. 

Blood Flow Through Body Tissues: 

Tissue Perfusion (pp. 711-720) 

1. Blood flow is involved in delivering nutrients and wastes to and 
from eells, gas exchange, absorbing nutrients, and forming urine. 

2. Blood flows fastest where the eross-seetional area of the vascular 
bed is least (aorta), and slowest where the total eross-seetional 
area is greatest (eapillaries). The slow flow in eapillaries allows 
time for nutrient-waste exchanges. 

3. Autoregulation is the loeal adjustment of blood flow to 
individual organs based on their immediate requirements. It 
involves myogenie eontrols that maintain flow despite ehanges 
in blood pressure, and loeal ehemieal faetors. Vasodilators 
include inereased C0 2 , H + , and nitrie oxide. Deereased 0 2 
eoneentrations also cause vasodilation. Other faetors, including 
endothelins, deerease blood flow. 

ÌP Cardiovascular; Topie: Autoregulation and Capillary Dynamies, 

pp. 1-13. 

4. In most instanees, autoregulation is eontrolled by the 
accumulation of loeal metabolites and the laek of oxygen. 
However, autoregulation in the brain is eontrolled primarily by a 
drop in pH and by myogenie meehanisms; and pulmonary circuit 
vessels dilate in response to high levels of oxygen. 


5. Nutrients, gases, and other solutes smaller than plasma proteins 
eross the eapillary wall by diffusion; larger molecules are aetively 
transported via pinoeytotie vesieles or eaveolae. Water-soluble 
substances move through the elefts or fenestrations; fat-soluble 
substances pass through the lipid portion of the endothelial eell 
membrane. 

6. Bulk flow of fluids at eapillary beds determines the distribution 
of fluids between the bloodstream and the interstitial spaee. It 
refleets the relative effeets of hydrostatie and osmotie pressures 
aeting at the eapillary (outward minus inward pressures). In 
general, fluid flows out of the eapillary bed at the arterial end and 
reenters the eapillary blood at the venule end. 

iP Cardiovascular; Topie: Autoregulation and Capillary Dynamies, 

pp. 14-38. 

7. Lymphatie vessels eolleet the small net loss of fluid and protein 
into the interstitial spaee and return it to the cardiovascular 
system. 

8. Circulatory shoek occurs when blood perfusion of body tissues 
is inadequate. Most eases of shoek refleet low blood volume 
(hypovolemie shoek), abnormal vasodilation (vascular shoek), or 
pump failure (eardiogenie shoek). 

part 3 Circulatory Pathways: 

Blood Vessels of the Body 

The Two Main Circulations of the Body (p. 721) 

1. The pulmonary circulation transports 0 2 -poor, C0 2 -laden blood 
to the lungs for oxygenation and earbon dioxide unloading. 
Blood returning to the right atrium of the heart is pumped by 
the right ventriele to the lungs via the pulmonary trunk. Blood 
issuing from the hmgs is returned to the left atrium by the 
pulmonary veins. (See Table 19.3 and Figure 19.19.) 

2. The systemie circulation transports oxygenated blood from the 
left ventriele to all body tissues via the aorta and its branehes. 
Venous blood returning from the systemie circuit is delivered to 
the right atrium via the venae eavae. 

Systemie Arteries and Veins: Differenees in Pathways 
and Courses (p. 721) 

1. All arteries are deep while veins are both deep and superfìcial. 
Superfìcial veins tend to have numerous intereonneetions. Dural 
venous sinuses and the hepatie portal circulation are unique 
venous drainage patterns. 

Prineipal Vessels of the Systemie Circulation 

(pp.721-745) 

1. Tables 19.3 to 19.13 and Figures 19.20 to 19.30 ilhistrate and 
deseribe vessels of the systemie circulation. 

Developmental Aspeets of Blood Vessels (p. 745) 

1. The fetal vasculature develops from embryonie blood islands and 
mesenehyme and functions in blood delivery by the fourth week. 

2. Fetal circulation differs from circulation after birth. The 
pulmonary and hepatie shunts and speeial umbilical vessels are 
normally occluded shortly after birth. 

3. Blood pressure is low in infants and rises to adult values. Age- 
related vascular problems include varieose veins, hypertension, and 
atheroselerosis. Hypertension and assoeiated atheroselerosis are the 
most important causes of cardiovascular disease in the aged. 
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Revievv Questions 




Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 

answer or answers from the ehoiees given.) 

1. Which statement does not accurately deseribe veins? (a) Have 
less elastie tissue and smooth muscle than arteries, (b) eontain 
more fibrous tissue than arteries, (e) most veins in the extremities 
have valves, (d) always earry deoxygenated blood. 

2. Smooth muscle in the blood vessel wall (a) is found primarily 
in the tunica intima, (b) is mostly circularly arranged, 

(e) is most abundant in veins, (d) is usually innervated by the 
parasympathetie nervous system. 

3. Peripheral resistanee (a) is inversely proportional to the length of the 
vascular bed, (b) inereases in anemia, (e) deereases in polyeythemia, 
(d) is inversely related to the diameter of the arterioles. 

4. Which of the following ean lead to deereased venous return 
of blood to the heart? (a) an inerease in blood volume, (b) an 
inerease in venous pressure, (e) damage to the venous valves, 

(d) inereased muscular aetivity. 

5. Arterial blood pressure inereases in response to (a) inereasing 
stroke volume, (b) inereasing heart rate, (e) atheroselerosis, 

(d) rising blood volume, (e) all of these. 

6. Which of the following would not result in the dilation of the 
feeder arterioles and opening of the preeapillary sphineters 
in systemie eapillary beds? (a) a deerease in loeal tissue 0 2 
eontent, (b) an inerease in loeal tissue C0 2 , (e) a loeal inerease in 
histamine, (d) a loeal inerease in pH. 

7. The structure of a eapillary wall diífers from that of a vein or an 
artery because (a) it has two tunics instead of three, (b) there 

is less smooth muscle, (e) it has a single tunic—only the tunica 
intima, (d) none of these. 

8. The baroreeeptors in the earotid sinus and aortie areh are 
sensitive to (a) a deerease in C0 2 , (b) ehanges in arterial pressure, 

(e) a deerease in 0 2 , (d) all of these. 

9. The myocardium reeeives its blood supply direetly from the (a) aorta, 
(b) eoronary arteries, (e) eoronary sinus, (d) pulmonary arteries. 

10. Blood flow in the eapillaries is steady despite the rhythmie 
pumping of the heart because of the (a) elastieity of the large 
arteries, (b) small diameter of eapillaries, (e) thin walls of the 
veins, (d) venous valves. 

11. Using the letters from column B, mateh the artery deseriptions in 
column A. (Note that some require more than a single ehoiee.) 



Column A 

Column B 

(1) 

unpaired braneh of 

(a) right eommon earotid 


abdominal aorta 

(b) superior mesenterie 

(2) 

seeond braneh of 

(e) left eommon earotid 


aortie areh 

(d) external iliae 

(3) 

braneh of internal 

(e) inferior mesenterie 


earotid 

(f) superficial temporal 

(4) 

braneh of external 

(g) eeliaetmnk 


earotid 

(h) faeial 

(5) 

origin of femoral 

(i) ophthalmie 


arteries 

(j) internaliliae 


12. Traeing the blood from the heart to the right hand, we find 
that blood leaves the heart and passes through the aorta, the 
right subclavian artery, the axillary and braehial arteries, and 
through either the radial or ulnar artery to arrive at the hand. 
Which artery is missing from this sequence? (a) eoronary, 

(b) braehioeephalie, (e) eephalie, (d) right eommon earotid. 


13. Which of the following do not drain direetly into the inferior 
vena eava? (a) inferior phrenie veins, (b) hepatie veins, 

(e) inferior mesenterie vein, (d) renal veins. 

14. Suppose that at a given point along a eapillary, the following 
forees exist: eapillary hydrostatie pressure (HP C ) = 30 mm Hg, 
interstitial fluid hydrostatie pressure (HP if ) = 0 mm Hg, eapillary 
eolloid osmotie pressure (OP c ) = 25 mm Hg, and interstitial 
fluid eolloid osmotie pressure (OP if ) = 2 mm Hg. The net 
filtration pressure at this point in the eapillary is (a) 3 mm Hg, 

(b) — 3 mm Hg, (e) — 7 mm Hg, (d) 7 mm Hg. 


Short Ansvver Essay Questions 

15. How is the anatomy of eapillaries and eapillary beds well suited to 
their fimetion? 

16. Distinguish between elastie arteries, muscular arteries, and arterioles 
relative to loeation, histology, and fhnetional adaptations. 

17. Write an equation showing the relationship between peripheral 
resistanee, blood flow, and blood pressure. 

18. (a) Define blood pressure. Differentiate between systolie and 
diastolie blood pressure. (b) What is the normal blood pressure 
value for an adult? 

19. Deseribe the neural meehanisms responsible for eontrolling 
blood pressure. 

20. Explain the reasons for the observed ehanges in blood flow 
veloeity in the different regions of the circulation. 

21. How does the eontrol of blood flow to the skin for the purpose of 
regulating body temperature differ from the eontrol of nutrient 
blood flow to skin eells? 

22. Deseribe neural and ehemieal (both systemie and loeal) effeets 
exerted on the blood vessels when you are fleeing from a mugger. 
(Be earefiil, this is more involved than it appears at first glanee.) 

23. How are nutrients, wastes, and respiratory gases transported to 
and from the blood and tissue spaees? 

24. (a) What blood vessels contribute to the formation of the hepatie 
portal circulation? (b) Why is a portal circulation a “strange” 
circulation? 

25. Physiologists often eonsider eapillaries and posteapillary 
vemiles together. (a) What fimetions do these vessels share? 

(b) Structurally, how do they differ? 

Oitieal Thinking 
and Clinical Applieation 
Questions 

1. Mrs. Johnson is brought to the emergeney room after being 
involved in an auto aeeident. She is hemorrhaging and has a 
rapid, thready pulse, but her blood pressure is still within normal 
limits. Deseribe the eompensatory meehanisms that aet to 
maintain her blood pressure in the faee of blood loss. 

2. A 60-year-old man is unable to walk more than 100 yards without 
experiencing severe pain in his left leg; the pain is relieved by 
resting for 5-10 minutes. He is told that the arteries of his leg are 
beeoming oeehided with fatty material and is advised to have the 
sympathetie nerves serving that body region severed. Explain 
how such surgery might help to relieve this mans problem. 

3. Your friend Joanie, who knows little about seienee, is reading a 
magazine artiele about a patient who had an “aneurysm at the base 
of his brain that suddenly grew much larger.” The surgeons’ first goal 
was to “keep it from rupturing,” and the seeond goal was to “relieve 
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the pressure on the brain stem and eranial nervesThe surgeons 
were able to “replaee the aneurysm with a seetion of plastie tubing,” 
so the patient reeovered. Joanie asks you what all this means. 
Explain. (Hint: Check this ehapters Related Clinical Terms below.) 

4. The Agawam High Sehool band is playing some lively marehes 
while the eoaehes are giving pep talks to their respeetive 
football squads. Although it is September, it is unseasonably hot 
(88°F/31°C) and the band mhforms are wool. Suddenly, Harry 
the tuba player beeomes light-headed and faints. Explain his 
fainting in terms of vascular events. 

5. When we are eold or the external temperature is low, most venous 
blood returning from the distal part of the arm travels in the 
deep veins where it pieks up heat (by countercurrent exchange) 
from the nearby braehial artery en route. However, when we are 
hot, and espeeially during exercise, venous return from the distal 
arm travels in the superficial veins and those veins tend to bulge 
superficially in a person who is working out. Explain why venous 
return takes a diíferent route in the seeond situation. 

6. Edema (swelling due to an inerease in interstitial fluid) is a 
eommon elinieal problem. On one of your first days of an 
introductory elinieal experience, you encounter four patients who 
all have severe edema for different reasons. Your ehallenge is to 
explain the cause of the edema. In eaeh ease, try to explain the 
edema in terms of either an inerease or a deerease in one of the 


four pressures that causes bulk flow at eapillaries (see Figure 19.17). 

(1) First you encounter Mrs. Taylor in the medieal ward awaiting 
a liver transplant. What is the eonneetion between liver 
failure and her edema? (Hint: Think about the liver s role in 
producing plasma proteins.) 

(2) Next you follow a resident to the obstetrie ward, where Mrs. 
So is experiencing premature labor. Which of the pressures 
that drive bulk flow might be altered here? (Hint: What 
might the expanded uterus be pressing on?) 

(3) Then you are ealled to emergeney, where Mr. Herrera is in 
anaphylaetie shoek. In anaphylaetie shoek, the eapillaries 
beeome leaky, allowing plasma proteins that are normally 
kept inside the blood vessels to eseape into the interstitial 
fluid. Which of the pressures driving bulk flow is altered in 
this ease and in what direetion is the ehange? 

(4) Finally, you go to the oneology ward where Mrs. O’Leary is 
reeovering from surgery for advaneed breast eaneer that had 
infiltrated her right breast and axillary lymph nodes. All of her 
axillary lymph nodes were removed and unfortunately, this 
severed most of the lymphatie vessels draining her right arm. 
You notiee that her right arm is quite edematous. Why? Mrs. 
O’Leary is given a eompression sleeve to wear on this arm to 
help relieve the edema. Which of the pressures driving bulk 
flow at the eapillaries will be altered by the eompression sleeve? 


AT THE e L I N I e 

L A 


Related eiinieal Terms 

Aneurysm (an'u-rizm; anemysm = a widening) A balloonlike 
outpocketing of an artery wall that plaees the artery at risk for 
rupture; most often refleets gradual weakening of the artery by 
ehronie hypertension or atheroselerosis. The most eommon sites 
of aneurysms are the abdominal aorta and arteries feeding the 
brain and kidneys. 

Angiogram (an'je-o-gram"; angio = a vessel; gram = writing) 
Diagnostie technique involving the infusion of a radiopaque 
substance into the circulation for X-ray examination of speeifie 
blood vessels. The major technique for diagnosing eoronary 
artery occlusion and risk of a heart attaek. 

Diuretic (diure = urinate) A ehemieal that promotes urine 

formation, thus reducing blood volume. Diuretic drugs are 
frequently preseribed to manage hypertension. 


Phlebitis (flé-bi'tis;p/í/e/7 = vein; itis = inflammation) Inflammation 
of a vein aeeompanied by painful throbbing and redness of the 
skin over the inflamed vessel. It is most often caused by baeterial 
infeetion or loeal physieal trauma. 

Phlebotomy (flé-bot'o-me; tomy = cut) A venous ineision or 
puncture made for the purpose of withdrawing blood or 
bloodletting. 

Selerotherapy Procedure for removing varieose or spider veins. Tiny 
needles are used to injeet hardening agents into the abnormal 
vein. The vein sears, eloses down, and is absorbed by the body. 

Thrombophlebitis Condition of undesirable intravascular elotting 
initiated by a roughened venous lining; often follows severe 
episodes of phlebitis. An ever-present danger is that the elot may 
detaeh and form an embolus. 



Case Study 


Cardiovascular System: Blood Vessels 


Mr. Hutchinson, another middle-aged 
vietim of the eollision on Route 91, has 
a tourniquet around his thigh vvhen 
admitted in an unconscious state to 
Noble Hospital. The emergeney teehnieian vvho brings him in states 
that his right lovver limb vvas pinned beneath the bus for at least 30 
minutes. He is immediately scheduled for surgery. Admission notes 
include the follovving: 

■ Multiple contusions of lovver limbs 

■ Compound fracture of the right tibia; bone ends eovered vvith 
sterile gauze 

■ Right leg blanehed and eold, no pulse 


■ Blood pressure 90/48; pulse 140/min and thready; patient 
diaphoretie (svveaty) 

1. Relative to vvhat you have learned about tissue requirements for 


2 . 


oxygen, vvhat is the eondition of the tissues in the right lovver limb? 

the fracture be attended to, or vvill Mr. Hutchinson's other 
homeostatie needs take preeedenee? Explain your ansvver 
ehoiee and prediet his surgical treatment. 



3. What do you conclude regarding Mr. Hutchinson's cardiovascular 
measurements (pulse and BP), and vvhat measures do you expect 
vvill be taken to remedy the situation before eommeneing surgery; 


? 


(Ansvvers in Appendix H) 



















Lymphatie System (pp. 752-754) 

Distribution and Structure of Lymphatie 
Vessels (pp. 752-754) 

Lymph Transport (p. 754) 

Lymphoid Cells and Tissues (pp. 754-755) 
Lymphoid Cells (p. 754) 

Lymphoid Tissue (pp. 754-755) 

Lymph Nodes (pp. 755-757) 

Structure of a Lymph Node (p. 755) 

Circulation in the Lymph Nodes 
(pp. 755-757) 

Other Lymphoid Organs (pp. 757-759) 

Spleen (pp. 757-758) 

Thymus (pp. 758-759) 

Mucosa-Associated Lymphoid Tissue 
(MALT) (p. 759) 

Developmental Aspeets of the Lymphatie 
System and Lymphoid Organs 
and Tissues (pp. 759-760) 


T hey ean't all be siiperstars! When we mentally tiek off the names of the 

body s organ systems, the lymphatie (lim-fat'ik) system and the lymphoid organs 
and tissues are probably not the first to eome to mind. Yet if they failed their quiet 
background work, our cardiovascular system would stop working and our immune sys- 
tem would be hopelessly impaired. 

This ehapter is a bit unusual in that we will explore two functionally different but 
structurally overlapping systems, the lymphatie system and the lymphoid organs and 
tissues. The lymphatie system returns fluids that have leaked from the blood vascular 
system baek to the blood. It actually eonsists of three parts: 

■ A meandering network of lymphatie vessels 
■ Lymph , the fluid eontained in those vessels 
■ Lymph nodes that eleanse the lymph as it passes through them 

The lymphoid organs and tissues provide the structural basis of the immune system. 
These organs and tissues house phagoeytie eells and lymphoeytes, which play essential 
roles in the bodys defense meehanisms and its resistanee to disease. These structures 
include the spleen, thymus, tonsils, and other lymphoid tissues seattered throughout the 
body. The lymph nodes are also part of this system, and like a keystone, they have im- 
portant roles to play in both the lymphoid organs and tissues and the lymphatie system. 
Let s begin by looking at the lymphatie system. 
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Venous system Arterial system 




Fibroblast in loose 
eonneetive tissue 


Filaments anehored 
to eonneetive tissue 


Endothelial eell 


Flaplike minivalve 


fluid 


Tissue 


Tissue eell 


Blood 
eapillaries 


Lymphatie 

eapillaries 


(a) Structural relationship betvveen a eapillary 
bed of the blood vascular system and 
lymphatie eapillaries. 


(b) Lymphatie eapillaries are blind-ended tubes in which 
adjaeent endothelial eells overlap eaeh other, 
forming flaplike minivalves. 

Figure 20.1 Distribution and speeial features of lymphatie 
eapillaries. Arrovvs in (a) indieate direetion of fluid movement. 


Lymphatie System 

List the functions of the lymphatie vessels. 

s Deseribe the structure and distribution of lymphatie vessels. 

Deseribe the source of lymph and meehanism(s) of lymph 
transport. 

As blood circulates through the body, nutrients, wastes, and 
gases are exchanged between the blood and the interstitial 
fluid. As we explained in Focus on Bulk Flow Aeross Capillaries 
(Figure 19.17 on pp. 718-719), the hydrostatie and eolloid os- 
motie pressures operating at eapillary beds foree fluid out of 
the blood at the arterial ends of the beds (“upstream”) and 
cause most of it to be reabsorbed at the venous ends (“down- 
stream”). The flmd that remains behind in the tissue spaees, as 
much as 3 L daily, beeomes part of the interstitial fluid. 

This leaked fluid, plus any plasma proteins that eseape from the 
bloodstream, must somehow be returned to the blood to ensure 
that the cardiovascular system has sufflcient blood volume to oper- 
ate properly. This problem of circulatory dynamies is resolved by 
the lymphatie vessels, or lymphaties, elaborate networks of drain- 
age vessels that eolleet the excess protein-eontaining interstitial 
fluid and return it to the bloodstream. Onee interstitial fluid enters 
the lymphatie vessels, it is ealled lymph (lymph = elear water). 

Distribution and Structure 
of Lymphatie Vessels 

The lymphatie vessels form a one-way system in which lymph 
flows only toward the heart. 

Lymphatie Capillan'es 

The transport of lymph begins in mieroseopie blind-ended 
lymphatie eapillaries gure 20.1 a). These eapillaries weave 
between the tissue eells and blood eapillaries in the loose eon- 
neetive tissues of the body. Lymphatie eapillaries are wide- 
spread, but they are absent from bones and teeth, bone marrow, 
and the entire eentral nervous system (where the excess tissue 
fluid drains into the eerebrospinal fluid). 

Although similar to blood eapillaries, lymphatie eapillaries 
are so remarkably permeable that they were onee thought to be 
open at one end like a straw. We now know that they owe their 
permeability to two unique structural modifieations: 

■ The endothelial eells forming the walls of lymphatie eapillar- 
ies are not tightly joined. Instead, the edges of adjaeent eells 
overlap eaeh other loosely, forming easily opened, flaplike 
minivalves (Figrne 20.lb). 

■ Collagen filaments anehor the endothelial eells to surround- 
ing structures so that any inerease in interstitial fluid volume 
opens the minivalves, rather than causing the lymphatie eap- 
illaries to eollapse. 

So, what we have is a system analogous to one-way swinging 
doors in the lymphatie eapillary wall. When fluid pressure in the 
interstitial spaee is greater than the pressure in the lymphatie 
eapillary, the minivalve flaps gape open, allowing fluid to enter 
the lymphatie eapillary. However, when the pressure is greater 
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nodes: 
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_ Drained by the right lymphatie duct 

_ Drained by the thoraeie duct 

(a) General distribution of eolleeting lymphatie vessels 
and regional lymph nodes. 
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(b) Major lymphatie trnnks and ducts in relation to veins and surrounding 
structures. Anterior view of thoraeie and abdominal wall. 

Figure 20.2 The lymphatie system. 




inside the lymphatie eapillary, it forees the endothelial minivalve 
flaps shut, preventing lymph from leaking baek out as the pres- 
sure moves it along the vessel. 

Proteins in the interstitial spaee are unable to enter blood 
eapillaries, but they enter lymphatie eapillaries easily. In addi- 
tion, when tissues beeome inflamed, lymphatie eapillaries de- 
velop openings that permit uptake of even larger partieles such 
as eell debris, pathogens (disease-causing mieroorganisms such 
as baeteria and vimses), and eaneer eells. The pathogens ean 
then use the lymphaties to travel throughout the body. This 
threat to the body is partly resolved by the faet that the lymph 
cc detours” through the lymph nodes, where it is eleansed of de- 
bris and c examined” by eells of the immune system. 

A speeial set of lymphatie eapillaries ealled laeteals (lak'te-alz) 
transports absorbed fat from the small intestine to the bloodstream. 
Laeteals are so ealled because of the milky white lymph that drains 
through them (laet — milk). This fatty lymph, ealled ehyle ( cc juice’), 
drains from the fingerlike villi of the intestinal mucosa. 


Larger Lymphatie Vessels 

From the lymphatie eapillaries, lymph flows through successively 
larger and thicker-walled ehannels—first eolleeting vessels, then 
trnnks, and finally the largest of all, the ducts (Figure 20.1). 
The eolleeting lymphatie vessels have the same three tunics as 
veins, but the eolleeting vessels have thinner walls and more in- 
ternal valves, and they anastomose more. In general, lymphaties 
in the skin travel along with superficial veins , while the deep 
lymphatie vessels of the trank and digestive viseera travel with 
the deep arteries. The exact anatomieal distribution of lymphatie 
vessels varies greatly between individuals, even more than it 
does for veins. 

The largest eolleeting vessels unite to form lymphatie trunks, 
which drain fairly large areas of the body. The major tranks, 
named mostly for the regions from which they drain lymph, are 
the paired lumbar, bronehomediastinal, subclavian, and jug- 
ular trunks, and the single intestinal trunk Figure 20.2b). 
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Lymph is eventually delivered to one of two large ducts in the 
thoraeie region. The right lymphatie duct drains lymph from the 
right upper limb and the right side of the head and thorax (Fig- 
ure 20.2a). The much larger thoraeie duct reeeives lymph from 
the rest of the body. It arises anterior to the first two lumbar verte- 
brae as an enlarged sae, the eisterna ehyli (sis-ter'nah ki'li), that 
eolleets lymph from the two large lumbar trunks that drain the 
lower limbs and from the intestinal tmnk that drains the digestive 
organs. As the thoraeie duct runs superiorly, it reeeives lymphatie 
drainage from the left side of the thorax, left upper limb, and the 
left side of the head. Eaeh terminal duct empties its lymph into 
the venous circulation at the junction of the internal jugular vein 
and subclavian vein on its own side of the body (Figure 20.2b). 



Check Your Understanding 


1. What is lymph? Where does it eome from? 

2. Name two lymphatie ducts and indieate the body regions 
usually drained by eaeh. 

3. What is the driving foree for lymph movement? 

_ For ansvvers, see Appendix H. 


Lymphoid Cells and Tissnes 

Deseribe the basie structure and cellular population 
of lymphoid tissue. Differentiate between diffuse and 
folIicular lymphoid tissues. 



Homeostatie imbalanee 20.1 


Like the larger blood vessels, the larger lymphaties reeeive their 
nutrient blood supply from a branehing vasa vasomm. When lym- 
phatie vessels are severely inflamed, the related vessels of the vasa 
vasomm beeome eongested with blood. As a result, the pathvvay 
of the assoeiated superficial lymphaties beeomes visible through 
the skin as red lines that are tender to the touch. This unpleasant 
eondition is ealled lymphangitis (lim"fan-ji'tis; angi = vessel). + 


Lymph Transport 








The lymphatie system laeks an organ that aets as a pump. Under 
normal eonditions, lymphatie vessels are low-pressure conduits, 
and the same meehanisms that promote venous return in blood 
vessels aet here as well—the milking aetion of aetive skeletal 
muscles, pressure ehanges in the thorax during breathing, and 
valves to prevent backflow. Lymphatie vessels are usually bun- 
dled together in eonneetive tissue sheaths along with blood ves- 
sels, and pulsations of nearby arteries also promote lymph flow. 
In addition to these meehanisms, smooth muscle in the walls 
of all but the smallest lymphatie vessels eontraets rhythmieally, 
helping to pump the lymph along. 

Even so, lymph transport is sporadie and slow. Movement 
of adjaeent tissues is extremely important in propelling lymph 
through the lymphaties. When physieal aetivity or passive move- 
ments inerease, lymph flows much more rapidly (balaneing the 
greater rate of fluid loss from the blood in such situations). For 
this reason, it is a good idea to immobilize a badly infeeted body 
part to hinder flow of inflammatory material from that region. 



Homeostatie imbalanee 20.2 


Anything that prevents the normal return of lymph to the 
blood—such as when tumors bloek the lymphaties or lymphaties 
are removed during eaneer surgery—results in short-term but 
severe loealized edema (lymphedema ). Usually, however, the ves- 
sels remaining in the area grow and drainage is reestablished. + 


To summarize, the lymphatie vessels: 

■ Return excess tissue fluid to the bloodstream 

■ Return leaked proteins to the blood 

■ Carry absorbed fat from the intestine to the blood (through 
laeteals) 


In order to understand the role of the lymphoid organs in the 
body, lefs investigate their eomponents—lymphoid eells and 
lymphoid tissues—before eonsidering the organs themselves. 

Lymphoid Cells 

The lymphoid eells eonsist of immune system eells found in 
lymphoid tissues together with the supporting eells that form 
the “seaffolding” of those tissues. 

Lymphoeytes, the main warriors of the immune system, arise 
in red bone marrow (along with other formed elements). They 
then mature into one of the two main varieties of lymphoeytes— 
T eells (T lymphoeytes) or B eells (B lymphoeytes) —that 
proteet the body against antigens. (Antigens are anything that 
provokes an immune response, such as baeteria and their tox- 
ins, vimses, mismatehed RBCs, or eaneer eells.) Aetivated T eells 
manage the immune response, and some of them direetly attaek 
and destroy infeeted eells. B eells proteet the body by producing 
plasma eells, daughter eells that seerete antibodies into the blood 
(or other body fluids). Antibodies mark antigens for destmetion 
by phagoeytes or other means. Chapter 21 explores the roles of 
the lymphoeytes in immunity. 

Maerophages play a emeial role in body proteetion and the 
immune response by phagoeytizing foreign substances and by 
helping to aetivate T eells. So, too, do the spiny-looking den- 
dritie eells that capture antigens and bring them baek to the 
lymph nodes. 

Last but not least are the reticular eells, fibroblast-like eells 
that produce the reticular fiber stroma (stro'mah), which is the 
network that supports the other eell types in lymphoid organs 
and tissues (Figure 20.3). 

Lymphoid Tìssue 

Lymphoid tissue is an important eomponent of the immune 
system, mainly because it (1) houses and provides a prolifera- 
tion site for lymphoeytes and (2) furnishes an ideal surveillance 
vantage point for lymphoeytes and maerophages. 

Lymphoid tissue, largely eomposed of a type of loose eon- 
neetive tissue ealled reticular eonneetive tissue, dominates all 
the lymphoid organs except the thymus. Maerophages live on 
the fibers of the reticular eonneetive tissue network. Huge num- 
bers of lymphoeytes squeeze through the walls of posteapillary 
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gure 20.3 Reticular eonneetive tissue in a human lymph 
node. Seanning eleetron mierograph (690x). 


venules coursing through this network and temporarily occupy 
its spaees (Figure 20.3). Then, they leave to patrol the body again. 
The eyeling of lymphoeytes between the circulatory vessels, lym- 
phoid tissues, and loose eonneetive tissues of the body ensures 
that lymphoeytes reaeh infeeted or damaged sites quickly. 

Lymphoid tissue eomes in varkms “paekages ” such as diffuse 
lymphoid tissue and lymphoid follieles. 

■ DiíFuse lymphoid tissue —a loose arrangement of lymphoid 
eells and some reticular fibers—is found in virtually every 
body organ. Larger eolleetions appear in the lamina propria of 
mucous membranes such as those lining the digestive traet. 

■ Lymphoid follieles (lymphoid nodules) are solid, spheri- 
eal bodies eonsisting of tightly paeked lymphoid eells and 
reticular fibers. Follieles often have lighter-staining germinal 
eenters where proliferating B eells predominate. These een- 
ters enlarge dramatieally when the B eells are dividing rap- 
idly and producing plasma eells. In many eases, the follieles 
form part of larger lymphoid organs, such as lymph nodes. 
However, isolated aggregations of lymphoid follieles occur 
in the intestinal wall as Peyer s patehes (aggregated lymphoid 
nodules) and in the appendix (see p. 759). 

Lymph Nodes 

s Deseribe the general loeation, histologieal structure # and 
functions of lymph nodes. 

The prineipal lymphoid organs in the body are the lymph 
nodes, which cluster along the lymphatie vessels of the body. 
There are hundreds of these small organs, but because they are 


usually embedded in eonneetive tissue, they are not ordinarily 
visible. Large clusters of lymph nodes occur near the body sur- 
faee in the inguinal, axillary, and eervieal regions, plaees where 
the eolleeting lymphatie vessels eonverge to form tmnks (see 
Figure 20.2a). 

Lymph nodes have two basie fimetions, both eoneerned with 
body proteetion: 

■ Filtration. As lymph is transported baek to the bloodstream, 
the lymph nodes aet as lymph “filters.” Maerophages in the 
nodes remove and destroy mieroorganisms and other debris 
that enter the lymph from the loose eonneetive tissues, pre- 
venting them from being delivered to the blood and spread- 
ing to other parts of the body. 

■ lmmune system aetìvation. Lymph nodes and other lym- 
phoid organs are strategieally loeated sites where lym- 
phoeytes encounter antigens and are aetivated to mount 
an attaek against them. Lets look at how the structure of a 
lymph node supports its defensive fimetions. 


Structure of a Lymph Node 


Lymph nodes vary in shape and size, but most are bean shaped 
and less than 2.5 em (1 ineh) in length. Eaeh node is surrounded 
by a dense fibrous capsule from which eonneetive tissue strands 
ealled trabeculae extend inward to divide the node into a 
number of eompartments Figure 20.4 . The nodes internal 
framework, or stroma, of reticular fibers physieally supports its 
ever-ehanging population of lymphoeytes. 

A lymph node has two histologieally distinet regions, the eor- 
tex and the medulla. The superficial part of the cortex eontains 
densely paeked follieles, many with germinal eenters heavy with 
dividing B eells. Dendritie eells nearly encapsulate the follieles and 
abut the deeper part of the cortex, which primarily houses T eells 
in transit. The T eells circulate continuously between the blood, 
lymph nodes, and lymph, performing their surveillance role. 

Medullary eords are thin inward extensions from the eor- 
tieal lymphoid tissue, and eontain both types of lymphoeytes. 
Throughout the node are lymph sinuses, large lymph eapillar- 
ies spanned by erisserossing reticular fibers. Numerous maero- 
phages reside on these reticular fibers and phagoeytize foreign 
matter in the lymph as it flows by in the sinuses. Additionally, 
some of the lymph-borne antigens in the pereolating lymph 
leak into the surrounding lymphoid tissue, where they aetivate 
lymphoeytes to mount an immune attaek against them. 


r 




L 


Circulafion in the Lymph Nodes 

Lymph enters the convex side of a lymph node through a 
number of afferent lymphatie vessels. It then moves through 
a large, baglike sinus, the subcapsular sinus, into a number of 
smaller sinuses that cut through the cortex and enter the me- 
dulla. The lymph meanders through these medullary sinuses 
and finally exits the node at its hihim (hi'lum), the indented 
region on the eoneave side, via efferent lymphatie vessels. 

There are fewer efferent vessels draining the node than af- 
ferent vessels feeding it, so the flow of lymph through the node 
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(a) Longitudinal view of the internal structure of a lymph node and 
assoeiated lymphaties 


(b) Photomierograph of part of a lymph node 
(72 x) 


Figure 20.4 Lymph node. In (a), notiee that several afferent lymphaties eonverge on its 
convex side, vvhereas fevver efferent lymphaties exit at its hilum. 



stagnates somewhat, allowing time for the lymphoeytes and 
maerophages to earry out their proteetive functions. Lymph 
passes through several nodes before it is eompletely eleansed. 



Homeostatie imbalanee 20.3 


I Sometimes lymph nodes are overwhelmed by the agents they 
are trying to destroy. For example, when large nmnbers of bae- 
teria are trapped in the nodes, the nodes beeome inflamed, 
swollen, and tender to the touch, a eondition often referred to 
(erroneously) as swollen “glands.” Such infeeted lymph nodes 
are ealled buboes (bu'bóz). (Buboes are the most obvious symp- 
tom of bubonic plague, the a Black Death” that killed much of 
Europes population in the late Middle Ages.) 

Lymph nodes ean also beeome seeondary eaneer sites, par- 
ticularly when metastasizing eaneer eells enter lymphatie ves- 
sels and beeome trapped there. Cancer-infiltrated lymph nodes 
are swollen but usually not painful, a faet that helps distinguish 
cancerous nodes from those infeeted by mieroorganisms. + 



Check Your IJnderstanding 


4. What is a lymphoid folliele? What type of lymphoeyte 

predominates in follieles, espeeially in their germinal eenters? 



Tonsils (in pharyngeal 
region) 


Thymus (in thorax; most 
aetive during youth) 


Spleen (curves around 
left side of stomaeh) 


Peyer’s patehes 

(aggregated lymphoid 
nodules in small 
intestine) 

Appendix 


gure 20.5 Lymphoid organs. 
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5. VVhat is the benefit of having fevver efferent than afferent 
lymphaties in lymph nodes? 

_ For ansvvers, see Appendix H. 

Other Lymphoid Organs 

Name and deseribe the other lymphoid organs of the body. 
Compare and eontrastthem with lymph nodes, structurally 
and functionally. 

Lymph nodes are just one example of the many types of 
lymphoid organs, or aggregates of lymphoid tissue, in the 
body. Others are the spleen, thymus, tonsils, and Peyer s 
patehes (aggregated lymphoid nodules) of the small intes- 
tine ure 20.5), as well as bits of lymphoid tissue seat- 
tered in the eonneetive tissues. 


What do all these organs have in eommon? Except for the 
thymus, all are eomposed of reticular eonneetive tissue. Al- 
though all lymphoid organs help proteet the body, only the 
lymph nodes filter lymph. The other lymphoid organs and tis- 
sues typieally have efferent lymphaties draining them, but laek 
afferent lymphaties. 

Spleen 

The soft, blood-rieh spleen is about the size of a fist and is the 
largest lymphoid organ. Loeated in the left side of the abdomi- 
nal eavity just beneath the diaphragm, it curls around the ante- 
rior aspeet of the stomaeh (Figure 20.5 and Figure 20.6). It is 
served by the large splenie artery and vein , which enter and exit 
the hilum on its slightly eoneave anterior surface. 

The spleen provides a site for lymphoeyte proliferation and 
immune surveillance and response. But perhaps even more 



Splenie artery 
Splenie vein - 


Hilum 


(a) Diagram of the spleen, anterior view 
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(b) Diagram of spleen histology 
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(e) Photograph of the spleen in its normal position in the 
abdominal eavity, anterior view. 


(d) Photomierograph of spleen tissue ( 30 x). The white pulp, 
a lymphoid tissue with many lymphoeytes, is surrounded by 
red pulp eontaining abundant erythroeytes. 


gure 20.6 The spleen. (For a related image, see A BriefAtlas ofthe Human Body, Plate 39.) 
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Capsule 
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gure 20.7 The thymus. The photomierograph of a portion 
of the thymus shows part of a lobule with eortieal and mediillary 
regions (85x). 


important are its blood-eleansing functions. Besides extract- 
ing aged and defeetive blood eells and platelets from the blood, 
its maerophages remove debris and foreign matter from blood 
flowing through its sinuses. The spleen also performs three ad- 
ditional, and related, functions. The spleen: 

■ Stores some of the breakdown products of red blood eells for 
later reuse (for example, it salvages iron for making hemo- 
globin). It releases other breakdown products to the blood 
for proeessing by the liver. 

■ Stores blood platelets and monoeytes for release into the 
blood when needed. 

■ May be a site of erythroeyte production in the fetus (a eapa- 
bility that normally eeases before birth). 

Like lymph nodes, the spleen is surrounded by a fibrous eap- 
sule and has trabeculae that extend inward. Histologieally, the 
spleen eonsists of two eomponents: white pulp and red pulp. 

■ White pulp is where immune functions take plaee, so it is 
eomposed mostly of lymphoeytes suspended on reticular 
fibers. The white pulp clusters or forms c cuffs” around eentral 
arteries (small branehes of the splenie artery) in the organ 
and forms what appear to be islands in a sea of red pulp. 

■ Red pulp is where worn-out red blood eells and bloodborne 
pathogens are destroyed, so it eontains huge mimbers of 
erythroeytes and the maerophages that engulf them. It is es- 
sentially all splenie tissue that is not white pulp. It eonsists 


of splenie eords, regions of reticular eonneetive tissue, that 
separate the blood-filled splenie sinusoids (venous sinuses). 

The names of the pulp regions refleet their appearanee in 
fresh spleen tissue rather than their staining properties. Indeed, 
as you ean see in the photomierograph in Figure 20.6d, the 
white pulp sometimes appears darker than the red pulp due to 
the darkly staining nuclei of the densely paeked lymphoeytes. 



Homeostatie imbalanee 20.4 


Because the spleens capsule is relatively thin, a direet blow or 
severe infeetion may cause it to rupture, spilling blood into the 
peritoneal eavity. Onee, spleneetomy (surgical removal of the 
ruptured spleen) was the standard treatment and thought nee- 
essary to prevent life-threatening hemorrhage and shoek. How- 
ever, surgeons have diseovered that, if left alone, the spleen ean 
offen repair itself and so the frequency of emergeney spleneeto- 
mies has deereased dramatieally at major trauma eenters. If the 
spleen must be removed, the liver and bone marrow take over 
most of its functions. In ehildren younger than 12, the spleen 
will regenerate if a small part of it is left in the body. + 


Thymus 

The bilobed thymus (thi'mus) has important functions pri- 
marily during the early years of life. It is found in the inferior 
neek and extends into the superior thorax, where it partially 
overlies the heart deep to the sternum (see Figure 20.5 and 
Figure 20. ). In the thymus, T lymphoeyte precursors mature 
to beeome immunocompetent lymphoeytes. In other words, 
the thymus is where T lymphoeytes beeome able to defend us 
against speeifie pathogens in the immune response. 

Prominent in newborns, the thymus continues to inerease in 
size during the first year, when it is highly aetive. After puberty, 
it starts to atrophy gradually and by old age it has been replaeed 
almost entirely by fibrous and fatty tissue and is difficult to dis- 
tinguish from surrounding eonneetive tissue. Even though it 
atrophies, the thymus continues to produce immunocompetent 
eells as we age, although at a deelining rate. 

To understand thymie histology, it helps to eompare the 
thymus to a cauliflower head—the flowerets represent thymie 
lobules , eaeh eontaining an outer cortex and an inner medulla 
(Figure 20.7). Most thymie eells are lymphoeytes. In the eortieal 
regions the rapidly dividing lymphoeytes are densely paeked, 
with a few maerophages seattered among them. 

The lighter-staining medullary areas eontain fewer lym- 
phoeytes plus some bizarre structures ealled thymie corpus- 
eles. Consisting of eoneentrie whorls of keratinized epithelial 
eells, they were thought to be sites of T eell destraetion. Reeent 
evidenee suggests that thymie corpuscles are involved in the 
development of regulatory T eells , a elass of T lymphoeytes that 
are important for preventing autoimmune responses. 

The thymus differs from other lymphoid organs in three im- 
portant ways: 

■ The thymus has no follieles because it laeks B eells. 

■ The thymus is the only lymphoid organ that does not di- 

reetly fight antigens. Instead, the thymus fimetions strietly as 
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a maturation site for T lymphoeyte precursors. These precur- 
sors must be kept isolated from foreign antigens to prevent 
their premature aetivation. In faet, there is a blood thymus 
barrier that keeps bloodborne antigens out of the thymus. 

■ The stroma of the thymus eonsists of epithelial eells rather 
than reticular fibers. These epithelial eells provide the physieal 
and ehemieal environment in which T lymphoeytes mature. 

Mucosa-Associated LymphoidTissue 
(MALT) 

Miieosa-assoeiated lymphoid tissues (MALT) are a set of distrib- 
uted lymphoid tissues strategieally loeated in mucous membranes 
throughout the body (see Figure 4.11 on p. 141 to review mucous 
membranes). MALT helps proteet us from the never-ending on- 
slaught of pathogens that seek to enter our bodies. Here we will 
eonsider the largest eolleetions of MALT—the tonsils, Peyer s 
patehes, and appendix. In addition to these large named eollee- 
tions, MALT also occurs in the mucosa of the respiratory and 
genitourinary organs as well as the rest of the digestive traet. 

Tonsils 

The tonsils form a ring of lymphoid tissue around the entranee 
to the pharynx (throat), where they appear as swellings of the 
mucosa ( gure 20.8 and Figure 22.3). The tonsils are named 
aeeording to loeation. 

■ The paired palatine tonsils are loeated on either side at the 
posterior end of the oral eavity. These are the largest tonsils 
and the ones most often infeeted. 

■ The lingual tonsil is the eolleetive term for a lumpy eollee- 
tion of lymphoid follieles at the base of the tongue. 

■ The pharyngeal tonsil (referred to as the adenoids if en- 
larged) is in the posterior wall of the nasopharynx. 

■ The tiny tubal tonsils surround the openings of the auditory 
tubes into the pharynx. 

The tonsils gather and remove many of the pathogens entering 
the pharynx in food or in inhaled air. 

The lymphoid tissue of the tonsils eontains follieles with 
obvious germinal eenters surrounded by diífusely seattered 
lymphoeytes. The tonsils are not fully encapsulated, and the epi- 
thelium overlying them invaginates deep into their interior, form- 
ing blind-ended tonsillar erypts (Figure 20.8). The erypts trap 
baeteria and particulate matter, and the baeteria work their way 
through the mucosal epithelmm into the lymphoid tissue, where 
most are destroyed. It seems a bit dangerous to “invite” infeetion 
this way, but this strategy produces a wide variety of immune eells 
that have a “memory ’ for the trapped pathogens. In other words, 
the body takes a calculated risk early on (during ehildhood) for 
the benefits of heightened immunity and better health later. 

Peyer’s Patehes 

Peyer’s patehes (pi erz), or aggregated lymphoid nodules, are 
large clusters of lymphoid follieles, structurally similar to the 
tonsils. They are loeated in the wall of the distal portion of the 
small intestine (Figure 20.5 and Figure 20.9). 



Pharyngeal tonsil 

Palatine tonsil 
Lingual tonsil 



Germinal eenters Tonsillar 

in lymphoid follieles erypt 


gure 20.8 Histology of the palatine tonsil. The exterior 
surface of the tonsil is eovered by stratified squamous epithelium, 
vvhieh invaginates deeply to form tonsillar erypts (10x). 


Appendix 

The appendix is a tubular offshoot of the first part of the large 
intestine and eontains a high eoneentration of lymphoid follieles. 
Like Peyer s patehes, the appendix is in an ideal position (1) to de- 
stroy baeteria (which are present in large numbers in the intestine) 
before these pathogens ean breaeh the intestinal wall, and (2) to 
generate many “memory” lymphoeytes for long-term immunity. 

Developmental Aspeets of 
the Lymphatie System and 
Lymphoid Organs and Tissues 

Outline the development of the lymphatie system and the 
lymphoid organs and tissues. 

By the fifth week of embryonie development, the beginnings of 
the lymphatie vessels and the main clusters of lymph nodes are ap- 
parent. These arise as lymph saes that bud from developing veins. 














760 


UNIT 4 Maintenanee of the Body 



Follieles of a 
Peyer’s pateh 
(aggregated 
lymphoid nodules) 


Smooth muscle in 
the intestinal wall 


from the primitive inferior vena eava. The lymphaties of the pelvie 
region and lower extremities form from saes on the iliae veins. 

Except for the thymus, which is an endodermal derivative, 
the lymphoid organs develop from mesodermal mesenehymal 
eells that migrate to particular body sites and develop into re- 
ticular tissue. The thymus, the first lymphoid organ to appear, 
forms as an outgrowth of the lining of the primitive pharynx. 
It then detaehes and migrates caudally to the thorax where it 
beeomes infiltrated with lymphoeyte precursors derived from 
hematopoietie tissues elsewhere in the embryos body. 

Except for the spleen and tonsils, the lymphoid organs are 
poorly developed before birth. Shortly after birth, they beeome 
heavily populated by lymphoeytes, and their development par- 
allels the maturation of the immune system. 



Check Your IJnderstanding 


6. What is MALT? List several eomponents of MALT. 

7. List several functions of the spleen. 

8. Which lymphoid organ develops first? 

_ For ansvvers, see Appendix H. 


Figure 20.9 Peyer's pateh (aggregated lymphoid nodules). 

Cross seetion of vvall of the ileum of the small intestine (20x). 

The first of these, the jugular lymph saes , arise at the junctions 
of the internal jugular and subclavian veins and form a branehing 
system of lymphatie vessels throughout the thorax, upper extremi- 
ties, and head. The two main eonneetions of the jugular lymph saes 
to the venous system are retained and beeome the right lymphatie 
duct and, on the left, the superior part of the thoraeie duct. Cau- 
dally the elaborate system of abdominal lymphaties buds largely 


Although the fimetions of the lymphatie vessels and lym- 
phoid organs overlap, eaeh helps maintain body homeostasis in 
unique ways, as summarized in System Connections. The lym- 
phatie vessels help maintain blood volume. The maerophages of 
lymphoid organs remove and destroy foreign matter in lymph 
and blood. Additionally, lymphoid organs and tissues provide 
sites from which the immune system ean be mobilized. In 
Chapter 21, we continue this story as we examine the inflam- 
matory and imimine responses that allow us to resist a eonstant 
barrage of pathogens. 





Chapter Summary 
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1. Lymphatie vessels, lymph nodes, and lymph make up the 
lymphatie system. Lymphatie vessels return fluids that have 
leaked from the blood vascular system baek to the blood. 
Lymphoid organs and tissues proteet the body by removing 
foreign material from the lymph and blood streams, and provide 
a site for irnimme surveillance. 


Lymphatie System (pp. 752-754) 

Distribution and Structure of Lymphatie Vessels (pp. 752-754) 

1. Lymphatie vessels form a one-way network—lymphatie 
eapillaries, eolleeting vessels, tmnks, and ducts—in which fluid 
flows only toward the heart. The right lymphatie duct drains 
lymph from the right arm and right side of the upper body; the 
thoraeie duct reeeives lymph from the rest of the body. These 
ducts empty into the blood vascular system at the junction of the 
internal jugular and subclavian veins in the neek. 

2. Lymphatie eapillaries are exceptionally permeable, admitting 
proteins and particulate matter from the interstitial spaee. 

3. Pathogens and eaneer eells may spread through the body via the 
lymphatie stream. 

Lymph Transport (pp. 754) 

4. The flow of lymphatie fluid is slow; it is maintained by skeletal 
muscle eontraetion, pressure ehanges in the thorax, and 
eontraetions of the lymphatie vessels. Valves prevent backflow. 

iP lmmune System; Topie: Anatomy Review, pp. 7-9. 












SYSTEM CONNECTIONS 


Homeostatie Interrelationships Between the Lymphatie 
System/lmmunity and Other Body Systems 



lntegumentary System Chapter 5 

■ Lymphatie vessels piek up leaked plasma fluid and proteins 
from the dermis; lymphoeytes in lymphoid organs and tissues 
enhanee the skin's proteetive role by defending against speeifie 
pathogens via the immune response 

■ The skin's keratinized epithelium provides a meehanieal barrier 
to pathogens; epithelial dendritie eells and dermal maerophages 
aet as antigen presenters in the immune response; aeid pH of 
skin seeretions inhibits grovvth of baeteria on the skin 

Skeletal System Chapters 6-8 

■ Lymphatie vessels piek up leaked plasma fluid and proteins from 
the periostea; immune eells proteet bones from pathogens 

■ The bones house hematopoietie tissue vvhieh produces the 
lymphoeytes (and maerophages) that populate lymphoid organs 
and provide immunity 

Muscular System Chapters9-10 

■ Lymphatie vessels piek up leaked fluids and proteins; immune 
eells proteet muscles from pathogens 

■ The skeletal muscle "pump" aids the flovv of lymph; shivering 
produces heat at the beginning of a fever 


Nervous System Chapters 11-15 

■ Lymphatie vessels piek up leaked plasma fluid and proteins 
in PNS structures; immune eells proteet PNS structures from 
speeifie pathogens 

■ The nervous system innervates larger lymphaties; opiate 
neuropeptides influence immune functions; the brain helps 
regulate immune response 

Endoerine System Chapter 16 

■ Lymphatie vessels piek up leaked fluids and proteins; lymph helps 
distribute hormones; immune eells proteet endoerine organs 

■ Stress hormones depress immune aetivity; the thymus produces 
hormones and paraerines that are involved in the maturation of 
T eells 


Cardiovascular System Chapters 17-19 

■ Lymphatie vessels piek up leaked plasma and proteins; spleen 
removes and destroys aged RBCs and debris, and stores iron 
and platelets; immune eells proteet cardiovascular organs from 
speeifie pathogens 

■ Blood is the source of lymph; lymphaties develop from veins; 
blood circulates immune elements 


Respiratory System Chapter 22 

■ Lymphatie vessels piek up leaked fluids and proteins from 
respiratory organs; immune eells proteet respiratory organs 
from speeifie pathogens; the tonsils and plasma eells in the 
respiratory mucosa (vvhieh seerete the antibody IgA) prevent 
pathogen invasion 

■ The lungs provide 0 2 needed by lymphoid/immune eells and 
eliminate C0 2 ; the pharynx houses the tonsils; respiratory 
"pump" aids lymph flovv 

Digestive System Chapter 23 

■ Lymphatie vessels piek up leaked fluids and proteins from 
digestive organs; lymph transports some products of fat 
digestion to the blood; lymphoid follieles in the intestinal vvall 
prevent invasion of pathogens 

■ The digestive system digests and absorbs nutrients needed by 
eells of lymphoid organs; gastrie aeidity inhibits pathogens' 
entry into blood 

IJrinary System Chapters 25-26 

■ Lymphatie vessels piek up leaked fluid and proteins from urinary 
organs; immune eells proteet urinary organs from speeifie 
pathogens 

■ llrinary system eliminates vvastes and maintains homeostatie 
balanees of vvater, pH, and eleetrolytes in the blood for 
lymphoid/immune eell functioning; urine flushes some 
pathogens out of the urinary traet 


r 




L 


Reproductive System Chapter27 

■ Lymphatie vessels piek up leaked fluid and proteins; immune 
eells proteet against pathogens 

■ Reproductive organs' hormones may influence immune 
functioning; aeidity of vaginal seeretions is baeteriostatie 
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Lymphoid Cells and Tissues (pp. 754-755) 

Lymphoid Cells (p. 754) 

1. The eells in lymphoid tissues include lymphoeytes (eells ealled T 
eells or B eells), plasma eells (antibody-producing offspring of B 
eells), maerophages and dendritie eells (eells that capture antigens 
and initiate an immune response), and reticular eells that form 
the lymphoid tissue stroma. 

Lymphoid Tissue (pp. 754-755) 

2. Lymphoid tissue is reticular eonneetive tissue. It houses 
maerophages and a continuously ehanging population of 
lymphoeytes. It is an important element of the immune system. 

3. Lymphoid tissue may be diffiise or paekaged into dense follieles. 
Follieles often display germinal eenters (areas where B eells are 
proliferating). 

iP lmmune System; Topie: Anatomy Review f pp. 4-5 

Lymph Nodes (pp. 755-757) 

1. Lymph nodes, the prineipal lymphoid organs, are clustered along 
lymphatie vessels. Lymph nodes fìlter lymph and help aetivate the 
immune system. 

Structure of a Lymph Node (p. 755) 

2. Eaeh lymph node has a fibrous capsule, a cortex, and a medulla. 
Tbe cortex eontains mostly lymphoeytes, which aet in immune 
responses; the medulla eontains maerophages, which engulf 
and destroy vimses, baeteria, and other foreign debris, as well as 
lymphoeytes and plasma eells. 

Circulation in the Lymph Nodes (pp. 755-757) 

3. Lymph enters the lymph nodes via afferent lymphatie vessels 
and exits via efferent vessels. Tbere are fewer efferent vessels; 
therefore, lymph flow stagnates within the lymph node, allowing 
time for its eleansing. 

iP lmmune System; Topie: Anatomy Review f pp. 10-12. 


Review Questions 


Other Lymphoid Organs (pp. 757-759) 

1. Unlike lymph nodes, the spleen, thymus, tonsils, and Peyers 
patehes do not filter lymph. Most lymphoid organs eontain both 
maerophages and lymphoeytes. 

Spleen (pp. 757-758) 

2. The spleen provides a site for lymphoeyte proliferation and 
immune fimetion, and destroys aged or defeetive red blood 
eells and bloodborne pathogens. It also stores and releases the 
breakdown products of hemoglobin as neeessary, stores platelets, 
and aets as a hematopoietie site in the fetus. 

Thymus (pp. 758-759) 

3. The thymus is most fimetional during youth. The thymus 
provides the environment in which T lymphoeytes mature and 
beeome immunocompetent. 

Mucosa-Associated Lymphoid Tissue (MALT) (p. 759) 

4. Peyer s patehes of the intestinal wall, lymphoid follieles of the 
appendix, tonsils of the pharynx and oral eavity, and follieles 
in the genitourinary and respiratory traet mucosae are known 
as MALT (mucosa-associated lymphoid tissue). They prevent 
pathogens in these passages from penetrating the mucous 
membrane lining. 

iP Imrrmne System; Topie: Anatomy Review f pp. 13-14,16-20. 

Developmental Aspeets of the Lymphatie System 
and Lymphoid Organs and Tissues (pp. 759-760) 

1. Lymphaties develop as outpocketings of developing veins. The 
thymus develops from endoderm; the other lymphoid organs 
derive from mesenehymal eells of mesoderm. 

2. The thymus is the first lymphoid organ to develop. 

3. Lymphoid organs are populated by lymphoeytes, which arise 
from hematopoietie tissue. 


Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. Lymphatie vessels (a) serve as sites for immune surveillance, 

(b) filter lymph, (e) transport leaked plasma proteins and flmds 
to the cardiovascular system, (d) are represented by vessels that 
resemble arteries, eapillaries, and veins. 

2. The saelike initial portion of the thoraeie duct is the (a) laeteal, 

(b) right lymphatie duct, (e) eisterna ehyli, (d) lymph sae. 

3. Entry of lymph into the lymphatie eapillaries is promoted by which 
of the following? (a) one-way minivalves formed by overlapping 
endothelial eells, (b) the respiratory pump, (e) the skeletal muscle 
pump, (d) greater fluid pressme in the interstitial spaee. 

4. The structural framework of lymphoid organs is (a) areolar 
eonneetive tissue, (b) hematopoietie tissue, (e) reticular tissue, 

(d) adipose tissue. 

5. Lymph nodes are densely clustered in all of the following body 
areas except (a) the brain, (b) the axillae, (e) the groin, (d) the 
eervieal region. 


6. The germinal eenters in lymph nodes are largely sites of 

(a) maerophages, (b) proliferating B lymphoeytes, (e) T 
lymphoeytes, (d) all of these. 

7. The red pulp areas of the spleen are sites of (a) splenie sinusoids, 
maerophages, and red blood eells, (b) ehistered lymphoeytes, 

(e) eonneetive tissue septa. 

8. The lymphoid organ that fimetions primarily during youth and 
then begins to atrophy is the (a) spleen, (b) thymus, (e) palatine 
tonsils, (d) bone marrow. 

9. Collections of lymphoid tissue (MALT) that guard mucosal 
surfaces include all of the following except (a) appendix follieles, 

(b) the tonsils, (e) Peyer s patehes, (d) the thymus. 

Short Answer Essay Questions 

10. Compare and eontrast blood, interstitial fluid, and lymph. 

11. Compare the structure and fimetions of a lymph node to those of 
the spleen. 

12. (a) Which anatomieal eharaeteristie ensures that the flow of 
lymph through a lymph node is slow? (b) Why is this desirable? 

13. There are no lymphatie arteries. Why isnt this a problem? 




ehapter 20 The Lymphatie System and Lymphoid Organs and Tissues 


763 


Cj Critical Thinking 

f OU anc * Clinical Applieation 

Questions 

1. Mrs. Jaekson, a 59-year-old woman, has undergone a leít radieal 
masteetomy (removal of the left breast and left axillary lymph 
nodes and vessels). Her left arm is severely swollen and painful, 
and she is unable to raise it to more than shoulder height. (a) 
Explain her signs and symptoms. (b) Can she expect to have relief 
from these symptoms in time? How so? 


2. A friend tells you that she has tender, swollen c glands” along 
the left side of the front of her neek. You notiee that she has a 
bandage on her left eheek that is not fully hiding a large infeeted 
cut there. Exactly what are her swollen c glands,” and how did they 
beeome swollen? 

3. Onee almost a rite of ehildhood, tonsilleetomy (surgical removal 
of the tonsils) is now rarely performed. Similarly, while ruptured 
spleens were onee routinely removed, they are now eonserved 
whenever possible. Why should these lymphoid organs be 
preserved when possible? 


AT THE e L I N I e 




Related eiinieal Terms 


Elephantiasis (erié-fan-ti'ah-sis) Typieally a tropieal disease in 
which the lymphaties (particularly those of the lower limbs 
and scrotum) beeome elogged with parasitie roundworms, an 
infectious eondition ealled fìlariasis. Swelling (due to edema) 
reaehes enormous proportions. 

Hodgkin’s lymphoma A malignaney of lymphoid tissue; symptoms 
include swollen, nonpainful lymph nodes, fatigue, and often 
intermittent fever and night sweats. Characterized by presenee 
of giant malignantly transformed B eells ealled Reed-Sternberg 
eells. infeetion with Epstein-Barr vims (see mononucleosis 
below) and genetie susceptibility appear to be predisposing 
faetors. Treated with ehemotherapy and radiation; high cure rate. 

Lymphadenopathy (lim-fad"é-nop'ah-the; adeno = a gland ;pathy = 
disease) Any disease of the lymph nodes. 

Lymphangiography (lim-fan"je-og'rah-fe) Diagnostie procedure in 
which the lymphatie vessels are injeeted with radiopaque dye 
and then visualized with X rays. 

Lymphoma Any neoplasm (tumor) of the lymphoid tissue, whether 
benign or malignant. 

Mononucleosis A viral disease eommon in adoleseents and young 
adults; symptoms include fatigue, fever, sore throat, and swollen 
lymph nodes. Caused by the Epstein-Barr vims, which is 
transmitted in saliva ( cc kissing disease”) and speeifìeally attaeks 
B lymphoeytes. This attaek leads to a massive aetivation of T 
lymphoeytes, which in turn attaek the vims-infeeted B eells. 


Large numbers of oversized T lymphoeytes circulate in the 
bloodstream. (These lymphoeytes were originally misidentifìed 
as monoeytes: mononucleosis = a eondition of monoeytes.) 
Usually lasts four to six weeks. 

Non-Hodgkirís lymphoma Includes all eaneers of lymphoid 
tissues except Hodgkirís lymphoma. Involves uncontrolled 
multiplication and metastasis of undifferentiated lymphoeytes, 
with swelling of the lymph nodes, spleen, and Peyer s patehes; 
other organs may eventually beeome involved. The seventh 
most eommon eaneer. A rapidly progressing type, which 
primarily affeets young people, grows quickly but responds to 
ehemotherapy; up to a 75% remission rate. A slowly progressing 
type, which affeets the elderly, resists ehemotherapy and so is 
offen fatal. 


Sentinel node The fìrst node that reeeives lymph drainage from a 
body area suspected of being cancerous. When examined for 
presenee of eaneer eells, this node gives the best indieation of 
whether metastasis through the lymphatie vessels has occurred. 

Splenomegaly (sple"no-meg'ah-le; mega = big) Enlargement of 
the spleen due to accumulation of infectious mieroorganisms; 
typieally caused by septieemia, mononucleosis, malaria, or 
leukemia. 

Tonsillitis (ton"sì-li'tis; itis = inflammation) Inflammation ofthe 
tonsils, typieally due to baeterial infeetion. Tonsils beeome red, 
swollen, and sore. 




Case Study 


Lymphatie System/lmmunity 



Baek to following the progress of 
Mr. Hutchinson, we learn that the 
routine eomplete blood count (CBC) 
performed on admission reveals that 
his leukocyte count is dangerously low and follow-up lab tests 
show that his lymphoeytes are defieient. One day postsurgery, he 
eomplains of pain in his right ring finger (that hand had a crush 
injury). VVhen examined 7 the affeeted finger and the dorsum of 
the right hand are edematous 7 and red streaks radiate superiorly 
on his right forearm. Higher-than-normal doses of antibioties are 
preseribed, and a sling is applied to the affeeted arm. Nurses are 
instructed to wear gloves and gown when giving Mr. Hutchinson 
his eare. 


Relative to these observations: 

1. VVhat do the red streaks emanating from the bmised finger 
indieate? VVhat would you conclude his problem was if there 
were no red streaks but the right arm was very edematous? 

2. VVhy is it important that Mr. Hutchinson not move the affeeted 
arm excessively (i.e. 7 why was the sling ordered)? 

3. How might the low lymphoeyte count, megadoses of 
antibioties, and orders for additional elinieal staff proteetion be 
related? 

4. Do you prediet that Mr. Hutchinson's reeovery will be uneventful 
or problematie? VVhy? 


(Ansvvers in Appendix H) 
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E very seeond of every day, armies of hostile baeteria, fungi, and vimses 

swarm on our skin and yet we stay amazingly healthy most of the time. The body 
has evolved a single-minded approaeh to such foes—if youre not with us, youre 
against us! To implement that stanee, it relies heavily on two intrinsie defense systems 
that aet both independently and eooperatively to provide resistanee to disease, or im- 
munity (immun = free). 

1. The innate (nonspeeifie) defense system, like a lowly foot soldier, is always pre- 
pared, responding within minutes to proteet the body from all foreign substances. 
This system has two “barrieades.” The first line of defense is the external body 
membranes—intaet skin and mucosae. The seeond line of defense , ealled into ae- 
tion whenever the first line has been penetrated, relies on internal defenses such as 
antimierobial proteins, phagoeytes, and other eells to inhibit the invaders spread 
throughout the body. The hallmark of the seeond line of defense is inflammation. 
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2. The adaptive (speeifie) defense system is more like an elite 
fighting foree equipped with high-teeh weapons to attaek 
partiailar foreign substances. The adaptive defense response, 
which provides the body s third line ofdefense , takes eonsider- 
ably more time to mount than the innate defense response. 

Although we eonsider them separately, the innate and adap- 
tive systems always work hand in hand. An overview of these 
two systems is shown in Figure 21.1. Small portions of this 
diagram will reappear in subsequent figures to let you know 
which part of the immune system were dealing with. 

Although eertain organs of the body (notably lymphoid or- 
gans) are intimately involved in the immune response, the im- 
mune system is a functional system rather than an organ system 
in an anatomieal sense. Its cc structures” are a diverse array of mol- 
ecules plus trillions of immune eells (espeeially lymphoeytes) that 
inhabit lymphoid tissues and circulate in body fluids. 

Onee, the term immime system was equated with the adap- 
tive defense system only. However, we now know that the innate 
and adaptive defenses are deeply intertwined. Speeifieally: 

■ The innate and adaptive systems release and reeognize many 
of the same defensive molecules. 

■ The innate responses are not as nonspeeifie as onee thought. 
Indeed, they have speeifie pathways to target eertain foreign 
substances. 

■ Proteins released during innate responses alert eells of the 
adaptive system to the presenee of speeifie foreign molecules 
in the body. 

When the immune system is operating effeetively, it proteets 
the body from most infectious mieroorganisms, eaneer eells, 
and (unfortunately) transplanted organs and grafts. It does this 
both direetly, by eell attaek, and indireetly, by releasing mobiliz- 
ing ehemieals and proteetive antibody molecules. 

PART 1 

Innate Defenses 

Because the innate defenses are part and pareel of our anatomy, 
you could say we eome fully equipped with innate defenses. The 
meehanieal barriers that eover body surfaces and the eells and 
ehemieals that aet on the initial internal battlefronts are in plaee at 
birth, ready to ward off invading pathogens (harmful or disease- 
causing mieroorganisms). 

Many times, our innate defenses alone ward off infeetion by 
destroying pathogens. In other eases, the adaptive immune sys- 
tem is ealled into aetion to reinforee and enhanee the innate 
defenses. Either way, the innate defenses reduce the workload 
of the adaptive system by preventing the entry and spread of 
mieroorganisms in the body. 


Surface Barriers: 

Skin and Mucosae 

Deseribe surface membrane barriers and their proteetive 
functions. 



Surface barriers 

• Skin 

• Mucous membranes 


Internal defenses 

• Phagoeytes 

• Natural killer eells 

• Inflammation 

• Antimierobial proteins 

• Fever 



r -\ 

Humoral immunity 

• B eells 

\ __ / 


( - . - 

Cellular immunity 

• T eells 

, 


Figure 21.1 Overvievv of innate and adaptive defenses. 

Humoral immunity (primarily involving B lymphoeytes) and cellular 
immunity (involving T lymphoeytes) are distinet but overlapping areas 
of adaptive immunity. For simplieity, the many interaetions betvveen 
innate and adaptive defenses are not shovvn here. 


The body s first line of defense—the skin and the mucous membranes , 
along with the seeretions these membranes produce—is highly ef- 
feetive. As long as the epidermis is unbroken, this heavily keratinized 
epithelial membrane is a formidable physieal barrier to most miero- 
organisms that swarm on the skin. Keratin is also resistant to most 
weak aeids and bases and to baeterial enzymes and toxins. intaet 
mucosae provide similar meehanieal barriers within the body. Re- 
eall that mucous membranes line all body eavities that open to the 
exterior: the digestive, respiratory, urinary, and reproductive traets. 

Besides serving as physieal barriers, skin and mucous mem- 
branes produce a variety of proteetive ehemieals: 

■ Aeid. The aeidity of skin, vaginal, and stomaeh seeretions— 
the aeid mantle —inhibits baeterial growth. 

■ Enzymes. Lysozyme —found in saliva, respiratory mucus, and 
laerimal fluid of the eye—destroys baeteria. Protein-digesting 
enzymes in the stomaeh kill many different mieroorganisms. 

■ Mucin. Mucin dissolved in water forms thiek, stieky mucus 
that lines the digestive and respiratory passageways. This 
mucus traps many mieroorganisms. In eontrast, the mucin 
in watery saliva traps mieroorganisms and washes them out 
of the mouth into the stomaeh where they are digested. 

■ Defensins. Mucous membranes and skin seerete small 
amounts of broad-spectrum antimierobial peptides ealled 
defensins. Defensin output inereases dramatieally in re- 
sponse to inflammation when surface barriers are breaehed. 
Using various meehanisms, such as dismption of mierobial 
membranes, defensins help to eontrol baeterial and fimgal 
eolonization in the exposed areas. 

■ Other ehemieals. In the skin, some lipids in sebum and derm- 
eidin in eeerine sweat are toxic to baeteria. 
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The respiratory traet mucosae also have structural modifi- 
eations that counteract potential invaders. Tiny mucus-coated 
hairs inside the nose trap inhaled partieles, and eilia on the mu- 
eosa of the upper respiratory traet sweep dust- and baeteria- 
laden mucus toward the mouth, preventing it from entering the 
lower respiratory passages, where the warm, moist environment 
provides an ideal site for baeterial growth. 

Although the surface barriers are quite effeetive, they are 
breaehed by everyday nieks and cuts, for example, when you 
brush your teeth or shave. When this happens and mieroorgan- 
isms invade deeper tissues, your internal innate defenses—the 
seeond line of defense—eome into play. 



Check Your IJnderstanding 


1. What distinguishes the innate defense system from the 
adaptive defense system? 

2. What is the first line of defense against disease? 

_ For ansvvers, see Appendix H. 


Internal Innate Defenses: 

Cells and Chemicals 

Explain the importanee of phagoeytosis and natural killer 
eells ìn innate body defense. 


The body uses an enormous number of nonspeeifie cellular and 
ehemieal means to proteet itself, including phagoeytes, natural 
killer eells, antimierobial proteins, and fever. The inflamma- 
tory response enlists maerophages, mast eells, all types of white 
blood eells, and dozens of ehemieals that kill pathogens and 
help repair tissue. These proteetive taeties identify potentially 

| harmful substances by reeognizing (binding tightly to) surface 
earbohydrates present on infectious organisms (baeteria, vi- 
mses, and fimgi) but not on human eells. 



Phagoeytes 


I Pathogens that get through the skin or mucosae into the 
underlying eonneetive tissue are eonfronted by phagoeytes 
(phago = eat). Neutrophils, the most abundant type of white 
blood eell, beeome phagoeytie on encountering infeetkms 
material in the tissues. However, the most voracious phago- 
eytes are maerophages (“big eaters”), which derive from white 
blood eells ealled monoeytes that leave the bloodstream, en- 
ter the tissues, and develop into maerophages. 

Free maerophages wander throughout the tissue spaees in 
seareh of cellular debris or “foreign invaders.” Fixed maero- 
phages , like stellate maerophages in the liver, are permanent 
residents of particular organs. Whatever their mobility, all mae- 
rophages are similar structurally and fimetionally. 


Phagoeytosis 

A phagoeyte engulfs particulate matter much the way an 
amoeba ingests a food partiele. Flowing eytoplasmie extensions 
bind to the partiele and then pull it inside, enelosed within a 


membrane-lined vesiele Fí ure 21.2a). The resulting phago- 
some then fiises with a lysosome to form a phagolysosome 
(steps (T)-(3) in Figure 21.2b). 

Phagoeytie attempts are not always successful. In order for a 
phagoeyte to ingest a pathogen, the phagoeyte must first adhere 
or eling to that pathogen, a feat made possible by reeognizing the 
pathogens earbohydrate “signature.” Many baeteria have external 
capsules that eoneeal their earbohydrate signatures, allowing them 
to elude capture because phagoeytes eannot bind to them. 

Our immune systems get around this problem by eoating 
pathogens with opsonins. Opsonins are eomplement pro- 
teins (discussed shortly) or antibodies that provide “handles” 
to which phagoeyte reeeptors ean bind. Any pathogen ean be 
eoated with opsonins, a proeess ealled opsonization (“to make 
tasty”), which greatly aeeelerates phagoeytosis of that pathogen. 

Generally, neutrophils and maerophages kill ingested prey 
by aeidifying the phagolysosome and digesting its eontents 
with lysosomal enzymes. However, some pathogens such as 
the tuberculosis bacillus and eertain parasites are resistant to 
lysosomal enzymes and ean even multiply within the phagoly- 
sosome. In this ease, other immune eells ealled helper T eells 
release ehemieals that stimulate the maerophage, aetivating ad- 
ditional enzymes that produce a lethal respiratory burst. The 
respiratory burst promotes killing of pathogens by: 

■ Liberating a deluge of highly destmetive free radieals (in- 
cluding superoxide) 

■ Producing oxidizing ehemieals (H 2 0 2 and a substance iden- 
tieal to household bleaeh) 

■ inereasing the phagolysosome’s pH and osmolarity, which aeti- 
vates other protein-digesting enzymes that digest the invader 

Neutrophils also pieree the pathogens membrane by using 
defensins , the antimierobial peptides we mentioned earlier. 

When phagoeytes are unable to ingest their targets (because of 
size, for example), they ean release their toxic ehemieals into the 
extracellular fluid. Whether killing ingested or extracellular targets, 
neutrophils rapidly destroy themselves in the proeess, whereas 
maerophages are more robust and ean go on to kill another day. 

Natural Killer(NK) Cells 

Natural killer (NK) eells, which “poliee” the body in blood and 
lymph, are a unique group of defensive eells that ean lyse and 
kill eaneer eells and vims-infeeted body eells before the adaptive 
immune system is aetivated. Sometimes ealled the “pit bulls” of 
the defense system, NK eells are part of a small group of large 
granular lymphoeytes. 

Unlike lymphoeytes of the adaptive immune system, which 
only reeognize and reaet against speeifie vims-infeeted or tumor 
eells, NK eells are far less pieky. They ean eliminate a variety of 
infeeted or cancerous eells by deteeting general abnormalities such 
as the laek of “self ” cell-surface proteins ealled MHC, deseribed on 
p. 774. The name “natural” killer eells refleets their nonspeeifieity. 

NK eells are not phagoeytie. They kill by direetly eontaeting 
the target eell, inducing it to undergo apoptosis (programmed 
eell death). This is the same killing method used by cytotoxic 
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Innate defenses —► Internal defenses 



(a) A maerophage (piirple) uses its eytoplasmie extensions 
to pull rod-shaped baeteria (green) tovvard it. Seanning 
eleetron mierograph (4800x). 



Phagosome 

(phagoeytie 

vesiele) 


(í) Phagoeyte adheres 
to pathogens or debris. 

© Phagoeyte forms 
pseudopods that 
eventually engulf the 
partieles, forming a 
phagosome. 


Lysosome fuses vvith 
the phagoeytie vesiele, 
forming a phagolysosome 


Lysosomal enzymes 
digest the partieles, 
leaving a residual body. 


@ Exocytosis of the 
vesiele removes 
indigestible and 
residual material. 


(b) Events of phagoeytosis. 


gure 21.2 Phagoeytosis. 


T eells (deseribed fully on p. 789). NK eells also seerete potent 
ehemieals that enhanee the inflammatory response. 

Inflammation: Tissue Response to lnjury 

Deseribe the inflammatory proeess. Identify several 
inflammatory ehemieals and indieate their speeifie roles. 

The inflammatory response is triggered whenever body tissues 
are injured by physieal trauma (a blow), intense heat, irritating 
ehemieals, or infeetion by vimses, fungi, or baeteria. The in- 
flammatory response has several benefieial effeets. It: 

■ Prevents the spread of damaging agents to nearby tissues 

■ Disposes of eell debris and pathogens 

■ Alerts the adaptive immune system 

■ Sets the stage for repair 

The four eardinal signs of short-term, or acute, inflammation 
are redness, heat (inflam = set on fire), swelling , and pain. Some 
authorities eonsider impairedfunction to be a fifth eardinal sign. 
For instanee, movement in an inflamed joint may be hampered 
temporarily, foreing it to rest, which aids healing. Figure 21.3 
summarizes the inflammatory proeess and shows how these 
eardinal signs eome about. 

Inflammatory Chemical Release 

The inflammatory proeess begins with a ehemieal “alarm”—a 
flood of inflammatory ehemieals released into the extracellular 


fluid. Inflammatory ehemieals are released by injured or stressed 
tissue eells, and immune eells. They ean also be formed from 
proteins circulating in the blood. For example, mast eells, a key 
eomponent of the inflammatory response, release the potent 
inflammatory ehemieal histamine (his'tah-mén). 

Maerophages (and eells of eertain boundary tissues such as 
epithelial eells lining the gastrointestinal and respiratory traets) 
have speeial membrane reeeptors that allow them to reeognize 
invaders and sound a ehemieal alarm. These surface membrane 
reeeptors, ealled Toll-like reeeptors (TLRs), play a eentral role 
in triggering irnimme responses. There are 11 types of human 
TLRs, eaeh reeognizing a particular elass of attaeking mierobe. 
For example, one type responds to a glyeolipid in eell walls of the 
tuberculosis bacterium and another to a eomponent of gram- 
negative baeteria such as Salmonella. Onee aetivated, a TLR 
triggers the release of inflammatory ehemieals ealled eytokines. 

Other inflammatory ehemieals inehide kinins (ki'ninz), 
prostaglandins (pros"tah-glan'dinz), and eomplement. All 
inflammatory ehemieals dilate loeal arterioles and make loeal 
eapillaries leakier, as we discuss next. In addition, many attraet 
leukocytes to the injured area and some have individual inflam- 
matory roles as well (Table21.1). 
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Vasodilation and inereased Vascular Permeability 

Vasodilation accounts for two of the eardinal signs of inflam- 
mation. The redness and heat of an inflamed region are both due 
to loeal hyperemia (eongestion with blood) that occurs when 
loeal arterioles dilate. 
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Innate defenses 



Internal defenses 
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Tissue injury 




Release of inflammatory ehemieals 
(histamine, eomplement, 
kinins, prostaglandins, ete.) 


o o 

o o 


o o 


o o 


o o 



Loeal hyperemia 
(inereased blood 
flow to area) 




Heat 


Redness 


o o 



o o 


inereased eapillary 
permeability 


Capillaries 
leak fluid 

(exudate formation) 



Attraet neutrophils, 
monoeytes, and 
lymphoeytes to 
area (chemotaxis) 



Leaked protein-rieh 
fluid in tissue spaees 



Leaked elotting 
proteins form interstitial 
elots that wall off area 
to prevent injury to 
surrounding tissue 



Pain 



Swelling 


Loeally inereased 
temperature inereases 
metabolie rate of eells 


Temporary fibrin 
pateh forms 





seaffolding for repair 


Healing 



Initial stimulus 


Physiologieal response 
Signs of inflammation 


Result 



Release of leukocytosis- 
inducing faetor 


o o 



Leukocytosis 

(inereased numbers of white 
blood eells in bloodstream) 



Leukocytes migrate to 
injured area 



► 


Margination 
(leukocytes eling to 
eapillary walls) 



Diapedesis 

(leukocytes pass through 
eapillary walls) 


Phagoeytosis of pathogens 
and dead tissue eells 
(by neutrophils, short-term; 
by maerophages, long-term) 



Pus may form 



gure 21.3 Inflammation: flowchart of events. The four eardinal signs of acute 
inflammation are shovvn in red boxes, as is impaired function, vvhieh in some eases constitutes 
a fifth eardinal sign. 


Inflammatory ehemieals also inerease the permeability of loeal 
eapillaries. Consequently, exudate —fluid eontaining elotting fae- 
tors and antibodies—seeps from the blood into the tissue spaees. 
This exudate causes the loeal swelling , also ealled edema, that 
presses on adjaeent nerve endings, contributing to a sensation of 
pain. Pain also results from the release of baeterial toxins, and the 


sensitizing effeets of released prostaglandins and kinins. Aspirin 
and some other anti-inflammatory dmgs produce their analgesie 
(pain-reducing) effeets by inhibiting prostaglandin synthesis. 

Although edema may seem detrimental, it isn t. The surge of 
protein-rieh fluids into the tissue spaees sweeps foreign material 
into lymphatie vessels for proeessing in the lymph nodes. It also 
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Innate defenses —► Internal defenses 



® Leukocytosis. 
Neutrophils enter 
blood from bone 
marrow. 


(2) Margination. 

Neutrophils eling 
to eapillary wall. 


© Diapedesis. 
Neutrophils flatten 
and squeeze out of 
eapillaries. 


® Chemotaxis 


Neutrophils 
follow ehemiea 
trail. 


Capillary wall 


Basement 

membrane 

Endothelium 


Figure 21.4 Phagoeyte mobilization. 


delivers important proteins such as eomplement and elotting 
faetors to the interstitial fluid (Figure 21.3). 

The elotting faetors form a gel-like fibrin mesh (a elot) that 
aets as a seafiFold for permanent repair. The mesh also isolates 
the injured area and prevents baeteria and other harmful agents 
from spreading. Walling off the injured area is such an impor- 
tant defense strategy that some baeteria (such as Streptoeoeais) 
have evolved enzymes that break down the elot, allowing them 
to invade surrounding tissues. 

Phagoeyte Mobilization 

Soon after inflammation begins, phagoeytes flood the dam- 
aged area. Neutrophils lead, followed by maerophages. If path- 
ogens provoked the inflammation, a group of plasma proteins 
known as eomplement is aetivated and elements of adaptive 
immunity (lymphoeytes and antibodies) also arrive at the 
injured site. Figure 21.4 illustrates the four steps in which 
phagoeytes are mobilized to infiltrate the injured site. 

® Leukocytosis. Injured eells release ehemieals ealled leuko- 
cytosis-inducing faetors. In response, neutrophils enter 
blood from red bone marrow and within a few hours, the 
number of neutrophils in blood inereases four- to five- 
fold. This leukocytosis, the inerease in white blood eells 
(WBCs), is eharaeteristie of inflammation. 

® Margination. Inflamed endothelial eells sprout eell adhe- 
sion molecules (CAMs) that signal “this is the plaee.” As 


neutrophils encounter these CAMs, they slow and roll along 
the surface, eventually aehieving an initial foothold. When 
aetivated by inflammatory ehemieals, CAMs on neutrophils 
bind tightly to endothelial eells. Margination refers to this 
phenomenon of phagoeytes elinging to the inner walls (mar- 
gins) of the eapillaries and posteapillary venules. 

@ Diapedesis. Continued ehemieal signaling prompts the 
neutrophils to flatten and squeeze between the endothelial 
eells of the eapillary walls—a proeess ealled diapedesis. 

® Chemotaxis. Inflammatory ehemieals aet as homing deviees, 
or more preeisely ehemotaetie agents. Neutrophils and other 
WBCs migrate up the gradient of ehemotaetie agents to the 
site of injury (positive chemotaxis). Within an hour after the 
inflammatory response has begun, neutrophils have eolleeted 
at the site and are devouring any foreign material present. 
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As the body s counterattack continues, monoeytes follow neu- 
trophils into the injured area. Monoeytes are fairly poor phago- 
eytes, but within 12 hours of leaving the blood and entering the 
tissues, they swell and develop large nmnbers of lysosomes, be- 
eoming maerophages with insatiable appetites. These late-arriving 
maerophages replaee the neutrophils on the battlefield. 

Maerophages are the eentral aetors in the final disposal of 
eell debris as an acute inflammation subsides, and they pre- 
dominate at sites of prolonged, or ehronie , inflammation. The 
ultimate goal of an inflammatory response is to elear the in- 
jured area of pathogens, dead tissue eells, and any other debris 
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Table 21.1 

Inflammatory ehemieals 


CHEMICAL 


SOURCE 

PHYSIOLOGICAL EFFECTS 

Histamine 


Granules of mast eells and basophils. Released 
in response to meehanieal injury, presenee of 
eertain mieroorganisms, and ehemieals released by 
neutrophils. 

Promotes vasodilation of loeal arterioles. inereases 
permeability of loeal eapillaries, promoting 
formation of exudate. 

Kinins (bradykinin and others) 

A plasma protein, kininogen, is eleaved by the 
enzyme kallikrein found in plasma, urine, saliva, and 
in lysosomes of neutrophils and other types of eells. 
eieavage releases aetive kinin peptides. 

Same as for histamine. Also induce chemotaxis 
of leukocytes and prompt neutrophils to release 
lysosomal enzymes, thereby enhaneing generation 
of more kinins. Induce pain. 

Prostaglandins 


Fatty aeid molecules produced from araehidonie aeid 
found in all eell membranes; generated by enzymes 
of neutrophils, basophils, mast eells, and others. 

Same as for histamine. Also induce neutrophil 
chemotaxis. Induce pain. 

Complement 


See Table 21.2 below. 


Cytokines 


SeeTable21.6 (p. 790). 



Table 21.2 Summary of Innate Body Defenses 


CATEGORY/ASSOCIATED 

ELEMENTS 


PROTECTIVE MECHANISM 


First Line of Defense: Surface Membrane Barriers 


intaet skin epidermis 
■ Aeid mantle of skin 


■ Keratin 

intaet mucous membranes 

■ Mucus 

■ Nasal hairs 

■ Cilia 

■ Gastrie juice 

■ Aeid mantle of vagina 

■ Laerimal seeretion 
(tears); saliva 

■ Llrine 


Forms meehanieal barrier that prevents entry of pathogens and other harmful substances into body 

Skin seeretions (svveat and sebum) make epidermal surface aeidie, vvhieh inhibits baeterial grovvth; also eontain 
various baeterieidal ehemieals 

Provides resistanee against aeids, alkalis, and baeterial enzymes 
Form meehanieal barrier that prevents entry of pathogens 
Traps mieroorganisms in respiratory and digestive traets 
Filter and trap mieroorganisms in nasal passages 

Propel debris-laden mucus away from nasal eavity and lower respiratory passages 

Contains eoneentrated hydroehlorie aeid and protein-digesting enzymes that destroy pathogens in stomaeh 
Inhibits growth of most baeteria and fungi in female reproductive traet 

Continuously lubricate and eleanse eyes (tears) and oral eavity (saliva); eontain lysozyme, an enzyme that 
destroys mieroorganisms 

Normally aeid pH inhibits baeterial growth; eleanses the lower urinary traet as it flushes from the body 


Seeond Line of Defense: Innate Cellular and ehemieal Defenses 


Phagoeytes 


Natural killer (NK) eells 


Inflammatory response 


Antimierobial proteins 
■ Interferons (a, p, 7 ) 


Complement 


Fever 


Engulf and destroy pathogens that breaeh surface membrane barriers; maerophages also contribute to 
adaptive immune responses 

Promote apoptosis (eell suicide) by direetly attaeking virus-infected or cancerous body eells; reeognize general 
abnormalities rather than speeifie antigens; do not form memory eells 

Prevents injurious agents from spreading to adjaeent tissues, disposes of pathogens and dead tissue eells, and 
promotes tissue repair; released inflammatory ehemieals attraet phagoeytes (and other immune eells) to the 
area 


Proteins released by virus-infected eells and eertain lymphoeytes; aet as ehemieal messengers to proteet 
uninfected tissue eells from viral takeover; mobilize immune system 

A group of bloodborne proteins that, when aetivated, lyse mieroorganisms, enhanee phagoeytosis by 
opsonization, and intensify inflammatory and other immune responses 

Systemie response initiated by pyrogens; high body temperature inhibits mierobes from multiplying and 
enhanees body repair proeesses 
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so that tissue ean be repaired. Onee this is aeeomplished, heal- 
ing usually occurs quickly. 


Innate defenses —► Internal defenses 



Homeostatie imbalanee 21.1 


In severely infeeted areas, the battle takes a eonsiderable toll on 
both sides, and ereamy yellow pus (a mixture of dead or dying 
neutrophils, broken-down tissue eells, and living and dead patho- 
gens) may accumulate in the wound. If the inflammatory meeha- 
nism fails to elear the area of debris, eollagen fibers may be laid 
down, which walls oíf the sae of pus, forming an abseess. The ab- 
seess may need to be surgically drained before healing ean occur. 

Some baeteria, such as tuberculosis baeilli, resist digestion 
by the maerophages that engulf them. They eseape the effeets 
of preseription antibioties by remaining snugly enelosed within 
their maerophage hosts. In such eases, infectious granulomas 
form. These tumorlike growths eontain a eentral region of in- 
feeted maerophages surrounded by uninfected maerophages 
and an outer fibrous capsule. 

A person may harbor pathogens walled off in granulomas for 
years without displaying any symptoms. However, if the persons 
resistanee to infeetion is ever eompromised, the baeteria may be 
aetivated and break free, leading to elinieal disease symptoms. + 


Antimierobial Proteins 

✓ Name the body's antimierobial substances and deseribe 

their function. 

A variety of antimierobial proteins enhanee our innate de- 
fenses by attaeking mieroorganisms direetly or by hindering 
their ability to reproduce. The most important antimierobial 
proteins are interferons and eomplement proteins (Table 21.2). 

Interferons 

Vimses—essentially nucleic aeids surrounded by a protein enve- 
lope—laek the cellular maehinery to generate ATP or synthesize 
proteins. They do their “dirty work” in the body by invading tissue 
eells and taking over the cellular metabolie maehinery needed to 
reproduce themselves. 

infeeted eells ean do little to save themselves, but some ean se- 
erete small proteins ealled interferons (IFNs) (in"ter-fèr'onz) to 
help proteet eells that have not yet been infeeted. The IFNs diffiise 
to nearby eells, which they stimulate to synthesize proteins that 
“interfere ’ with viral replieation in still-healthy eells by bloeking 
protein synthesis and degrading viral RNA Figure 21.5). Be- 
cause IFN proteetion is not virus-specific , IFNs produced against 
a particular virus proteet against other vimses, too. 

The IFNs are a family of immune modulating proteins pro- 
duced by a variety of body eells, eaeh having a slightly different 
physiologieal effeet. IFN alpha (a) and beta ((3) have the antivi- 
ral effeets that weve just deseribed and also aetivate NK eells. 
Another interferon, IFN gamma (y), or immune interferon, is 
seereted by lymphoeytes and has widespread immune mobiliz- 
ing effeets, such as aetivating maerophages. Because both mae- 
rophages and NK eells ean also aet direetly against cancerous 
eells, the interferons have an indireet role in fighting eaneer. Ge- 
netieally engineered IFNs have found a niehe in treating several 
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Interferon 
binding stirrmlates 
eell to turn on 
genes for antiviral 
proteins. 


Host eell 1 


Host eell 2 


infeeted by virus; 
makes interferon; 
is killed by virus 


Binds interferon 
from eell 1; interferon 
induces synthesis of 
proteetive proteins 


gure 21.5 The interferon meehanism against virnses. 


disorders including hepatitis C, genital warts, multiple selerosis, 
and hairy eell leukemia. 

Complement 

The term eomplement system, or simply eomplement, refers 
to a group of at least 20 plasma proteins that normally circu- 
late in the blood in an inaetive state. These proteins include C1 
through C9, faetors B, D, and P, plus several regulatory proteins. 

Complement provides a major meehanism for destroying 
foreign substances in the body. Its aetivation unleashes inflam- 
matory ehemieals that amplify virtually all aspeets of the in- 
flammatory proeess. Aetivated eomplement also lyses and kills 
eertain baeteria and other eell types. (Luckily our own eells are 
equipped with proteins that normally inhibit eomplement aeti- 
vation.) Although eomplement is a nonspeeifie defensive meeh- 
anism, it “eomplements” (enhanees) the effeetiveness of both 
innate and adaptive defenses. 
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Classical pathway Leetin pathway Alternative pathway 

Aetivated by antibodies eoating Aetivated by leetins binding to Aetivated spontaneously. Laek of 

target eell speeifie sugars on inhibitors on mieroorganism’s 

mieroorganism’s surface surface allows proeess to proeeed 



Together with other eomplement 
proteins and faetors 


Opsonization: 

Coats pathogen surfaces, 
which enhanees 
phagoeytosis 


MACs form from aetivated 
eomplement eomponents (C5b 
and C6-C9) that insert into the 
target eell membrane, ereating 
pores that ean lyse the target eell 



Enhanees inflammation 

Stimulates histamine 
release, inereases blood 
vessel permeability, 
attraets phagoeytes by 
chemotaxis, ete. 



Pore 

Complement 

proteins 

(C5b-C9) 


Membrane 
of target eell 


gure 21.6 Complement aetivation. All three pathvvays that aetivate eomplement 
eonverge at C3. C3 splits into tvvo aetive pieees: C3a and C3b, vvhieh enhanee inflammation 
and aet as opsonins. In eertain target eells (mostly baeteria), C3b also aetivates other 
eomplement proteins that ean form a membrane attaek complex (MAC). 


gure 21.6 outlines the three pathways by which eomple- 
ment ean be aetivated. 

■ The elassieal pathway involves antibodies , water-soluble pro- 
tein molecules that the adaptive immune system produces to 
fight oíf foreign invaders. When antibodies bind to patho- 
gens, they ean also bind eomplement eomponents. This dou- 
ble binding, ealled eomplement fixation, is the first step in this 
eomplement aetivation pathway. (We deseribe this in more 
detail on p. 782.) 

■ The leetin pathway involves leetins , water-soluble protein 
molecules that the innate immune system produces to ree- 
ognize foreign invaders. When leetins bind speeifie sugars 
on the surface of mieroorganisms, they ean then bind and 
aetivate eomplement. 


■ The alternative pathway is triggered when spontaneously 
aetivated C3 and other eomplement faetors interaet on the 
surface of mieroorganisms. These mieroorganisms laek the 
eomplement aetivation inhibitors our own eells have. 

Like the blood elotting easeade, eomplement aetivation by 
any of these pathways involves a easeade in which proteins are 
aetivated in an orderly sequence—eaeh step eatalyzing the next. 
The three pathways eonverge at C3, which eleaves into C3a and 
C3b. This event initiates a eommon terminal pathway that en- 
hanees inflammation, promotes phagoeytosis, and ean cause 
eell lysis. 

Cell lysis begins when C3b binds to the target eells sur- 
faee and triggers the insertion of a group of eomplement pro- 
teins ealled MAC (membrane attaek complex) into the eells 
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membrane. MAC forms and stabilizes a hole in the membrane 
that allows a massive influx of water, lysing the target eell. 

The C3b molecules that eoat the mieroorganism provide 
“handles” that reeeptors on maerophages and neutrophils ean 
adhere to, allowing them to engulf the partiele more rapidly. As 
noted earlier, this proeess is ealled opsonization. C3a and other 
eleavage products formed during eomplement fixation amplify 
the inflammatory response by stimulating mast eells and ba- 
sophils to release histamine and by attraeting neutrophils and 
other inflammatory eells to the area. 


Fever 

✓ Explain how fever helps proteet the body. 


Inflammation is a loealized response to infeetion, but some- 
times the body s response to the invasion of mieroorganisms is 
more widespread. Fever, or abnormally high body temperature, 
is a systemie response to invading mieroorganisms. 

Fever is an adaptive response that seems to benefit the body. 
When leukocytes and maerophages are exposed to foreign sub- 
stanees in the body, they release ehemieals ealled pyrogens 
(pyro = fire). These pyrogens aet on the bodys thermostat— 
a cluster of neurons in the hypothalamus—raising the bodys 
temperature above normal [37°C (98.6°F)]. 

Fever causes the liver and spleen to sequester iron and zine, 
making them less available to support baeterial growth. Addi- 
tionally, fever inereases the metabolie rate of tissue eells in gen- 
eral, speeding up repair proeesses. 



Check Your Understanding 


3. What is opsonization and how does it help phagoeytes? Give 
an example of a molecule that aets as an opsonin. 

4. llnder what circumstances might NK eells kill our own eells? 

5. What are the eardinal signs of inflammation and what causes 
them? 

_ For ansvvers, see Appendix H. 


PART 2 

Adaptive Defenses 

Most of us would find it wonderfully eonvenient if we could 
walk into a single elothing store and buy a eomplete wardrobe— 
hat to shoes—that fits perfeetly regardless of any speeial figure 
problems. We know that such a serviee would be next to impos- 
sible to find. And yet, we take for granted our adaptive immune 
system, the body s built-in speeifie defensive system that stalks 
and eliminates with nearly equal preeision almost any type of 
pathogen that intmdes into the body. 

When it operates effeetively, the adaptive immune system 
proteets us from a wide variety of infectious agents, as well as 
from abnormal body eells. When it fails, or is disabled, dev- 
astating diseases such as eaneer and AIDS result. The aetivity 
of the adaptive immune system tremendously amplifies the in- 
flammatory response and is responsible for most eomplement 
aetivation. 


At first glanee, the adaptive system seems to have a major 
shorteoming. Unlike the innate system, which is always ready 
and able to reaet, the adaptive system must “meet” or be primed 
by an initial exposure to a speeifie foreign substance (antigen). 
Only then ean it proteet the body against that substance, and 
this priming takes precious time. 

Experiments in the late 1800s revealed the basis of this speeifie 
immunity. Researehers demonstrated that animals surviving a se- 
rious baeterial infeetion have proteetive faetors (the proteins we 
now eall antibodies) in their blood that defend against future at- 
taeks by the same pathogen. Furthermore, researehers found that 
if antibody-eontaining semm from the surviving animals was in- 
jeeted into animals that had not been exposed to the pathogen, 
the injeeted animals would also be proteeted. These landmark 
experiments were exciting because they revealed three important 
aspeets of the adaptive immune response: 

■ It is speeifie. It reeognizes and targets particular pathogens or 
foreign substances that initiate the imimme response. 

■ It is systemie. Immunity is not restrieted to the initial infee- 
tion site. 

■ It has "memory." After an initial exposure, it reeognizes and 
mounts even stronger attaeks on previously encountered 
pathogens. 


At first antibodies were thought to be the sole artillery of the 
adaptive immune system. Then, in the mid-1900s researehers dis- 
eovered that injeeting antibody-eontaining semm did not always 
proteet the reeipient from diseases the semm donor had survived. 
In such eases, however, injeeting the donor s lymphoeytes did pro- 
vide immunity. As the pieees fell into plaee, researehers reeognized 
two separate but overlapping arms of adaptive immunity, eaeh us- 
ing a variety of attaek meehanisms that vary with the intmder. 

Humoral immunity (hu'mor-ul), also ealled antibody- 
mediated immunity, is provided by antibodies present in the body s 
“humors,” or fluids (blood, lymph, ete). Though they are produced 
by lymphoeytes, antibodies circulate freely in the blood and lymph, 
where they bind primarily to extracellular targets—baeteria, bae- 
terial toxins, and free vimses—inaetivating them temporarily and 
marking them for destmetion by phagoeytes or eomplement. 

When lymphoeytes themselves rather than antibodies defend 
the body, the immunity is ealled cellular or eell-mediated immu- 
nity because living eells provide the proteetion. Cellular immunity 
also has eelMar targets—vims-infeeted or parasite-infeeted tissue 
eells, eaneer eells, and eells of foreign grafts. The lymphoeytes aet 
against such targets either direetly , by killing the infeeted eells, or 
indireetly , by releasing ehemieals that enhanee the inflammatory 
response or aetivate other lymphoeytes or maerophages. 

Before we deseribe the humoral and cellular responses, lets 
first eonsider the antigens that trigger the aetivity of the remark- 
able eells involved in adaptive immunity. 


r 


21 


L 


Antigens 

✓ Define antigen and deseribe how antigens affeet the 
adaptive defenses. 

✓ Define eomplete antigen, hapten, and antigenie determinant. 
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Antibody A 



Antibody C 


Antigenie determinants 





Figure 21 Most antigens have several different antigenie 
determinants. Antibodies (and related reeeptors on lymphoeytes) bind 
to small areas on the antigen surface ealled antigenie determinants. 

In this example, three different types of antibodies reaet with different 
antigenie determinants on the same antigen molecule. 


Antigens (an'tì-jenz) are substances that ean mobilize the 
adaptive defenses and provoke an immune response. They are 
the ultimate targets of all adaptive immune responses. (. Antigen 
is a eontraetion of “anfibodygenerating”—the result of mobiliz- 
ing one braneh of adaptive immunity.) Most antigens are large, 
complex molecules (both natural and synthetie) that are not 
normally present in the body. Consequently, as far as our im- 
mune system is eoneerned, they are intmders, or nonself. 

Gomplete Antigens and Haptens 

Antigens ean be eomplete or ineomplete. Complete antigens 
have two important functional properties: 

■ Immunogenicity, which is the ability to stimulate speeifie 
lymphoeytes to proliferate (multiply). 

■ Reaetivity, which is the ability to reaet with the aetivated 
lymphoeytes and the antibodies released by immunogenic 
reaetions. 


Antigenie Determinants 

The ability of a molecule to aet as an antigen depends on both its 
size and its complexity. Only eertain parts of the antigen, ealled 
antigenie determinants, are immunogenic. Free antibodies or 
lymphoeyte reeeptors bind to these antigenie determinants in 
much the same manner that an enzyme binds to a substrate. 

Most naturally occurring antigens have a variety of antigenie 
determinants on their surfaces, some more potent than oth- 
ers in provoking an immune response gure 21. 1 . Different 
lymphoeytes “reeognize” different antigenie determinants, so 
a single antigen may mobilize several lymphoeyte populations 
and stimulate formation of many kinds of antibodies. 

Large proteins have hundreds of ehemieally different antigenie 
determinants, which accounts for their high immunogenicity 
and reaetivity. However, large simple molecules such as plasties, 
which have many identieal, regularly repeating units (and so are 
not ehemieally complex), have little or no immunogenicity. Such 
substances are used to make artifieial implants because the sub- 
stanees are not seen as foreign and rejeeted by the body. 

Self-Antigens: MHC Proteins 

A huge variety of protein molecules dot the external surfaces of 
all our eells. Assuming your immune system has been properly 
“programmed,” your self-antigens are not foreign or antigenie 
to you, but they are strongly antigenie to other individuals. (This 
is the basis of transfusion reaetions and graft rejeetion.) 

Among the eell surface proteins that identify a eell as self is 
a group of glyeoproteins ealled MHC proteins. Genes of the 
major histoeompatibility complex (MHC) eode for these pro- 
teins. Because millions of eombinations of these genes are possi- 
ble, it is unlikely that any two people except identieal twins have 
the same MHC proteins. Eaeh MHC protein has a deep groove 
that holds a peptide, either a self-antigen or a foreign antigen. 
As we will deseribe shortly, T lymphoeytes ean only bind anti- 
gens that are presented (displayed to them) on MHC proteins. 



An almost limitless variety of foreign molecules ean aet 
as eomplete antigens, including virtually all foreign proteins, 
many large polysaeeharides, and some lipids and nucleic aeids. 
Of these, proteins are the strongest antigens. Pollen grains and 
mieroorganisms—such as baeteria, firngi, and vims partieles— 
are all immunogenic because their surfaces bear many different 
foreign macromolecules. 

As a rule, small molecules—such as peptides, nucleotides, and 
many hormones—are not immunogenic. But if they link up with 
the body s own proteins, the adaptive immune system may reeog- 
nize the eombination as foreign and mount an attaek that is harm- 
fiil rather than proteetive. (We deseribe these reaetions, ealled 
hypersensitivities , later in the ehapter.) In such eases, the trouble- 
some small molecule is ealled a hapten (hap'ten; haptein — grasp) 
or ineomplete antigen. Unless attaehed to protein earriers, hap- 
tens have reaetivity but not immunogenicity. Besides eertain dmgs 
(particularly penieillin), ehemieals that aet as haptens are found in 
poison ivy, animal dander, detergents, eosmeties, and a number of 
eommon household and industrial products. 



Check Your Understanding 


6. Name three key eharaeteristies of adaptive immunity. 

7. What is the differenee between a eomplete antigen and a 
hapten? 

8. What marks a eell as "self" as opposed to "nonself"? 

_ For ansvvers, see Appendix H. 


Cells of the Adaptive lmmune 
System: An Overview 

Compare and eontrast the origin, maturation proeess, and 
general function of B and T lymphoeytes. 

Define immunocompetence and self-toleranee, and 
deseribe their development in B and T lymphoeytes. 

Name several antigen-presenting eells and deseribe their 
roles in adaptive defenses. 
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Adaptive defenses 




Humoral immunity 
Cellular immunity 



Primary lymphoid organs 

(red bone marrovv and thymus) 

Seeondary lymphoid organs 

(lymph nodes, spleen, ete.) 



© Origin 

• Both B and T lymphoeyte precursors originate in 
red bone marrovv. 


© Maturation 


Lymphoeyte precursors destined to beeome T eells 
migrate (in blood) to the thymus and mature there. 
B eells mature in the bone marrovv. 

During maturation lymphoeytes develop 
immunocompetence and self-toleranee. 


© Seeding seeondary lymphoid organs and circulation 


lmmunocompetent but still naive lymphoeytes leave 
the thymus and bone marrovv. 

"seed" the seeondary lymphoid organs and circulate 



through blood and lymph. 


Antigen encounter and aetivation 

VVhen a lymphoeyte's antigen reeeptors bind its 
antigen, that lymphoeyte ean be aetivated. 




Proliferation and differentiation 

Àetivated lymphoeytes proliferate (multiply) and 
then differentiate into effeetor eells and memory 
eells. 

Memory eells and effeetor T eells circulate 
continuously in the blood and lymph and 
throughout the seeondary lymphoid organs. 


21 


gure 21.8 Lymphoeyte development, maturation # and aetivation. 




The adaptive immune system involves three emeial types of 
eells: two distinet populations of lymphoeytes, plus antigen- 
presenting eells ( APCs ). 

■ B lymphoeytes (B eells) oversee humoral immunity. 

■ T lymphoeytes (T eells) are non-antibody-producing lym- 
phoeytes that constitute the cellular arm of adaptive immunity. 

■ APCs do not respond to speeifie antigens as lymphoeytes do. 
Instead, they play essential auxiliary roles. 

Lymphoeytes 

Despite their differenees, B and T lymphoeytes share a eommon 
pattern of development and eommon steps in their life eyeles. 
Let s take a look. 


Lymphoeyte Development, Matiiration, 
and Aetivation 

The development, maturation, and aetivation of B and T eells 
share the five general steps shown in Figure 21.8. 

Origin (Figure 21.8 T ) Like all blood eells, lymphoeytes orig- 
inate in red bone marrow from hematopoietie stem eells. 

Maturation (Figure 21.8 (2 ) Lymphoeytes are C educated” (go 
through a rigorous seleetion proeess) as they mature. The aim of 
this education is twofold: 

■ lmmunocompetence. Eaeh lymphoeyte must beeome able 
(eompetent) to reeognize its one speeifie antigen by binding 
to it. This ability is ealled immimoeompetenee. When B or T 
eells beeome immunocompetent, they display a unique type 
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1. Positive Seleetion 


T eells must reeognize self major histoeompatibility proteins (self-MHC) 


Antigen- 
presenting 
thymie eell 


Developing 

Teell 




-ri 


n i 

1 

3 } 




\ 


Self-MHC 


X 




Self-antigen 


T eell reeeptor 


Failure to reeognize self- 
MHC results in apoptosis 
(death by eell suicide). 



Reeognizing self-MHC 
results in survival. 
Survivors proeeed 
to negative seleetion. 


2. Negative Seleetion 


T eells must not reeognize self-antigens 




Reeognizing self-antigen 
results in apoptosis. This 
eliminates self-reaetive 
T eells that could cause 
autoimmune diseases. 


Failure to reeognize (bind 
tightly to) self-antigen 
results in survival and 
continued maturation. 


gure 21.9 T eell education in the thymus. 


of reeeptor on their surface. These reeeptors (some 10 5 per 
eell) enable the lymphoeyte to reeognize and bind a speeifie 
antigen. Onee these reeeptors appear, the lymphoeyte is eom- 
mitted to reaet to one (and only one) distinet antigenie deter- 
minant because all of its antigen reeeptors are the same. The 
reeeptors on B eells are in faet membrane-bound antibodies. 
The reeeptors on T eells are not antibodies but are products of 
the same gene superfamily and have similar fimetions. 

■ Self-toleranee. Eaeh lymphoeyte must be relatively unre- 
sponsive to self-antigens so that it does not attaek the body s 
own eells. This is ealled self-toleranee. 

B and T eells acquire immunocompetence and self-toleranee in 

different parts of the body. T eells undergo this two- to three-day 


maturation proeess in the thymus. B eells beeome immuno- 
eompetent and self-tolerant in the bone marrow. The lymphoid 
organs where the lymphoeytes beeome immunocompetent— 
thymus and bone marrow—are ealled primary lymphoid 
organs. All other lymphoid organs are referred to as seeondary 
lymphoid organs. 

The seleetion proeess (education) that lymphoeytes undergo 
is best understood in T eells, so we will explore it first. T eell edu- 
eation eonsists of positive and negative seleetion gure 21.9' , 
both of which occur in the thymus. 

1. Positive seleetion is the first of two tests a developing T 
lymphoeyte must pass. It ensures that only T eells that are 
able to reeognize self-MHC proteins survive. Remember 
that T eells eannot bind antigens unless the antigens are 
presented on self-MHC proteins. T eells that are unable to 
reeognize self-MHC are eliminated by apoptosis. 

2. Negative seleetion, the seeond test, ensures that T eells do 
not reeognize self-antigens displayed on self-MHC. If they 
do, they are eliminated by apoptosis. Negative seleetion 
is the basis for imimmologie self-toleranee, making sure 
that T eells don t attaek the body s own eells, which would 
cause autoimmune disorders. 

This education of T eells is expensive indeed—only about 2% of 
T eells survive it and continue to beeome successful immuno- 
eompetent, self-tolerant T eells. 

Less is known about the faetors that eontrol B eell matura- 
tion, but a similar seleetion proeess is thought to occur in the 
bone marrow. B eells that successfully make antigen reeeptors 
are positively seleeted and those whose antigen reeeptors are 
self-reaetive are eliminated (elonal deletion). However, seleetion 
is not perfeet for either B or T eells—some self-reaetive lym- 
phoeytes survive. 

Seeding Seeondary Lymphoid Organs and Circulation (Fig- 
ure 21.8 (3)J imimmoeompetent B and T eells that have not 
yet been exposed to antigen are ealled naive. Naive B eells and 
T eells are exported from the primary lymphoid organs to seed 
(eolonize) the seeondary lymphoid organs—lymph nodes, 
spleen, and so on—where they are likely to encounter antigens. 

Lymphoeytes, espeeially the T eells (which account for 65-85% 
of bloodborne lymphoeytes), circulate continuously throughout 
the body. Circulating greatly inereases a lymphoeytes ehanee of 
eoming into eontaet with antigens loeated in difierent parts of the 
body, as well as with huge numbers of maerophages and other 
lymphoeytes. Lor example, a T eell circulates through lymph and 
blood and baek to a lymph node about onee a day. Although lym- 
phoeyte circulation appears to be random, lymphoeyte movement 
into the tissues is highly speeifie, regulated by homing signals 
(CAMs) displayed on vascular endothelial eells. 

Antigen Encounter and Aetivation (Figure 21.8 (T)J The first 
encounter between an immunocompetent but naive lymphoeyte 
and an invading antigen usually takes plaee in a lymph node or 
the spleen, but it may happen in any seeondary lymphoid organ. 
Immune eells in lymph nodes are in a strategie position to en- 
counter a large variety of antigens because lymphatie eapillaries 
piek up proteins and pathogens from nearly all body tissues. 
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When an antigen binds to the particular lymphoeyte that 
has a reeeptor for it, the antigen seleets that lymphoeyte for fur- 
ther development. This is ealled elonal seleetion. If the proper 
signals (which we deseribe later) are present, the seleeted lym- 
phoeyte will aetivate to eomplete its differentiation. 

Proliferation and Differentiation (Figure 21.8 (5^J Onee ae- 
tivated, the lymphoeyte rapidly proliferates to form an army of 
eells all exactly like itself and bearing the same antigen-speeifie 
reeeptors. This army of identieal eells, all deseended from the 
same aneestor eell, is ealled a elone. 

Most members of the elone beeome effeetor eells, the eells 
that actually do the work of fighting infeetion. A few members 
of the elone beeome memory eells that are able to respond 
quickly after any subsequent encounter with the same antigen. 
B and T memory eells and effeetor T eells circulate throughout 
the body on continuous patrol. 

Generation of Antigen Reeeptor Diversity 
in Lymphoeytes 

We know that lymphoeytes beeome immunocompetent before 
meeting the antigens they may later attaek. Our genes, not an- 
tigens we encounter, determine which speeifie foreign substances 
our immune system will be able to reeognize and resist. In other 
words, the immune eell reeeptors represent our genetieally ae- 
quired knowledge of the mierobes that are likely to be in our 
environment. An antigen simply determines which existing T 
or B eells will proliferate and mount the attaek against it. 

Only some of the antigens our lymphoeytes are programmed 
to resist will ever invade our bodies. Consequently, only some 
members of our army of immunocompetent eells are mobilized 
in our lifetime. The others are forever idle. 

Our lymphoeytes make up to a billion different types of anti- 
gen reeeptors. These reeeptors, like all other proteins, are speei- 
fied by genes, so you might think that an individual must have 
billions of genes. Not so; eaeh body eell only eontains about 
25,000 genes that eode for all the proteins the eell must make. 

How ean a limited mimber of genes generate a seemingly lim- 
itless number of different antigen reeeptors? Molecular genetie 
studies have shown that the genes that dietate the structure of 
eaeh antigen reeeptor are not present as such in lymphoeyte stem 
eells. Instead of a eomplete set of “antigen reeeptor genes,” stem 
eells eontain a few hundred genetie bits and pieees that ean be 
thought of as a “Lego set” for antigen reeeptor genes. As eaeh 
lymphoeyte beeomes immunocompetent, these gene segments 
are shuffled and eombined in different ways, a proeess ealled 
somatie reeombination. The information of the newly assembled 
genes is then expressed as the surface reeeptors of B and T eells 
and as the antibodies later released by the B eells “offspring.” 


Antigen-Presenting Cells (APCs) 

Antigen-presenting eells (APCs) engulf antigens and then 
present fragments of them, like signal flags, on their own sur- 
faees where T eells ean reeognize them. Naive T eells ean only 
be aetivated by antigens that are presented to them on MHC 
proteins by APCs. In other words, APCs present antigens to the 



Figure 21.10 Dendritie eell. Seanning eleetron mierograph (1050x). 


eells that will deal with the antigens. The major types of eells aet- 
ing as APCs are dendritie eells , maerophages , and B lymphoeytes. 


Dendritie Cells 


Dendritie eells are found at the bodys frontiers (skin, for ex- 
ample) where they aet as mobile sentinels. With their long, 
wispy extensions, dendritie eells are very effieient antigen eateh- 
ers Figure 21.10 . Onee they have internalized antigens by 
phagoeytosis, they enter nearby lymphaties to get to a lymph 
node where they will present the antigens to T eells. 

Migration of dendritie eells to seeondary lymphoid organs 
is now reeognized as the most important way of ensuring that 
lymphoeytes encounter invading antigens. Indeed, dendritie 
eells are the most effeetive antigen presenter known—its their 
only job. This early alert spares the body a good deal of tissue 
damage that might otherwise occur. 

Dendritie eells are one of the key links between innate and 
adaptive immunity. They initiate adaptive immune responses 
tailored to the type of pathogen they have encountered. 

Maerophages 

Maerophages are widely distributed throughout the lymphoid 
organs and eonneetive tissues. Although maerophages, like den- 
dritie eells, ean aetivate naive T eells, maerophages often present 
antigens to T eells for another reason—to be aetivated them- 
selves. Certain effeetor T eells release ehemieals that prod mae- 
rophages to beeome aetivated maerophages , tme “killers” that 
are insatiable phagoeytes and seerete baeterieidal ehemieals. 
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B Lymphoeytes 

Unlike dendritie eells and maerophages, B eells do not aetivate 
naive T eells. Instead, they present antigens to a eertain kind of 
T eell (ealled a helper T eell) in order to obtain “help” in their 
own aetivation. We will discuss this more on p. 787. 
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Memory 
B eells 


gure 21.11 eional seleetion of a B eell. 




CheckYour LJnderstanding 

9. What event (or observation) signals that a B or T eell has 
aehieved immunocompetence? 

10. Which of the follovving T eells would survive education in 
the thymus? (a) one that reeognizes neither MHC nor self- 
antigen, (b) one that reeognizes both MHC and self-antigen, 
(e) one that reeognizes MHC but not self-antigen, (d) one 
that reeognizes self-antigen but not MHC. 

11. Name three different APCs. Which is most important for T 
lymphoeyte aetivation? 

12. In elonal seleetion, "who" does the seleeting? What is being 
seleeted? 


For ansvvers, see Appendix Fi 


In siimmary, the two-fìsted adaptive immune system uses 
lymphoeytes, APCs, and speeifie molecules to identify and de- 
stroy all substances—both living and nonliving—that are in 


the body but not reeognized as self. The systems response to 
such threats depends on the ability of its eells to (1) reeognize 
antigens by binding to them and (2) communicate with one 
another so that the whole system mounts a response speeifie 
to those antigens. As you will see, interaetions between various 
lymphoeytes, and between lymphoeytes and APCs, underlie 
virtually all phases of the adaptive immune response. 

Table 21.3 outlines major similarities and differenees be- 
tween B and T lymphoeytes. This will help orient you as you 
delve into the details of humoral and cellular immunity. 

Hiimoral Immiine Response 

Define humoral immunity. 

s Deseribe the proeess of elonal seleetion of a B eell. 

✓ Recount the roles of plasma eells and memory eells in 
humoral immunity. 
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Table 21.3 

Overvievv of B and T Lymphoeytes 


B LYMPHOCYTES 

T LYMPHOCYTES 

Type of immune 

Humoral 

Cellular 

response 

Antibody 

Yes 

No 

seeretion 

Primary targets 

Extracellular patho- 
gens (e.g., baeteria, 
fungi, parasites, some 
viruses in extracellular 
fluid) 

lntracellular 
pathogens (e.g., virus- 
infeeted eells) and 
eaneer eells 

Site of origin 

Red bone marrow 

Red bone marrow 

Site of 

Red bone marrow 

Thymus 

maturation 

Effeetor eells 

Plasma eells 

Cytotoxic T (T c ) eells 
Helper T (T H ) eells 
Regulatory T (T Reg ) 
eells 

Memory eell 

Yes 

Yes 

formation 


Primary immune 
response to antigen 
A occurs after a delay. 


Seeondary immune response to 

antigen A is faster and larger; primary 
immune response to antigen B is 
similar to that for antigen A. 



First exposure Seeond exposure to antigen A; 
to antigen A first exposure to antigen B 


Time (days) 


Now that you understand the eommon steps in lymphoeyte 
maturation and aetivation, let s examine how this basie pattern 
applies to B lymphoeytes. When a B eell encounters its antigen, 
that antigen provokes the humoral immune response , in which 
antibodies speeifk for that antigen are made. 

Aetivation and Differentiation of B Cells 

An immunocompetent but naive B lymphoeyte is aetivated 
when matehing antigens bind to its surface reeeptors and eross- 
link adjaeent reeeptors together. Antigen binding is quickly 
followed by reeeptor-mediated endoeytosis of the eross-linked 
antigen-reeeptor complexes. As we deseribed previously, this is 
ealled elonal seleetion and is followed by proliferation and dif- 
ferentiation into effeetor eells Figure 21.11]. (As we will see 
shortly, interaetions with T eells are usually required to help B 
eells aehieve full aetivation.) 

Most eells of the elone differentiate into plasma eells, the 
antibody-seereting effeetor eells of the humoral response. 
Plasma eells develop the elaborate internal maehinery (largely 
rough endoplasmie reticulum) needed to seerete antibodies at 
the unbelievable rate of about 2000 molecules per seeond. Eaeh 
plasma eell functions at this breakneek paee for 4 to 5 days and 
then dies. The seereted antibodies, eaeh with the same antigen- 
binding properties as the reeeptor molecules on the surface of 
the parent B eell, circulate in the blood or lymph. There they 
bind to free antigens and mark them for destmetion by other 
innate or adaptive meehanisms. 

Clone eells that do not beeome plasma eells beeome long- 
lived memory eells. They ean mount an almost immediate hu- 
moral response if they encounter the same antigen again in the 
future (Figure 21.11, bottom). 


Figure 21.12 Primary and seeondary humoral responses. The 

primary response to antigen A generates memory eells that give rise 
to the enhaneed seeondary response to antigen A. The response to 
antigen B is independent of the response to antigen A. 


immiinologieal Memory 


The cellular proliferation and differentiation we have just de- 
seribed constitute the primary immune response, which 
occurs on first exposure to a particular antigen. The primary re- 
sponse typieally has a lag period of 3 to 6 days after the antigen 
encounter. This lag period mirrors the time required for the few 
B eells speeifie for that antigen to proliferate (about 12 genera- 
tions) and for their offspring to differentiate into plasma eells. 
After the mobilization period, plasma antibody levels rise, reaeh 
peak levels in about 10 days, and then deeline Figure 21.12' . 

If (and when) someone is reexposed to the same antigen, 
whether its the seeond or twenty-second time, a seeondary 
immune response occurs. Seeondary immune responses are 
faster, more prolonged, and more effeetive, because the immune 
system has already been primed to the antigen, and sensitized 
memory eells are already “on alert.” These memory eells provide 
what is eommonly ealled immunological memory. 

Within hours after reeognizing the “old enemy” antigen, a 
new army of plasma eells is being generated. Within 2 to 3 days 
the antibody eoneentration in the plasma, ealled the antibody 
titer , rises steeply to reaeh much higher levels than in the primary 
response. Seeondary response antibodies not only bind with 
greater affinity (more tightly), but their blood levels remain high 
for weeks to months. (When the appropriate ehemieal signals are 
present, plasma eells ean keep fimetioning for much longer than 
the 4 to 5 days seen in primary responses.) Memory eells persist 
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gure 21.13 Aetive and passive humoral immunity. Aetive 
immunity establishes immunological memory; passive immunity 
never does. 


for long periods in humans and many retain their eapaeity to 
produce powerful seeondary humoral responses for life. 

The same general events occur in the eelhilar immune re- 
sponse: A primary response sets up a pool of effeetor eells (in 
this ease, T eells) and generates memory eells that ean then 
mount seeondary responses. 


Aetive and Passive Humoral Imirmnity 




21 




s Compare and eontrast aetive and passive humoral 
immunity. 

When your B eells encounter antigens and produce antibodies 
against them, you are exhibiting aetive humoral immunity. Ae- 
tive immunity is acquired in two ways Figure 21.13 . It is (1) 
natmally acquired when you get a baeterial or viral infeetion, 
during which time you may develop symptoms of the disease 
and suffer a little (or a lot), and (2) artifieially acquired when 
you reeeive vaeeines. Indeed, onee researehers realized that 
seeondary responses are so much more vigorous than primary 
responses, the raee was on to develop vaeeines to “prime” the im- 
mune response by providing a first encounter with the antigen. 

Most vaeeines eontain pathogens that are dead or attenuated 
(living, but extremely weakened), or their eomponents. Vae- 
eines provide two benefits: 

■ They spare us most of the symptoms and diseomfort of the dis- 
ease that would otherwise occur during the primary response. 

■ Their weakened antigens provide fimetional antigenie deter- 
minants that are both immunogenic and reaetive. 


Vaeeine booster shots , which may intensify the immune re- 
sponse at later encounters with the same antigen, are also available. 

Vaeeines have wiped out smallpox and have substantially 
lessened the illness caused by such former ehildhood killers as 
whooping cough, polio, and measles. Although vaeeines have 


dramatieally reduced hepatitis B, tetamis, influenza, and pneu- 
monia in adults, immunization of adults in the U.S. has a much 
lower priority than that of ehildren. As a result more than 65,000 
Amerieans die eaeh year from vaeeine-preventable infeetions. 

Conventional vaeeines have shorteomings. In extremely rare 
eases, vaeeines have caused the very disease they are trying to 
prevent because the attenuated virus wasn t weakened enough. 
In some individuals, eontaminating proteins (for example, egg 
albumin) cause allergie responses to the vaeeine. The new “na- 
ked DNA” antiviral vaeeines, blasted into the skin with a gene 
gun, and edible vaeeines taken orally appear to circumvent these 
problems, but are not always effeetive. 

Passive humoral immunity differs from aetive immunity, both 
in the antibody source and in the degree of proteetion it provides 
(Figure 21.13). Instead of being made by your plasma eells, ready- 
made antibodies are introduced into your body. As a result, your 
B eells are not ehallenged by antigens, immunological memory 
does not occur, and the proteetion provided by the cc borrowed” 
antibodies ends when they naturally degrade in the body. 

Passive immunity is eonferred natmally on a fetus or infant 
when the mothers antibodies eross the plaeenta or are ingested 
with the mother s milk. For several months after birth, the baby 
is proteeted from all the antigens to which the mother has been 
exposed. 

Passive imimmity ean also be eonferred artifieially by admin- 
istering exogenous antibodies (from outside your own body) as 
gamma globulin , harvested from the plasma of an immune do- 
nor. Exogenous antibodies are used to prevent hepatitis A and 
treat poisonous snake bites (antivenom), botulism, rabies, and 
tetamis (antitoxin) because these rapidly fatal diseases would 
kill a person before aetive immunity could be established. The 
donated antibodies provide immediate proteetion, but their ef- 
feet is short-lived (two to three weeks). 



Check Your IJnderstanding 


13. Why is the seeondary response to an antigen so much faster 
than the primary response? 

14. How do vaeeines proteet against eommon ehildhood illnesses 
such as ehieken pox, measles, and mumps? 

_ For ansvvers, see Appendix H. 


Antibodies 

Deseribe the structure of an antibody monomer, and name 
the five elasses of antibodies. 

Explain the function(s) of antibodies and deseribe elinieal 
uses of monoelonal antibodies. 

Antibodies, also ealled immunoglobulins (Igs) (im"u-no-globTi- 
linz), constitute the gamma globulin part of blood proteins. As we 
mentioned earlier, antibodies are proteins seereted in response to 
an antigen by effeetor B eells ealled plasma eells, and the antibod- 
ies bind speeifieally with that antigen. They are formed in response 
to an ineredible number of different antigens. 

Despite their variety, all antibodies ean be grouped into one 
of five Ig elasses, eaeh slightly different in structure and function. 
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<X> Disulfide bond 





Figure 21.14 Antibody structure. (a) 

Sehematie antibody structure (based on 
IgG) eonsists of four polypeptides—tvvo 
short light ehains and tvvo long heavy ehains 
joined together by disulfide bonds (S-S). 


Eaeh ehain has a V (variable) region (vvhieh 
differs in antibodies from different eells) and 
a C (eonstant) region (essentially identieal in 
different antibodies of the same elass). 


Together, the variable regions form the 
antigen-binding sites—tvvo per antibody 
monomer. (b) Computer-generated image of 
antibody structure. 


Before seeing how these Ig elasses differ from one another, lets 
look at how all antibodies are alike. 


circulate in blood while others are found primarily in body se- 
eretions, some eross the plaeental barrier, and so on. 


Basie Antibody Structure 

Regardless of its elass, eaeh antibody eonsists of four looping 
polypeptide ehains linked together by disulfide (sulfur-to-sulfur) 
bonds. The four ehains eombined form a molecule, ealled an 
antibody monomer (mon'o-mer), with two identieal halves. The 
molecule as a whole is T or Y shaped Figure 21.14 . 

Two of the ehains, ealled the heavy (H) ehains, are identieal to 
eaeh other (blue ehains in Figure 21.14a). The other two ehains, 
ealled the light (L) ehains (pink), are also identieal to eaeh other, 
but they are only about half as long as eaeh H ehain. The heavy 
ehains have a flexible hinge region at their approximate “middles.” 
The “loops” on eaeh ehain are ereated by disulfide bonds that cause 
the intervening parts of the polypeptide ehains to loop out. 

Eaeh ehain forming an antibody has a variable (V) region at 
one end and a eonstant (C) region at the other end. Antibodies 
responding to different antigens have very different V regions, 
but their C regions are the same (or nearly so) in all antibodies of 
a given elass. In eaeh arm of the monomer, the V regions of the 
heavy and light ehains eombine to form an antigen-binding site 
shaped to “fit” a speeifie antigenie determinant. Consequently, 
eaeh antibody monomer has two such antigen-binding regions. 

The C regions that form the stem of the antibody monomer 
determine the antibody elass and serve eommon fimetions in 
all antibodies: These are the effeetor regions of the antibody that 
dietate (1) the eells and ehemieals of the body the antibody ean 
bind to, and (2) how the antibody elass fimetions to eliminate 
antigens. For example, some antibodies fix eomplement, some 


Antibody Classes 

The five major immunoglobulin elasses are designated IgM, 
IgA, IgD, IgG, and IgE, on the basis of the C regions in their 
heavy ehains. (Remember the name MADGE to reeall the five 
Ig types.) 

The antibodies of eaeh elass have different eharaeteristies, bio- 
logieal roles, and loeations in the body, as shown in Table 21.4. 
IgM in plasma is huge eompared to the other antibodies. It is eon- 
stmeted from five Y-shaped units, or monomers , linked together 
to form a pentamer (penta = five). IgA occurs in both monomer 
and dimer (two linked monomers) forms. IgD, IgG, and IgE are 
monomers and have the same basie Y-shaped structure. 

A single B eell ean switch from making one elass of antibody 
to another, thereby producing two or more different antibody 
elasses having the same antigen speeifieity. For example, the first 
antibody released in the primary response is IgM, and then later 
plasma eells begin to seerete IgG. During seeondary responses, 
almost all of the Ig protein is IgG. 
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Antibody Targets and Functions 

Though antibodies themselves eannot destroy antigens, they ean 
inaetivate antigens and tag them for destmetion ;Figure 21.15^ . 
The eommon event in all antibody-antigen interaetions is forma- 
tion of antigen-antibody (or immune) complexes. Defensive 
meehanisms used by antibodies include neutralization, agglutina- 
tion, preeipitation, and eomplement fixation, with the first two 
most important. 
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gure 21.1 Meehanisms of antibody aetion. Antibodies aet against free viruses, red 
blood eell antigens, baeterial toxins, intaet baeteria, fungi, and parasitie vvorms. 


Neutralization Neutralization, the simplest defensive meeha- 
nism, occurs when antibodies bloek speeifie sites on virnses or 
baeterial exotoxins (toxic ehemieals seereted by baeteria). As a re- 
sult, the virus or exotoxin eannot bind to reeeptors on tissue eells. 
Phagoeytes eventually destroy the antigen-antibody complexes. 

Aggiutination Because antibodies have more than one 
antigen-binding site, they ean bind to the same determinant 
on more than one antigen at a time. Consequently, antigen- 
antibody complexes ean be eross-linked into large lattiees. 
When cell-bound antigens are eross-linked, the proeess causes 
clumping, or agglutination, of the foreign eells. IgM, with 10 
antigen-binding sites, is an espeeially potent agglutinating agent 
(see Table 21.4). Reeall from Chapter 17 that agglutination oe- 
curs when mismatehed blood is transfused (the foreign red 
blood eells clump) and is the basis of tests used for blood typing. 

Preeipitation In preeipitation, soluble molecules (instead of 
eells) are eross-linked into large complexes that settle out of 


solution. Like agglutinated baeteria, preeipitated antigen mole- 
cules are much easier for phagoeytes to capture and engulf than 
are freely moving antigens. 

eomplement Fixation and Aetivation Complement fixation and 
aetivation is the ehief antibody defense used against eelhilar anti- 
gens, such as baeteria or mismatehed red blood eells. When several 
antibodies bind elose together on the same eell, the eomplement- 
binding sites on their stem regions align. This triggers eomplement 
fixation into the antigenie eells surface, followed by eell lysis. 

Additionally, as we deseribed earlier, molecules released dur- 
ing eomplement aetivation tremendously amplify the inflam- 
matory response and promote phagoeytosis via opsonization. 
This sets into motion a positive feedbaek eyele that enlists more 
and more defensive elements. 

A quick and dirty way to remember how antibodies work is 
to remember they have a PLAN of aetion—preeipitation, lysis 
(by eomplement), agglutination, and neutralization. 
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Table 21.4 lmmunoglobulin eiasses* 



IgM (pentamer) 



IgA (dimer) 


IgD (monomer) 


IgG (monomer) 



IgE (monomer) 


■ The first immunoglobulin elass se- 
ereted by plasma eells during the 

primary response. (This faet is diag- 
nostieally useful because presenee 
of IgM in plasma usually indieates 
current infeetion by the pathogen 
elieiting IgM's formation.) 

Readily fixes and aetivates 
eomplement. 

Exists in monomer and pentamer 
(five united monomers) forms. 

The monomer serves as an antigen 
reeeptor on the B eell surface. 

The pentamer (illustrated) circulates 
in blood plasma. 

Numerous antigen-binding sites 
make it a potent agglutinating agent. 

The dimer (illustrated), referred to 
as seeretory IgA, is found in body 
seeretions such as saliva, svveat, in- 
testinal juice, and milk. 

Seeretory IgA helps stop pathogens 
from attaehing to epithelial eell sur- 
faees (including mucous membranes 
and the epidermis). 

The monomer exists in limited 
amounts in plasma. 

Found on the B eell surface. 

Functions as a B eell antigen reeep- 
tor (as does IgM). 


The most abundant antibody in 
plasma, accounting for 75-85% of 
circulating antibodies. 

The main antibody of both seeond- 
ary and late primary responses. 

Readily fixes and aetivates 
eomplement. 

Proteets against baeteria, viruses, and 
toxins circulating in blood and lymph. 

Crosses the plaeenta and eonfers 
passive immunity from the mother 
to the fetus. 

Stem end binds to mast eells or 
basophils. Antigen binding to its 
reeeptor end triggers these eells to 
release histamine and other ehemi- 
eals that mediate inflammation and 
an allergie reaetion. 


■ Seereted by plasma eells in skin, 
mucosae of the gastrointestinal and 
respiratory traets, and tonsils. 


■ Only traees of IgE are found in 
plasma. 


■ Levels rise during severe allergie at- 
taeks or ehronie parasitie infeetions 
of the gastrointestinal traet. 


Q 



Homeostatie imbalanee 21.2 


Aroimd the world, billions of people are infeeted by parasitie 
worms such as Asearis and Sehistosoma. These large pathogens 
are difhcult for our immune systems to deal with and “PLAN” 
is insufficient. 

Nevertheless, antibodies still play a eritieal role in the worms 
destmetion. IgE antibodies eoat the surface of parasitie worms, 
marking them for destmetion by eosinophils. When eosinophils 
encounter antibody-eoated worms, they bind to the exposed 
stems of the IgE. This triggers the eosinophils to release the toxic 
eontents of their large eytoplasmie granules all over their prey. + 


Monoelonal Antibodies as Clinical 
and ResearehTools 


In addition to their role in providing passive immunity, eom- 
mereially prepared antibodies are essential in researeh, elinieal 
testing, and treatment. Monoelonal antibodies, produced by 
deseendants of a single eell, are pure antibody preparations spe- 
eifie for a single antigenie determinant. 

Monoelonal antibodies are made by fusing tumor eells and 
B lymphoeytes. The resulting eell hybrids, ealled hybridomas 
(hi"brì-do'mahz), have desirable traits of both parent eells. Like 
tumor eells, hybridomas proliferate indefinitely in culture, and 
like B eells, they produce a single type of antibody. 

Monoelonal antibodies are used to diagnose pregnaney, 
eertain sexually transmitted diseases, some eaneers, hepatitis, 
and rabies. These monoelonal antibody tests are more speeifie, 
sensitive, and rapid than other tests. Monoelonal antibodies are 
also used to treat leukemia and lymphomas, eaneers that are 
present in the circulation and so are easily aeeessible to injeeted 
antibodies. They also serve as “guided missiles” to deliver anti- 
eaneer dmgs only to cancerous tissue, and to treat eertain au- 
toimmune diseases (as we will discuss later). 

Summary of Antibody Aetions 

At the most basie level, the raee between antibody production 
and pathogen multiplication determines whether or not you be- 
eome siek. Remember, however, that forming antigen-antibody 
complexes does not destroy the antigens. Instead, it prepares 
them for destmetion by innate defenses. 

Antibodies produced by plasma eells are in many ways the 
simplest, most versatile ammunition of the immune response. 
Nevertheless, they provide only partial immunity. Their prey are 
extracellular pathogens —intaet baeteria, free vimses, and soluble 
foreign molecules—in other words, pathogens that are free in body 
seeretions and tissue fluid and circulating in blood and lymph. 
Antibodies never invade solid tissues unless a lesion is present. 

Until reeently, the aeeepted dogma was that antibodies only 
aet extracellularly. Remarkably, we now know that antibodies 
ean aet intracellularly as well. Antibodies that are attaehed to a 
vims before that vims infeets a eell ean “hang on” to the vims as 
it slips inside the eell. There, the antibodies aetivate intracellular 
meehanisms that destroy the vims. Even so, antibodies are not 
very effeetive against pathogens like vimses and tuberculosis 
baeilli that quickly slip inside body eells to multiply there. For 


r 
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*Key eharaeteristies are listed in blue type. 
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these intracellular pathogens, the eelkilar arm of adaptive im- 
munity eomes into play. 



Check Your IJnderstanding 


15. Which elass of antibody is most abundant in blood? Which is 
seereted first in a primary immune response? Which is most 
abundant in seeretions? 

16. List four ways in which antibodies ean bring about 
destruction of a pathogen. 

_ For ansvvers, see Appendix H. 


Cellular Imrrmne Response 

Define cellular ìmmunity and deseribe the proeess of 
aetivation and elonal seleetion of T eells. 

Deseribe the roles of different types of T eells. 




21 




T eells are best suited for eell-to-eell interaetions. When anti- 
gens are presented to a T lymphoeyte, they provoke a cellular 
immune response. Some aetivated T eells direetly kill body eells 
infeeted by vimses or baeteria; abnormal or cancerous body 
eells; and eells of infused or transplanted foreign tissues. Other 
T eells release ehemieals that regulate the immune response. 

The T eells that mediate cellular immunity are a diverse lot, 
much more complex than B eells in both elassifieation and func- 
tion. There are two major populations of T eells based on which 
of two structurally related eell differentiation glyeoproteins — 
CD4 or CD8—a mature T eell displays. The CD4 and CD8 
glyeoproteins are surface reeeptors but are distinet from the 
T eell antigen reeeptors. They play a role in interaetions between 
T eells and other eells. 

When aetivated, CD4 and CD8 eells differentiate into the three 
major kinds of effeetor eells of cellular immunity Figure 21.16 . 

■ CD4 eells usually beeome helper T eells ( T H ) that help aeti- 
vate B eells, other T eells, and maerophages, and direet the 
adaptive immune response. 

■ CD8 eells beeome cytotoxic T eells (T c ) that destroy any eells 
in the body that harbor anything foreign. 

■ Some CD4 eells beeome regulatory T eells ( T Reg ), which mod- 
erate the immune response. 


Aetivated CD4 and CD8 eells ean also beeome memory 
T eells. We will provide details of T eells roles shortly. Note 
that the names of the effeetor eells (helper, cytotoxic, regulatory) 
are reserved for aetivated T eells, while naive T eells are simply 
ealled CD4 or CD8 eells. 


MHC Proteins and Antigen Presentatíon 

Unlike B eells and antibodies, T eells eannot a see” either free 
antigens or antigens that are in their natural state. T eells ean 
reeognize and respond only to proeessed fragments of protein 
antigens displayed on surfaces of body eells (APCs and others). 

Antigen presentation is neeessary for both aetivation of naive 
T eells and the normal fiinetioning of effeetor T eells. The eell 


surface proteins on which antigens are presented to T eells are 
ealled MHC proteins. As you might guess, we need to understand 
how these eritieal players in antigen presentation work before we 
ean understand how T eells work. There are two elasses of MHC 
proteins—elass IMHC proteins and elass IIMHC proteins. 

Class I MHC Proteins 

Class I MHC proteins are found on the surface of virtually 
all body eells except red blood eells. Eaeh elass I MHC protein 
has a groove that holds an antigen—a protein fragment 8 or 9 
amino aeids long. 

Where do these protein fragments eome from? All antigens 
displayed on elass I MHC proteins are endogenous antigens— 
fragments of proteins synthesized inside the eell In a healthy 
eell, endogenous antigens are all self-antigens, generally bits of 
digested cellular proteins. But in an infeeted eell, endogenous 
antigens may also inehide fragments of foreign antigens that are 
synthesized within the infeeted eell but “belong to” the patho- 
gen. In a cancerous eell, endogenous antigens ean include al- 
tered eaneer proteins. 

As proteases (protein-digesting enzymes) degrade eytoplas- 
mie proteins as part of their natural reeyeling, a random sample 
of the resulting protein fragments is transported into the endo- 
plasmie reticulum. Inside the ER, these peptides bind to newly 
synthesized elass I MHC proteins. Transport vesieles then ex- 
port the “loaded” elass IMHC proteins to the eell surface. 

Class I MHC proteins are emeial for both aetivating naive 
CD8 eells and “informing” cytotoxic T eells that infeetkms mi- 
eroorganisms are hiding in body eells. Without them, virases 
and eertain baeteria that thrive in eells could multiply unno- 
tieed and unbothered. 

When elass I MHC proteins display fragments of our own 
proteins (self-antigens), cytotoxic T eells passing by get the sig- 
nal “Leave this eell alone, its ours!” and ignore them. But when 
elass I MHC proteins display foreign antigens, they “sound a 
molecular alarm” that signals invasion. In this signaling, the 
elass I MHC proteins both (1) aet as antigen holders and (2) 
form the self part of the self-nonself complexes that cytotoxic T 
eells must reeognize in order to kill. 

Class II MHC Proteins 

Unlike the widely distributed elass I MHC proteins, the seeond 
type of MHC protein is less widespread. Class II MHC pro- 
teins are typieally found only on the smfaees ofeells thatpresent 
antigens to CD4 eells : dendritie eells, maerophages, and B eells. 
Like their elass I MHC counterparts, elass II MHC proteins are 
synthesized at the ER and bind to peptide fragments. However, 
the peptides they bind are longer (14-17 amino aeids) and eome 
from exogenous antigens —antigens from outside the eell that 
have been engulfed by the eell that displays them. 

The engulfed exogenous antigens are broken down by pro- 
teases inside a phagolysosome. Vesieles from the ER eontaining 
elass II MHC proteins fuse with the phagolysosome, and the 
antigen fragments bind to the groove of the MHC proteins. The 
vesiele is then exported to the eell surface, where the elass II 
MHC protein displays its prize for CD4 eells to reeognize. 
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Blood plasma 


Figure 21.16 Major types of T eells. 




Class II MHC proteins loaded with foreign antigens gener- 
ally signal CD4 eells that help is required. It s as if they are show- 
ing the CD4 eells what the foreign invader cc looks like.” Most 
often, the result is that the CD4 eell will help mount a defense 
against the antigen. 

MHC Restrietion 

CD4 and CD8 eells have diíferent requirements for the elass of 
MHC protein that presents antigens to them. This eonstraint, 
acquired during the education proeess in the thymus, is ealled 
MHC restrietion. 


■ CD4 eells (that usually beeome helper T eells) are restrieted 
to binding antigens only on elass II MHC proteins, which 
are typieally displayed on antigen-presenting eell (APC) 
surfaces. 

■ CD8 eells (that beeome cytotoxic T eells) are aetivated by an- 
tigen fragments on elass I MHC proteins, also found on the 
surface of APCs. Onee aetivated, cytotoxic T eells look for 
this same antigen presented on elass IMHC proteins loeated 
on any eell in the body. 

The MHC restrietion for CD8 eells presents a problem for 
APCs. As a rule, elass I MHC proteins display endogenous 
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Table 21.5 Role of MHC Proteins in Cellular lmmunity 


CLASS 1 

CLASS II 


Displayed by 


All nucleated eells 


Class I MHC Antigen 



APCs (dendritie eells, 
maerophages, B eells) 



Antigen 

Class II 
MHC 


Reeognized by 


Naive CD 8 eells and 
cytotoxic T eells 



CD8 protein 
T eell reeeptor 


Naive CD4 eells and 
helper T eells 



CD4 protein 
T eell reeeptor 


Foreign antigens on 
MHC are 


Foreign antigens on 
MHC send this message 


Endogenous (intracellular 
pathogens or proteins 
made by cancerous eells)* 

If displayed by an APC: "I belong to self, but have 
captured a foreign invader. This is what it looks like. Kill 
any eell that displays it." 

If displayed by any other body eell: "I belong to self, 
but have been invaded or beeome cancerous. Kill me!" 


Exogenous (phagoeytized 
extracellular pathogens) 


"I belong to self, but have captured a foreign invader. 
This is what it looks like. Help me mount a defense 
against it." 




*Dendritic eells are an exception because they ean present another eell's endogenous antigens on their elass I MHC proteins to aetivate CD8 eells. 


antigens—those that originate inside that eell. How do APCs ob- 
tain endogenous antigens from another eell and display them on 
elass I MHCs in order to aetivate CD8 eells? Dendritie eells have 
the speeial ability to do this. They obtain other eells endogenous 
antigens by either engulfing dying vims-infeeted or tumor eells, 
or by importing antigens through temporary gap junctions with 
infeeted eells. Dendritie eells then display these antigens on both 

I elass I and elass II MHCs. 

Table 21.5 summarizes the roles that MHC proteins play in 
T eell aetivation and fimetion. 



Aetivation and Differentiation of T Cells 


I T eell aetivation is actually a two-step proeess involving antigen 
binding and co-stimulation. Both steps usually occur on the 
surface of the same APC, and both steps are required for elonal 
seleetion. 


Antigen Binding 

This first step mostly entails what we have already deseribed: T 
eell antigen reeeptors (TCRs) bind to an antigen-MHC complex 
on the surface of an APC. Like B eell reeeptors, a TCR has vari- 
able and eonstant regions, but it eonsists of two rather than four 
polypeptide ehains. 

As you will reeall from our discussion of T eell education, 
TCRs must perform double reeognition : They must reeognize 
both MHC (self-antigen) and the foreign antigen it displays. 
The TCR that reeognizes (by binding) the nonself-self complex 
triggers multiple intracellular signaling pathways that lead to T 
eell aetivation. Other T eell surface proteins also play a role in 


T eell aetivation. For example, the CD4 and CD8 proteins that 
distinguish the two major T eell groups are adhesion molecules 
that help bind eells together during antigen reeognition. 

Co-stimulation 

The story isn t over yet because step 2 eomes next. Onee antigen 
binding has occurred, the T eell is stimulated but is still “idling,” 
like a ear that has been started but not put into gear. Before an 
“idling” T eell ean be c put into gear” and proliferate to form a 
elone, it must also bind one or more co-stimulatory signals 
(Figure 21.17 @). These signals are yet other molecules that 
appear on the surfaces of APCs in tissues that are damaged or 
invaded by pathogens. For example, dendritie eells and mae- 
rophages sprout B7 proteins on their surfaces when the innate 
defenses are being mobilized. The binding of B7 to its speeifie 
reeeptor on a T eell is a emeial co-stimulatory signal. 

What happens if a T eell binds to antigen without reeeiving 
the co-stimulatory signal? In this ease, the T eell beeomes toler- 
ant to that antigen and is unable to divide or seerete eytokines. 
This state of unresponsiveness to antigen is ealled anergy. 

The two-signal sequence aets as a kind of cc double-handshake,” 
a safeguard to prevent the immune system from destroying 
healthy eells. Without this safeguard, elass IMHC proteins, which 
occur on all body eells and which display peptides from within 
the eell, could aetivate cytotoxic T eells, leading to widespread 
damage of healthy eells. 

The important thing to understand is that along with antigen 
binding, co-stimulation is emeial for T eell aetivation. To go 
baek to our idling ear analogy, the ear will not go anyvvhere un- 
less it has both (1) been started and (2) put into gear. 











ehapter 21 The Immiine System: Innate and Adaptive Body Defenses 


787 


Proliferation and Differentiation 

Onee aetivated by antigen binding and co-stimulation, a T eell 
enlarges and proliferates. Oytokines (which we will discuss next) 
released by APCs or T eells themselves promote this proeess. 
Cells of the resulting elone differentiate to perform functions 
aeeording to their T eell elass. This primary response peaks 
within a week of exposure to the triggering antigen. A period 
of apoptosis then occurs between days 7 and 30, during which 
time the aetivated T eells die off and effeetor aetivity wanes as 
the amount of antigen deelines. 

This wholesale disposal of T eells has a eritieal proteetive 
role because aetivated T eells are potential hazards. They pro- 
duce huge amounts of inflammatory eytokines, which eontrib- 
ute to infeetion-driven hyperplasia, and may promote eaneer 
in ehronieally inflamed tissue. Additionally, onee theyve done 
their job, the effeetor T eells are unnecessary and thus dis- 
posable. Thousands of elone members beeome memory T 
eells, persisting perhaps for life, and providing a reservoir of 
T eells that ean later mediate seeondary responses to the same 
antigen. 


Cytokines 

The ehemieal messengers involved in cellular immunity belong to 
a group of molecules ealled eytokines, a general term for media- 
tors that influence eell development, differentiation, and responses 
in the immune system. Cytokines inehide interferons and inter- 
leukins. In Fable 21.6 on p. 790, you ean see some of the large 
variety of these molecules and their myriad effeets on target eells. 

Cytokines include hormone-like or paraerine-like glyeopro- 
teins released by a variety of eells. As we mentioned previously, 
some eytokines promote T eell proliferation. For example, inter- 
leukin 1 (IL-1), released by maerophages, stimulates T eells to 
liberate interleukin 2 (IL-2) and to synthesize more IL-2 reeep- 
tors. IL-2 is a key growth faetor. Aeting on the eells that release it 
(as well as other T eells), it sets up a positive feedbaek eyele that 
encourages aetivated T eells to divide even more rapidly. 

Additionally, all aetivated T eells seerete one or more other 
eytokines that help amplify and regulate a variety of adaptive 
and innate immune responses. Some (such as tumor neerosis 
faetor ) are eell toxins. Others (e.g., gamma interferon) enhanee 
the killing power of maerophages; and still others are inflamma- 
tory ehemieals. 




Check Your Llnderstanding 

17. Class II MHC proteins display vvhat kind of antigens? VVhat 
elass of T eell reeognizes antigens bound to elass II MHC? 
VVhat types of eells display these proteins? 

18. VVhat happens vvhen antigens are bound in the absenee of 
co-stimulators? 


For ansvvers, see Appendix Fi 


Roles of Speeifìe EffeetorT Cells 

✓ Deseribe T eell functions in the body. 


Adaptive defenses 



Cellular 




Class II MHC 
protein 
displaying 
proeessed 
baeterial antigen 

Co-stimulatory 

molecule 

CD4 protein 

Teell 
reeeptor 
(TCR) 


CD4 T eell 


Co-stimulatory 

molecules 


Baeterial antigen 


Clone 

formation 


(T) Antigen 
presentation 

Dendritie eell engulfs 
an exogenous 
antigen, proeesses it, 
and displays its 
fragments on elass II 
MHC protein. 


(2) Double reeognition 

@ CD4 T eell 
reeognizes antigen- 
MHC complex. Both 
TCR and CD4 proteins 
bind to antigen-MHC 
complex. 

(5b) Co-stimulatory 
molecules bind 
together. 






(3) Clone formation 

Aetivated CD4 T eells 
proliferate (elone), 
and beeome memory 
and effeetor eells. 


Helper 
T eells 


gure 21.1 eional seleetion of T eells involves simultane- 
ous reeognition of self and nonself. Aetivation of CD4 eells is 
shovvn here, but aetivation of CD8 eells is similar. 


Aetivated T eells (like B eells) ean beeome either effeetor eells or 
memory eells. Next, we will focus on the three major groups of 
effeetor T eells: helper, cytotoxic, and regulatory T eells. (There 
are other minor “oddball” populations, but we will not eonsider 
them here). 

HelperT Cells 

Helper T (T H ) eells play a eentral role in adaptive immunity, 
mobilizing both its humoral and cellular arms Figure 21.18] . 
Onee aetivated by APC presentation of antigen, T H eells help 
aetivate B and T eells, and induce B and T eells to proliferate. In 
faet, without the help of “direetor” T H eells, there is no adaptive 
immune response. Their eytokines furnish the ehemieal help 
needed to reemit other immune eells. 



Aetivation of B Cells Helper T eells interaet direetly with B 
eells displaying antigen fragments bound to elass II MHC re- 
eeptors (Figure 21.18a). Whenever a T H eell binds to a B eell, 
the T h eell releases eytokines that prod the B eells into dividing 
more rapidly. Then, like the boss of an assembly line, the T H 
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Adaptive defenses 


-v 

Humoral immunity 

Cellular immunity 


(a) HelperT eells help in humoral immunity 


Helper T eell 




T eell reeeptor (TCR) 


Helper T eell 
CD4 protein 


MHC II protein- 

of B eell displaying 


proeessed antigen 


IL-4 and other 
eytokines 


B eell (being aetivated) 


( 5 )T h eell binds 
vvith the self-nonself 
complexes of a B eell 
that has encountered 
its antigen and is 
displaying it on 
MHC II on its surface. 


L£yT H eell releases 
interleukins as eo- 
stimulatory signals to 
eomplete B eell 
aetivation. 


(b) HelperT eells help in eelliilar immunity 


CD4 protein 

Class II MHC 
p rote i n 

APC (dendritie eell) 


HelperT eell 


Class 


MHC protein 



p rote i n 


CD8 T eell 
(beeomes T c eell 
after aetivation) 


®T h eell binds 
dendritie eell. 


C^)t h eell 

stimulates dendritie 
eell to express 
co-stimulatory 
molecules. 

(5) Dendritie eell 
ean now aetivate 
CD 8 eell with the 
help of interleukin 2 
seereted by T H eell. 


Figure 21.18 The eentral role of helper 
T eells in mobilizing both hmmoral and 
cellular immunity. (a) T H and B eells usually 
must interaet direetly for full B eell aetivation. 


(b) In response to T H eell binding, dendritie eells 
express co-stimulatory molecules required to 
aetivate CD8 T eells. (Some types of antigens 
induce these co-stimulatory molecules 


themselves, in which ease T H eell help may 
not be needed.) The T H eell also produces 
interleukin 2, which causes the CD8 eell to 
proliferate and differentiate into a T c eell. 


eell signals for antibody formation to begin. B eells continue to 
divide as long as T H stimulation continues. In this way, helper T 
eells help unleash the proteetive potential of B eells. 

B eells may be aetivated solely by binding to eertain anti- 
gens ealled T eell-independent antigens. However, T eell- 

I independent antigen responses tend to be weak and short-lived. 
Most antigens are T eell-dependent antigens that require T eell 
help to aetivate the B eells to which they bind. 



Aetivation of CD8 Cells Like B eells, CD8 eells usually require 
help from T H eells to aetivate into destmetive cytotoxic T eells. 
As shown in Figure 21.18b, T H eells cause dendritie eells to ex- 
press on their surfaces the co-stimulatory molecules required to 
aetivate CD8 eells. 


Amplifieation of Innate Defenses T H eells also amplify the 
responses of the innate immune system. For example, they aeti- 
vate maerophages to beeome more potent killers. The eytokines 
released by T H eells not only mobilize lymphoeytes and maero- 
phages but also attraet other types of white blood eells into the 
area and tremendously amplify innate defenses. As the released 
ehemieals summon more and more eells into the battle, the im- 
mune response gains momentum, and the sheer number of im- 
mune elements overwhelms the antigens. 


Subsets of T h Cells It is interesting, but not surprising, that 
diíferent subsets of helper T eells exist. The subset that develops 
during T H eell differentiation depends on the type of antigen 
and the site at which it is encountered as well as the eytokine 
exposure of the diíferentiating T H eell. 


■ T h 1 eells stimulate inflammation, aetivate maerophages, and 
promote diíferentiation of cytotoxic T eells. In other words, 
they mediate most aspeets of eelhilar immunity. 

■ T h 2 eells mainly defend against parasitie worms. They mo- 
bilize eosinophils to the battlefield and aetivate immune re- 
sponses that depend on B eells and antibody formation. They 
are also the eells that promote allergies. 

■ T h 17 eells link together adaptive and innate immunity by 
releasing IL-17, which promotes inflammatory responses 
against extracellular mierobes and may underlie most au- 
toimmune diseases. 

CytotoxicT Cells 

Cytotoxic T (T c ) eells (aetivated CD8 eells) are the only T 
eells that ean direetly attaek and kill other eells. T c eells roam 
the body, circulating in and out of the blood and lymph and 
through lymphoid organs in seareh of body eells displaying 
antigens that the T c eells reeognize. Their main targets are 
virus-infected eells, but they also attaek tissue eells infeeted 
by eertain intracellular baeteria or parasites, eaneer eells, and 
foreign eells introduced into the body by blood transfusions or 
organ transplants. 

Before the onslaught ean begin, the cytotoxic T eell must 
“doek” on the target eell by binding to a self-nonself complex. 
Remember, all body eells display elass I MHC antigens, so T c 
eells ean destroy all infeeted or abnormal body eells. The attaek 
on foreign human eells, such as those of a graft, is more difficult 
to explain because here all of the antigens are nonself. However, 
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perforin and 
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@ The T r detaehes target eell via the pores. 


and searehes for 
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aetivate enzymes that 
trigger apoptosis. 


(a) A meehanism of target eell killing by T c eells. 



Cytotoxic 

Teell 


Cancer eell 


(b) Seanning eleetron mierograph of a 
T c eell killing a eaneer eell (2100x) 


gure 21.19 CytotoxicT eells attaek infeeted and cancerous eells. MHC proteins and 
T eell reeeptors not shovvn. 


apparently the T c eells sometimes cc see” the foreign elass IMHC 
antigens as a eombination of self elass I MHC protein bound to 
foreign antigen. 

Onee cytotoxic T eells reeognize their targets, how do they 
deliver a lethal hit? There are two major meehanisms. One in- 
volves perforins and granzymes Figure 21.19' . The other 
involves binding to a speeifk membrane reeeptor on the target 
eell that stimulates the target eell to undergo apoptosis. 

NK eells, introduced earlier, use the same key meehanisms to 
kill their target eells. NK eells, however, do not look for foreign 
antigen displayed on elass I MHC proteins. Instead they seareh 
for other signs of abnormality, including the laek of elass IMHC 
or the presenee of antibodies eoating the target eell. Stressed 
eells also often express different surface markers (such as some 
belonging to a family ealled MIC), which ean aetivate NK eells. 
In short, NK eells stalk abnormal or foreign eells in the body 
that T c eells eant cc see.” 

NK eells and T c lymphoeytes roam the body, adhering to 
and crawling over the surfaces of other eells, examining them 
for markers they might reeognize, a proeess ealled immune 
surveillance. NK eells eheek to make sure eaeh eell has cc identity 


flags” (elass IMHC proteins inhibit NK eell attaek), whereas T c I 
eells eheek the cc identity flags” to see if they look the way they are 
supposed to (foreign antigens stinmlate T c eell attaek). 

RegulatoryT Cells 

While T h eells help aetivate adaptive immune responses, related 
T eells ealled regulatory T (T Reg ) eells dampen the immune re- 
sponse. They aet either by direet eontaet or by releasing inhibi- 
tory eytokines such as IL-10 and TGF-p. 

T Reg eells are important in preventing autoimmune reaetions 
because they suppress self-reaetive lymphoeytes in the periphery— 
that is, outside the lymphoid organs. T Reg eells and their subpopula- 
tions are currently hot researeh topies. For example, researehers 
hope to use them to induce toleranee to transplanted tissue and to 
lessen the severity of autoimmune diseases. 


In summary, eaeh type of T eell has unique roles to play in the 
immune response, yet is intimately intertwined with other im- 
mune eells and elements. Table 21. i on p. 792 summarizes the 
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Table21.6 Seleeted Cytokines 


CYTOKINE 


FUNCTION IN IMMUNE RESPONSE 


Interferons (IFNs) 

■ Alpha (a) and 
beta (p) 

■ Gamma ( 7 ) 


lnterleukins (ILs) 
■ IL-1 


IL-2 

IL-4 


IL-5 


IL-10 


IL-12 

IL-17 


Suppressor faetors 

Transforming growth 
faetor beta (TGF-p) 


Seereted by many eells. Have antiviral effeets; aetivate NK eells. 


Seereted by lymphoeytes. Aetivates maerophages; stimulates synthesis and expression of more elass I and II MHC 
proteins; promotes differentiation of T H eells into T H 1. 


Seereted by aetivated maerophages. Promotes inflammation and T eell aetivation; causes fever (aets as a pyrogen that 
resets the thermostat of the hypothalamus). 

Seereted by T H eells. Stimulates T and B eell proliferation, T Reg eell development, and NK eell aetivation. 

Seereted by some T H eells. Promotes differentiation to T H 2; promotes B eell aetivation; switches antibody production to 
IgE. 

Seereted by some T H eells and mast eells. Attraets and aetivates eosinophils; causes plasma eells to seerete IgA 
antibodies. 

Seereted by maerophages, T H , and T Reg eells. Inhibits maerophages and dendritie eells; turns down cellular and innate 
immune response. 

Seereted by dendritie eells and maerophages. Stimulates T c and NK eell aetivity; promotes T H 1 differentiation. 

Seereted byT H 17 eells. Important in innate and adaptive immunityand reemiting neutrophils. Involved in 
inflammation in many autoimmune diseases. 

A generie term for a number of eytokines that suppress the immune system, for example TGF-p and IL-10. 

A suppressor faetor similar to IL-10; stimulates T Reg and T H 17 eell development. 


Tumor neerosis faetors Produced by lymphoeytes and in large amounts by maerophages. Promote inflammation; enhanee phagoeyte 


(TNFs) 


chemotaxis and nonspeeifie killing; slow tumor growth by seleetively damaging tumor blood vessels; promote eell 
death by apoptosis. 



eells and moleeiiles of the adaptive immime response. gure 
21.20 gives an overview of the entire primary immune response, 
both innate and adaptive. The lesson to take away with you is 
that without helper T eells, there is no adaptive immune response 
because the helper eells direet or help eomplete the aetivation of 
both B eells and T eells. Their emeial role in immunity is pain- 
fully evident when they are destroyed, as in AIDS (see p. 793). 


I OrganTransplantsand Prevention 
of Rejeetion 

Deseribe the four varieties of grafts. 


indieate the tests ordered before an organ transplant is 
done, and methods used to prevent transplant rejeetion. 


Organ transplants, a viable treatment option for many patients 
with end-stage eardiae or renal disease, have been done with 
mixed success for over 50 years. Immune rejeetion presents a 
particular problem when the goal is to provide such patients 
with functional organs from a living or reeently deeeased donor. 
There are four varieties of grafts: 

■ Autografts are tissue grafts transplanted from one body site 
to another in the same person. 

■ Isografts are grafts donated to a patient by a genetieally iden- 
tieal individual, the only example being identieal twins. 


■ Allografts are grafts transplanted from individuals who are 
not genetieally identieal but belong to the same speeies. 

■ Xenografts are grafts takenfrom another animal speeies , such 
as transplanting a baboon heart into a human. 

Transplant success depends on the similarity of the tissues 
because NK eells, maerophages, antibodies, and espeeially T 
eells aet vigorously to destroy any foreign tissue. Autografts and 
isografts are the ideal donor tissues. Given an adequate blood 
supply and no infeetion, they are almost always successful be- 
cause the MHC proteins are identieal. 

Successful xenografts from genetieally engineered animals 
are still just a promise on the horizon. Consequently, the type 
most frequently used is also the most problematie: the allograft. 
The organ is usually obtained from a living human donor (in 
the ease of kidney, liver, or bone marrow) or harvested from a 
human donor who has just died (heart or lung). 

Before an allograft is attempted, the ABO and other blood 
group antigens of donor and reeipient must be determined, be- 
cause these antigens are also present on most body eells. Next, 
reeipient and donor tissues are typed to determine their MHC 
antigen mateh. MHC variation among human tissues is tremen- 
dous, so matehing all MHC antigens is impossible. In general, 
however, the eloser the mateh, the less likely is rejeetion. 

Following surgery the patient is treated with immunosup- 
pressive therapy. This involves drugs of the following eat- 
egories: (1) eortieosteroid drugs to suppress inflammation; 
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gure 21.20 Simplified siimmary of the primary immune response. Co-stimulation 
usually requires direet eell-eell interaetions; eytokines enhanee these and many other events. 
Although eomplement, NK eells, and phagoeytes are innate defenses, they are enlisted in the 
fight by eytokines. (For simplieity, only B eell reeeptors are illustrated.) 
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Table 21.7 Cells and Molecules of the Adaptive lmmune Response 


ELEMENT 


FUNCTION IN IMMUNE RESPONSE 


Cells 


B eell 


Plasma eell 


Helper T eell (T H ) 


Cytotoxic T eell (T c ) 


Lymphoeyte that matures in bone marrow. Induced to replieate by antigen binding, usually followed by helper T eell 
interaetions in lymphoid tissues. Its progeny (elone members) form plasma eells and memory eells. 

Antibody-producing "maehine"; produces huge numbers of antibodies (immunoglobulins) with the same antigen 
speeifieity. An effeetor B eell. 

An effeetor CD4 T eell eentral to both humoral and cellular immunity. It stimulates production of cytotoxic T eells and 
plasma eells to fight invaders, aetivates maerophages, and aets both direetly and indireetly by releasing eytokines. 
Three major subsets (T H 1, T H 2, and T H 17). 

An effeetor CD8 T eell. Aetivation usually requires helper T eell involvement. Its speeialty is killing virus-invaded body 
eells and eaneer eells; also involved in rejeetion of foreign tissue grafts. 

Regulatory T eell (T Reg ) Slows or stops aetivity of immune system. Important in eontrolling autoimmune diseases; several different populations 

exist. 

Deseendant of aetivated B eell or any elass of T eell; generated during initial immune response (primary response). 

May exist in body for years after, enabling it to respond quickly and effieiently to subsequent infeetions or encounters 
with same antigen. 

Any of several eell types (dendritie eell, maerophage, B eell) that engulfs and digests antigens that it encounters, 
then presents parts of them on its plasma membrane (bound to an MHC protein) for reeognition by T eells bearing 
reeeptors for the same antigen. This function, antigen presentation, is essential for aetivation of T eells and normal 
eell-mediated responses. Maerophages and dendritie eells also release ehemieals (eytokines) that aetivate many other 
immune eells. 

Molecules 


Memory eell 


Antigen-presenting 
eell (APC) 


Antigen 



Antibody 
(immunoglobulin 
or Ig) 

Perforins, granzymes 


Complement 


Cytokines 


Substance eapable of provoking an immune response. Typieally a large, complex molecule (e.g., protein or modified 
protein) not normally present in the body. 

Protein produced by B eell or by plasma eell. Antibodies produced by plasma eells are released into body fluids 
(blood, lymph, saliva, mucus, ete.), where they attaeh to antigens. This causes eomplement fixation, neutralization, 
preeipitation, or agglutination, which "marks" the antigens for destmetion by phagoeytes or eomplement. 

Released by T c eells. Perforins ereate large pores in the target eell's membrane, allowing entry of apoptosis-inducing 
granzymes. 

Group of bloodborne proteins aetivated after binding to antibody-eovered antigens or eertain molecules on the 
surface of mieroorganisms; enhanees inflammatory response and lyses some mieroorganisms. 


Small proteins that aet as ehemieal messengers between various parts of the immune system. 


See Table 21.6 



(2) antiproliferative drugs, and (3) immunosuppressant drugs. 
Many of these dmgs kill rapidly dividing eells (such as aetivated 
lymphoeytes), and all of them have severe side effeets. 

The major problem with immunosuppressive therapy is that 
the patienfs suppressed immune system eannot proteet the 
body against other foreign agents. As a result, overwhelming 
baeterial and viral infeetion remains the most frequent cause of 
death in transplant patients. The key to successful graft survival 
is to provide enough immunosuppression to prevent rejeetion 
but not enough to be toxic, and to use antibioties to keep in- 
feetions under eontrol. Even with the best eonditions, by ten 
years after reeeiving a transplant, roughly 50% of patients have 
rejeeted the donor organ. 

Many researeh projeets are seeking ways to induce toleranee. 
One approaeh is to ereate a ehimerie immune system (ehimer 
= monster) by temporarily suppressing the reeipienfs bone 
marrow and then dousing it with bone marrow from the same 
donor as the new organ in the hope that this eombined immune 
system will treat the transplanted organ as self. Another ap- 
proaeh tries to harness the body s own tolerance-inducing eells, 


the regulatory T eells, to suppress only those immune reaetions 
that lead to transplant rejeetion. 



Check Your IJnderstanding 


19. VVhieh type of T eell is the most important in both cellular 
and humoral immunity? VVhy? 

20. Deseribe the killing meehanism of cytotoxic T eells that 
involves perforins. 

21. VVhieh proteins must be earefully matehed before an organ 
transplant? 

_ For ansvvers, see Appendix H. 


Homeostatie imbalanees 
of lmmunity 

Give examples of immunodeficiency diseases and of 
hypersensitivity states. 

Cite faetors involved in autoimmune disease. 
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Certain circumstances ean cause the immune system to weaken, 
fail, or aet in a way that damages the body. Most such problems 
ean be elassified as immunodeficiencies, autoimmune diseases, 
or hypersensitivities. 

lmmunodefìciencies 

An immunodeficiency is a eongenital or acquired eondition 
that impairs the production or fimetion of immune eells or eer- 
tain molecules, such as eomplement or antibodies. 

The most devastating eongenital immimodefieieneies are a 
group of related disorders ealled severe eombined immunode- 
fieieney (SCID) syndromes, which result from various genetie 
defeets that produce a marked defieit of B and T eells. One SCID 
defeet, for example, results in a defeetive adenosine deaminase 
(.ADA ) enzyme. Without normal ADA aetivity, metabolites that 
are lethal to T eells accumulate in the body. 

Children aíflieted with SCID have little or no proteetion 
against disease-causing organisms of any type. Interventions 
must begin in the first months of life because minor infeetions 
easily shmgged off by most ehildren cause SCID vietims to be- 
eome deathly ill. IJntreated, this eondition is fatal, but successful 
transplants of matehed donor hematopoietie stem eells dramat- 
ieally improve survival rates. Genetie engineering techniques 
using vimses to earry eorreeted genes into the vietims own he- 
matopoietie stem eells ean also help. 

There are various acquired immunodeficiencies. For example, 
Hodgkins lymphoma , a eaneer of the B eells, ean lead to im- 
immodefieieney by depressing lymph node eells. Immunosup- 
pressive dmgs used in transplantation and eertain dmgs used to 
treat eaneer also suppress the immune system. 

HlVand AIDS 

The most devastating of the acquired immunodeficiencies is 
acquired immune defieieney syndrome (AIDS), which erip- 
ples the immune system by interfering with the aetivity of 
helper T eells. 

First identified in the United States in 1981 among homo- 
sexual men and intravenous drug users, AIDS is eharaeterized 
by severe weight loss, night sweats, swollen lymph nodes, and 
inereasingly frequent opportunistic infeetions, including a rare 
type of pneumonia ealled pneumocystis pneumonia , and the bi- 
zarre malignaney Kaposis sareoma , a eaneer of the blood vessels 
evideneed by purple skin lesions. The course of AIDS is often 
grim, finally ending in eomplete debilitation and death from 
eaneer or overwhelming infeetion. 

Biology of HIV AIDS is caused by the human imrmmodefi- 
eieney virus (HIV), a viras transmitted in body seeretions— 
espeeially blood, semen, and vaginal seeretions. HIV eommonly 
enters the body via blood transfiisions or blood-eontaminated 
needles and during sexual intercourse. It is also present in saliva 
and tears, and there are documented eases of transmission by oral 
sex. An infeeted mother ean also transmit the viras to her fetus. 

HIV destroys T H eells, depressing cellular immunity. Al- 
though B eells and T c eells initially mount a vigorous response 
to viral exposure, over time a profimnd defieit of B eell and T c 


eell fimetion develops. The whole immune system is turned 
topsy-turvy. 

The virus multiplies steadily in the lymph nodes throughout 
most of the asymptomatie period, which averages ten years in 
the absenee of treatment. Symptoms appear when the lymph 
nodes ean no longer eontain the viras and the immune system 
eollapses. The viras also invades the brain (which accounts for 
the dementia some AIDS patients develop). 

HIV targets CD4 eells via their CD4 surface proteins. Re- 
searehers have identified an HIV envelope glyeoprotein eom- 
plex (gpl20/gp41) that fits into the CD4 reeeptor like a plug fits 
into a soeket. Onee these and other proteins have eonneeted, the 
viras fuses with the target eell. 

Onee inside, HIV “sets up housekeeping,” using the viral 
enzyme reverse transeriptase to produce DNA from its (viral) 
RNA. This DNA eopy, now ealled a provims , inserts itself into 
the target eells DNA and direets the eell to erank out new eop- 
ies of viral RNA and proteins so that the viras ean multiply and 
infeet other eells. 

Although T h eells are the main HIV targets, other body eells 
displaying CD4 proteins (maerophages, monoeytes, and den- 
dritie eells) are also at risk. The HIV reverse transeriptase en- 
zyme is not very accurate and produces errors rather frequently, 
causing HIVs relatively high mutation rate and its ehanging 
resistanee to drags. 


Epidemiology The years sinee 1981 have witnessed a global 
AIDS epidemie. Currently, about 33 million people are living 
with HIV worldwide, almost 90% of them in the developing 
countries of Asia and sub-Saharan Afriea. Half of the vietims 
are women, indieating that in the hardest hit regions, most HIV 
transmission occurs via heterosexual eontaets. 

More than 1 million Amerieans are now infeeted with HIV. 
Of these, a quarter don t even know they are infeeted, either be- 
cause anti-HIV antibodies are not yet deteetable in their blood 
(this may take as long as six months after infeetion), or because 
they have not been tested. 

The “faee of AIDS” is ehanging too. Homosexual men still 
account for the bulk of eases transmitted by sexual eontaet in 
the U.S., but more and more heterosexuals are eontraeting this 
disease. Particularly disturbing is the number of diagnosed eases 
among teenagers and young adults—AIDS is the sixth leading 
killer of Amerieans ages 25 to 44. 
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Treatment and Prevention No cure for AIDS has yet been 
found. Fortunately, a number of antiviral drags are available, 
and these fall into four broad elasses. 


■ Fusion inhibitors prevent the viras from entering the eell in 
the first plaee. 

■ Integrase inhibitors bloek the viras from integrating its ge- 
netie information into the hosts DNA. 

■ Reverse transeriptase inhibitors and protease inhibitors inhibit 
important viral enzymes needed for viral replieation after the 
viras has entered the target eell. 

Combination therapy using several drags at onee delivers a 
one-two punch to the viras. It delays drag resistanee and causes 
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the viral load (amount of HIV vims per milliliter of blood) to 
plummet while boosting the number of T H eells. Sadly, even 
eombination dmg therapies fail as the vims beeomes resistant. 

For years, the long-term goal has been to develop a vaeeine to 
prevent HIV infeetion. Unfortunately, out of the numerous vae- 
eine trials to date, only one has had even modest success, and this 
goal remains a long way away. In the meantime, barrier methods 
such as latex eondoms remain the prevention method of ehoiee. 
For those women who eannot always insist on eondom use, a new 
antiretroviral vaginal gel ean reduce infeetion risk by about 50%. 


Approaehes still being developed include reestablishing self- 
toleranee by: 

■ Aetivating regulatory T eells 

■ Inducing self-toleranee using vaeeines 

■ Destroying self-reaetive immune eells by direeting antibod- 
ies against them 

The biggest ehallenge is seleetively bloeking autoimmune re- 
sponses without bloeking responses neeessary to eombat 
infeetion. 


Autoimmune Diseases 


Oeeasionally the immune system loses its ability to distinguish 
friend (self) from foe (foreign antigens). When this happens, 
the artillery of the immune system, like friendly fire, turns 
against itself. The body produces antibodies ( autoantibodies ) 
and cytotoxic T eells that destroy its own tissues. This puzzling 
phenomenon is ealled autoimmunity. If a disease state results, 
it is referred to as autoimmune disease. 

Some 5% of adults in North Ameriea—two-thirds of them 
women—are aíflieted with an autoimmune disease. You have al- 
ready encountered examples of autoimmune diseases in earlier 
ehapters, and you will encounter more later on. Some important 
autoimmune diseases are: 
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Rheumatoid arthritis , which systematieally destroys joints 
(see pp. 270-271) 

Myasthenia gravis , which impairs communication between 
nerves and skeletal muscles (see p. 286) 

Multiple selerosis , which destroys the myelin of the white 
matter of the brain and spinal eord (see pp. 405-406) 

Graves disease , which prompts the thyroid gland to produce 
excessive amounts of thyroxine (see p. 610) and causes the 
eyeballs to protrude more anteriorly 

Type 1 ( insulin-dependent) diabetes mellitus , which destroys 
panereatie beta eells, resulting in a defieit of insulin and in- 
ability to use earbohydrates (see p. 620) 

Systemie lupus erythematosus (SLE ), a systemie disease that 
particularly aífeets the kidneys, heart, lungs, and skin (see 
Related Clinical Terms, p. 800) 

Glomemlonephritis , which damages the kidneys filtration 
membrane and severely impairs renal fimetion (see p. 988) 


Treatment of Autoimmune Diseases 

The most widely used treatments for autoimmune eonditions sup- 
press the entire immune system—for example, anti-inflammatory 
dmgs such as eortieosteroids. Newer treatments seek to target spe- 
eifie aspeets of the immune response. Fortunately, the immune 
system offers many potential targets because it is so complex. Two 
widely used therapeutic approaehes involve: 

■ Bloeking the aetions of various eytokines using antibodies 
against them or their reeeptors 

■ Bloeking the co-stimulatory molecules required to aetivate 
effeetor eells 


Failiire of Self-Toleranee 

Every autoimmune disease represents a failure of self-toleranee. 
How does this happen? As you reeall, lymphoeytes undergo an 
extensive education in the bone marrow or thymus that weeds 
out self-reaetive eells. This weeding is thorough, but not too 
thorough, sinee there are pathogens that look somewhat like 
self. Weakly self-reaetive lymphoeytes that ean deteet these 
pathogens are allowed into the periphery, where they may cause 
autoimmune disease if they beeome aetivated. 

Reeall that aetivation of a T eell requires a co-stimulatory 
signal on an APC (see p. 786), and these co-stimulatory signals 
are only present if the APC has reeeived “danger” signals alert- 
ing it to damage or invasion. This is an important safety eheek 
that generally keeps both humoral and cellular immunity under 
eontrol. In addition, regulatory T (T Reg ) eells inhibit autoim- 
mune reaetions. 

Normally, these meehanisms are sufficient, but sometimes 
self-reaetive lymphoeytes slip out of eontrol. One of the follow- 
ing eonditions or events may trigger this: 

■ Foreign antigens resemble self-antigens. If the determinants 
on a self-antigen resemble those on a foreign antigen, anti- 
bodies made against the foreign antigen ean eross-reaet with 
the self-antigen. In the age-old disease rheumatic fever, for 
instanee, antibodies produced during a streptoeoeeal infee- 
tion reaet with heart antigens, causing lasting damage to the 
heart muscle and valves, as well as to joints and kidneys. 

■ New self-antigens appear. Self-proteins not previously ex- 
posed to the immune system may appear in the circulation. 
They may be generated by (1) gene mutations that cause new 
proteins to appear at the external eell surface, (2) ehanges in 
the structure of self-antigens as a result of hapten attaehment 
or infectious damage, or (3) novel self-antigens, normally 
hidden behind barriers such as the blood brain barrier, that 
are released by trauma. These newly generated proteins then 
beeome immune system targets. 

Hypersensitivities 

Hypersensitivities result when the immune system damages 
tissue as it fights off a pereeived threat (such as pollen or animal 
dander) that would otherwise be harmless to the body. People 
rarely die of hypersensitivities. They just make you miserable. 

The different types of hypersensitivity reaetions are distin- 
guished by (1) their time course, and (2) whether they involve 
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antibodies or T eells. Antibody-assoeiated reaetions cause im- 
mediate and subacute hypersensitivities. T eells cause delayed 

Immediate Hypersensitivities 

Immediate hypersensitivities, also ealled acute or type I hy- 
persensitivities, are simply what most of us would eall allergies 
(allo = altered; erg = reaetion). An allergen is an antigen that 
causes an allergie reaetion. Allergie reaetions begin within see- 
onds after eontaet with the allergen and last about half an hour. 

The initial meeting with an allergen produces no symptoms 
but it sensitizes the person. APCs digest the allergen and present 
its fragments to CD4 eells as usual. In susceptible individuals, 
an abnormally large number of these CD4 eells differentiate into 
IL-4-secreting T H 2 eells. IL-4 stimulates B eells to mature into 
IgE-seereting plasma eells, which spew out huge amounts of an- 
tibody speeifie for that allergen. When the IgE molecules attaeh 
to mast eells and basophils , sensitization is eomplete. 

Later encounters with the same allergen trigger an aller- 
gie reaetion, in which the allergen promptly binds and eross- 
links the IgE antibodies on the surfaces of the mast eells and 
basophils. This event induces an enzymatie easeade. Mast eells 
and basophils release a flood of histamine and other inflamma- 
tory ehemieals that together induce the inflammatory response 
typieal of allergy (Figure 21.21). 

Allergie reaetions may be loeal or systemie (bodywide). Mast 
eells are abundant in eonneetive tissues of the skin and beneath 
the mucosa of respiratory passages and the gastrointestinal traet, 
and these areas are eommon sites of loeal allergie reaetions. 

Histamine causes blood vessels to dilate and beeome leaky, 
and is largely to blame for the best reeognized symptoms of al- 
lergy: mnny nose, itehing reddened skin (hives), and watery eyes. 
When the allergen is inhaled, symptoms of asthma appear because 
smooth muscle in the walls of the bronehioles eontraets, eonstriet- 
ing those small passages and restrieting air flow. When the aller- 
gen is ingested in food or via dmgs, gastrointestinal diseomfort 
(eramping, vomiting, or diarrhea) occurs. Over-the-counter an- 
tiallergy dmgs eontain antihistamines that counteract these effeets. 

The systemie response known as anaphylaetie shoek is fairly 
rare. It typieally occurs when the allergen direetly enters the 
blood and circulates rapidly through the body—for example, a 
bee sting, spider bite, or injeetion of a foreign substance (such as 
penieillin or other dmgs that aet as haptens). 

The meehanism of anaphylaetie shoek is essentially the same 
as that of loeal responses, but when mast eells and basophils are 
enlisted throughout the body, the outcome is life threatening. 
The bronehioles eonstriet (and the tongue may swell), making 
it difficult to breathe, and the sudden vasodilation and fluid loss 
from the bloodstream may cause circulatory eollapse (hypoten- 
sive shoek) and death within minutes. Epinephrine is the dmg 
of ehoiee to reverse these histamine-mediated effeets. 
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(5) Antigen eombines 
with IgE attaehed 
to mast eells (and 
basophils), which triggers 
degranulation and release 
of histamine (and other 
ehemieals). 



* f * 
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Mast eell granules 
release eontents 
after antigen binds 
with IgE antibodies 


Histamine 


t 

® Histamine causes blood vessels to dilate and beeome leaky, 
which promotes edema; stimulates seeretion of large amounts 
of mucus; and causes smooth muscles to eontraet. (If respiratory 
system is site of antigen entry, asthma may ensue.) 


t 



Outpouring of fluid 
from eapillaries 



Release of mucus 



Oonstrietion of small 
respiratory passages 
(bronehioles) 


Subacute Hypersensitivities 

Like the immediate types, subacute hypersensitivities are 
caused by antibodies (IgG and IgM rather than IgE). However, 


gure 21.21 Meehanism of an acute allergie (immediate 
hypersensitivity) response. 
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their onset is slower (1-3 hours after antigen exposure) and the 
reaetion lasts longer (10-15 hours). 

Cytotoxic (type II) reaetions occur when antibodies bind to 
antigens on speeifie body eells and stimulate phagoeytosis and 
eomplement-mediated lysis of the cellular antigens. Cytotoxic 
hypersensitivity may occur after a patient has reeeived a trans- 
fusion of mismatehed blood and eomplement lyses the foreign 
red blood eells. 

Immune-complex (type III) hypersensitivities result when 
antigens are widely distributed through the body or blood and the 
huge number of insoluble antigen-antibody complexes formed 
eannot be eleared from a particular area. (This may refleet a per- 
sistent infeetion or an autoimmune disease.) An intense inflam- 
matory reaetion occurs, eomplete with eomplement-mediated 
eell lysis and eell killing by neutrophils that severely damages lo- 
eal tissues. Examples of type III hypersensitivity ar efarmers lung 
(induced by inhaling moldy hay) and the glomemlonephritis of 
systemie lupus erythematosus. 
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Delayed Hypersensitivities 

Delayed (type IV) hypersensitivity reaetions are caused by 
T eells and take longer to appear (1-3 days) than antibody- 
mediated hypersensitivity reaetions. Inflammation and tissue 
damage result from the aetion of eytokine-aetivated maero- 
phages, and sometimes cytotoxic T eells. 

The most familiar examples of delayed hypersensitivity reae- 
tions are those elassified as allergie eontaet dermatitis which 
follow skin eontaet with poison ivy, some metals (niekel in 
jewelry), and eertain eosmetie and deodorant ehemieals. These 
agents aet as haptens (see p. 774), and after they diffiise through 
the skin and attaeh to self-proteins, the imimme system per- 
eeives them as foreign. 

Skin tests for tuberculosis depend on a delayed hypersensi- 
tivity reaetion. When the tubercle antigens are introduced just 
under the skin, a small hard lesion forms that persists for days if 
the person has been sensitized to the antigen. 



Check Your LJnderstanding' 


22. What makes HIV particularly hard for the immune system to 
defeat? 

23. What event triggers the release of histamine from mast eells 
in an allergie response? 


For ansvvers, see Appendix H. 


Developmental Aspeets 
of the lmmune System 

Deseribe ehanges in immunity that occur with aging. 

Briefly deseribe the role of the nervous system in regulating 
the immune response. 


Stem eells of the immune system originate in the liver and spleen 
during weeks 1-9 of embryonie development. Later the bone 
marrow beeomes the predominant source of stem eells, and 
it persists in this role into adult life. As we have seen, the lym- 
phoeyte precursors develop self-toleranee and immunocompe- 
tenee in their “programming organs” (thymus and bone marrow) 
and then populate other lymphoid tissues. 

The newborns immune system depends primarily on an- 
tibodies, and henee on T H 2 lymphoeytes. The T H 1 system is 
educated and gets stronger as a result of encounters with 
mierobes—both harmful and harmless. If such exposure and 
education does not occur, immune balanee is upset and the T H 2 
system flourishes, causing the immune system to teeter toward 
allergies. Unhappily, the desire to keep our ehildren squeaky 
elean with antibioties that kill off both harmful and harmless 
baeteria may derail normal immune development. 

A wide variety of faetors outside the immune system influ- 
enee immune fimetion. For example: 

■ Nervous system. The study of psychoneuroimmunology—a 
brain-twisting term eoined to deseribe links between the brain 
and the irnimme system—helps explain how depression, emo- 
tional stress, and grief ean impair the immune response. 

■ Diet. Reeently, researehers have diseovered that vitamin D is 
required for aetivation of CD8 eells to beeome T c eells. This 
may explain the finding of a elinieal trial in which vitamin D 
supplements reduced the ineidenee of seasonal influenza in 
ehildren. On the other hand, vitamin D defieieney has been 
linked with autoimmune diseases such as multiple selerosis. 

The immune system normally serves us very well until late in 
life. Then its effieieney begins to wane, and its ability to fight in- 
feetion deelines. Old age is also aeeompanied by greater suscep- 
tibility to both immunodeficiency and autoimmune diseases. 
The greater ineidenee of eaneer in the elderly may also refleet 
the progressive failure of the immune system. We do not know 
why the immune system begins to fail, but we do know that the 
thymus begins to atrophy after puberty and the production of 
naive T and B eells deelines with age, possibly because progeni- 
tor eells reaeh the limits of their ability to divide. 



Our amazingly diverse adaptive defenses are regulated by eel- 
lular interaetions and a flood of ehemieals. T eells and antibodies 
make perfeet partners. Antibodies respond swiftly to toxins and 
molecules on the outer surfaces of foreign organisms, and T eells 
destroy foreign antigens hidden inside eells and our own eells that 
have beeome mutinous (eaneer eells). The innate immune sys- 
tem exhibits a different arsenal for body defense, an arsenal that 
is simpler perhaps and more easily understood. The innate and 
adaptive defenses are tightly interloeked, eaeh providing what the 
other eannot and amplifying eaeh other s effeets. 
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Chapter Summary 




For more ehapter study tools, go to the Study Area 
of MasteringA&P at www.masteringaandp.com. 

There you will find: 

■ interaetive Physiology ÌP 

■ A&PFIix A&PFIix 

■ Praetiee Anatomy Lab PÀL 


PEx 


■ Videos, Praetiee Quizzes and Tests, MP3 Tutor Sessions, 

Case Studies, and much more! 

part 1 Innate Defenses 

Surface Barriers: Skin and Mucosae (pp. 765-766) 

1. Skin and mucous membranes constitute the first line of defense. 
Tfieir role is to prevent pathogens from entering the body. 
Proteetive membranes line all body eavities and organs exposed 
to the exterior. 

2. Surface membranes provide meehanieal barriers to pathogens. 
Some have structural modifieations and produce seeretions 
that enhanee their defensive eífeets: The skins aeidity, lysozyme, 
mucus, keratin, and eiliated eells are examples. 

ÌP = IP Imrrmne System; Topie: Innate Host Defenses, pp. 3-5. 

Internal Innate Defenses: Cells and Chemicals 

(pp.766-773) 

1. The innate eelhilar and ehemieal defenses provide the bodys 
seeond line of defense. 

Phagoeytes (p. 766) 

2. Phagoeytes (maerophages, neutrophils, and the like) engulf and 
destroy pathogens that breaeh epithelial barriers. This proeess is 
faeilitated when opsonins (antibodies or eomplement to which 
the phagoeytes reeeptors ean bind) attaeh to the pathogens 
surface. The respiratory burst enhanees eell killing. 


Fever (p.773) 

8. Fever enhanees the body s fight against pathogens by inereasing 
metabolism, which speeds up defensive aetions and repair 
proeesses, and by prompting the liver and spleen to sequester iron 
and zine needed for baeterial multiplication. 

iP Imrrmne System; Topie: Innate Host Defenses, pp. 6-23. 

part 2 Adaptive Defenses 

1. The adaptive immune system reeognizes something as foreign 
and aets to immobilize, neutralize, or remove it. The adaptive 
immune response is antigen-speeifie, systemie, and has memory. 
It provides the body s third line of defense. 

ÌP lmmune System; Topie: lmmune System Overview f p. 7. 

Antigens (pp. 773-774) 

1. Antigens are substances eapable of generating an immune 
response. 

Complete Antigens and Haptens (p. 774) 

2. Complete antigens have both imimmogenieity and reaetivity. 
ineomplete antigens or haptens must eombine with a body 
protein before beeoming immunogenic. 

Antigenie Determinants (p. 774) 

3. Antigenie determinants are the portions of antigen molecules that 
are reeognized as foreign. Most antigens have many such sites. 

Self-Antigens: MHC Proteins (p. 774) 

4. Major histoeompatibility complex (MHC) proteins are 
membrane-bound glyeoproteins that mark our eells as “self.” 

ÌP lmmune System; Topie: lmmune System Overview, p. 8; 

Topie: Cellular lmmunity, pp. 5-8. 

Cells of the Adaptive lmmune System: 

An Overvievv (pp. 774-778) 



Natural Killer Cells (pp. 766-767) 

3. Natural killer (NK) eells are large granular lymphoeytes that aet 
nonspeeifieally to kill vims-infeeted and cancerous eells. 

Inflammation: Tissue Response to lnjury (pp. 767-771) 

4. The inflammatory response prevents the spread of harmfiil 
agents, disposes of pathogens and dead tissue eells, and promotes 
healing. Exudate forms; proteetive leukocytes enter the area; 
fibrin walls oíf the area; and tissue repair occurs. 

5. The eardinal signs of inflammation are swelling, redness, heat, 
and pain. These result from inflammatory ehemieals that induce 
vasodilation and make blood vessels more permeable. Impaired 
fimetion may be a fifth eardinal sign. 

Antimierobial Proteins (pp. 771-773) 

6. Interferons are a group of related proteins synthesized by vims- 
infeeted eells and eertain immune eells that prevent vimses from 
multiplying in other body eells. 

7. Aetivation of eomplement (a group of plasma proteins) on the 
membrane of a foreign eell promotes phagoeytosis of that eell, 
enhanees inflammation, and sometimes causes lysis of the target eell. 


Lymphoeytes (pp. 775-777) 

1. Lymphoeytes arise from hematopoietie stem eells of the bone 
marrow and are educated to develop immunocompetence and 
self-toleranee. T eells are educated in the thymus and provide 
cellular immunity. B eells are educated in the bone marrow and 
provide humoral imimmity. Immunocompetence is signaled by 
the appearanee of antigen-speeifie reeeptors on the surface of the 
lymphoeyte. Immunocompetent lymphoeytes seed the seeondary 
lymphoid organs, where the antigen encounter occurs, and 
circulate between the blood, lymph, and lymphoid organs. When 
naive lymphoeytes encounter their antigen, elonal seleetion, 
proliferation, and differentiation occur. Most of the elone 
members beeome effeetor eells, but some beeome memory eells. 

2. In both B and T lymphoeytes, antigen reeeptor diversity is 
generated by shuffling gene fragments. 

Antigen-Presenting Cells (pp. 777-778) 

3. Antigen-presenting eells (APCs) include dendritie eells, 
maerophages, and B lymphoeytes. They internalize antigens and 
present antigenie determinants on their surfaces for reeognition 
by T eells. 
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iP Immiine System; Topie: Common Characteristics of B and 

T Lymphoeytes, pp. 8-13. 

Humoral Imrrmne Response (pp. 778-784) 

Aetivation and Differentiation of B Cells (p. 779) 

1. When B eells are aetivated, most of the elone members beeome 
eífeetor eells ealled plasma eells, which seerete antibodies. This is 
the primary adaptive immune response. 

lmmunological Memory (pp. 779-780) 

2. Other elone members beeome memory B eells, eapable of 
mounting a rapid attaek against the same antigen in subsequent 
encounters (seeondary immune responses). The memory B eells 
provide humoral immunological memory. 

Aetive and Passive Humoral lmmunity (p. 780) 

3. Aetive humoral imimmity is acquired during an infeetion or 
via vaeeination and provides immunological memory. Passive 
immunity is eonferred when a donor s antibodies are injeeted 
into the bloodstream, or when the mother s antibodies eross the 
plaeenta. Its proteetion is short-lived; immunological memory is 
not established. 
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Antibodies (pp. 780-784) 

4. The antibody monomer eonsists of four polypeptide ehains, 
two heavy and two light. Eaeh ehain has both a eonstant and a 
variable region. Constant regions determine antibody function 
and elass. Variable regions enable the antibody to reeognize its 
speeifie antigen. 

5. Five elasses of antibodies exist: IgM, IgA, IgD, IgG, and IgE. They 
differ structurally and fimetionally. 

6. Antibody fimetions include eomplement fixation and antigen 
neutralization, preeipitation, and agglutination. 

7. Monoelonal antibodies are pure preparations of a single antibody 
type useful in diagnostie tests and treating some types of eaneer. 

iP Imrrmne System; Topie: Common Characteristics of B and 

T Lymphoeytes, pp. 14-15; Topie: Humoral lmmunity f pp. 3-14. 

Cellular lmmune Response (pp. 784-792) 

MHC Proteins and Antigen Presentation (pp. 784-786) 

1. MHC proteins present antigens to T eells. Class I MHC proteins 
are found on all nucleated eells, but elass IIMHC proteins are 
found only on APCs. 

Aetivation and Differentiation of T Cells (pp. 786-787) 

2. Immunocompetent CD4 and CD8 T eells are aetivated by 
binding to an antigen-MHC complex on the surface of an APC. 

A co-stimulatory signal is also essential. The resulting elone 


members differentiate into either the appropriate effeetor T 
eells that mount the primary immune response (e.g., helper or 
cytotoxic T eells) or memory T eells. 

3. The immune response is enhaneed by eytokines such as 
interleukin 1 released by maerophages, and interleukin 2, gamma 
interferon, and others released by aetivated T eells. 

Roles of Speeifie Effeetor T Cells (pp. 787-790) 

4. Helper T eells are required for fiill aetivation of most B and 
T eells, aetivate maerophages, and release essential eytokines. 
Cytotoxic T eells direetly attaek and kill infeeted eells and eaneer 
eells. Regulatory T (T Reg ) eells help to maintain toleranee. 

Organ Transplants and Prevention of Rejeetion (pp. 790-792) 

5. Cell-mediated responses rejeet grafts and foreign organ 
transplants unless the reeipient is immunosuppressed. infeetions 
are major eomplieations in such patients. 

ÌP lmmune System; Topie: Cellular lmmunity f pp. 3-4 f 11-14. 

Homeostatie imbalanees of lmmunity (pp. 792-796) 

imirmnodefieieneies (pp. 793-794) 

1. Immunodeficiency diseases include acquired immune defieieney 
syndrome (AIDS), caused by HIV, and severe eombined 
immunodeficiency (SCID) syndromes. Overwhelming infeetions 
are fatal because the immune system is unable to eombat them. 

Autoimmune Diseases (p. 794) 

2. Autoimmune disease occurs when the body regards its own 
tissues as foreign and mounts an immune attaek against them. 
Examples include rheumatoid arthritis and multiple selerosis. 

Hypersensitivities (pp. 794-796) 

3. Hypersensitivity is an abnormally intense reaetion to an 
otherwise harmless antigen. Immediate hypersensitivities 
(allergies) are mounted by IgE antibodies. Subacute 
hypersensitivities, involving both antibodies and eomplement, 
include antibody-mediated cytotoxic and immune-complex 
hypersensitivities. Cell-mediated hypersensitivity is ealled delayed 
hypersensitivity. 

Developmental Aspeets of the lmmune System (p. 796) 

1. Development of the immune response occurs around the time 
of birth. The ability of the immune system to reeognize foreign 
substances is genetieally determined. 

2. The nervous system plays an important role in regulating 
immune responses. Emotional stress impairs immune fimetion. 

3. With aging, the immune system beeomes less responsive. The 
elderly more often suffer from immune defieieney, autoimmune 
diseases, and eaneer. 


Review Questions 


% / 


Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. All of the following are eonsidered innate body defenses except 
(a) eomplement, (b) phagoeytosis, (e) antibodies, (d) lysozyme, 
(e) inflammation. 


2. The proeess by which neutrophils squeeze through eapillary walls 
in response to inflammatory signals is ealled (a) diapedesis, 

(b) chemotaxis, (e) margination, (d) opsonization. 

3. Antibodies released by plasma eells are involved in (a) humoral 
immunity, (b) immediate hypersensitivity reaetions, 

(e) autoimmune disorders, (d) all of the above. 
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4. Which of the following antibodies ean fix eomplement? (a) IgA, 
(b) IgD, (e) IgE, (d) IgG, (e) IgM. 

5. Which antibody elass is abundant in body seeretions? (a) IgA, 

(b) IgD, (e) IgE, (d) IgG, (e) IgM. 

6. Small molecules that must eombine with large proteins to beeome 
immunogenic are ealled (a) eomplete antigens, (b) kinins, 

(e) antigenie determinants, (d) haptens. 

7. Lymphoeytes that develop immunocompetence in the bone 
marrow are (a) T lymphoeytes, (b) B lymphoeytes, (e) NK eells, 

(d) B and T lymphoeytes. 

8. Cells that ean direetly attaek target eells include all of the 
following except (a) maerophages, (b) cytotoxic T eells, (e) helper 
T eells, (d) natural killer eells. 

9. Which of the following is not involved in the aetivation of a 

B eell? (a) antigen, (b) helper T eell, (e) eytokine, (d) cytotoxic 
T eell. 

10. The eell type most often invaded by HIV is a(n) (a) eosinophil, 

(b) cytotoxic T eell, (e) natural killer eell, (d) helper T eell, 

(e) B eell. 

11. Complement fixation promotes all of the following except (a) eell 
lysis, (b) inflammation, (e) opsonization, (d) interferon release, 

(e) chemotaxis of neutrophils and other eells. 

12. Using the letters from column B, mateh the eell deseription in 
column A. (Note that all require more than a single ehoiee.) 



Column A 

Column B 

(1) 

phagoeyte 

(a) natural killer eell 

(2) 

releases histamine 

(b) neutrophil 

(3) 

releases perforins 

(e) dendritie eell 

(4) 

lymphoeyte 

(d) mast eell 

(5) 

effeetor eells of 

(e) cytotoxic T eell 


adaptive immunity 

(f) Beell 

* v ^ 

(6) 

antigen-presenting eell 

(g) maerophage 



(h) helper T eell 



(i) basophil 


Short Ansvver Essay Questions 

13. Besides aeting as meehanieal barriers, the skin epidermis and 
mucosae of the body have other attributes that contribute to 
their proteetive roles. Cite the eommon body loeations and the 
importanee of mucus, lysozyme, keratin, aeid pH, and eilia. 

14. Explain why attempts at phagoeytosis are not always successful; 
eite faetors that inerease the likelihood of success. 

15. What is eomplement? How does it cause baeterial lysis? What are 
some of the other roles of eomplement? 

16. Interferons are referred to as antiviral proteins. What stimulates 
their production, and how do they proteet uninfected eells? 
Which eells of the body seerete interferons? 

17. Differentiate between humoral and eelhilar adaptive immunity. 

18. Although the adaptive immune system has two arms, it has been 
said, “no T eells, no immunity.” Explain. 

19. Define immunocompetence and self-toleranee. How is self- 
toleranee aehieved? 

20. Diíferentiate between a primary and a seeondary immune 
response. Which is more rapid and why? 

21. Define antibody. Using an appropriately labeled diagram, 
deseribe the structure of an antibody monomer. indieate and 
label variable and eonstant regions, heavy and light ehains. 


22. What is the role of the variable regions of an antibody? Of the 
eonstant regions? 

23. Name the five antibody elasses and deseribe where eaeh is most 
likely to be found in the body. 

24. How do antibodies help defend the body? 

25. Do vaeeines produce aetive or passive humoral immunity? 
Explain your answer. Why is passive immunity less satisfaetory? 

26. Deseribe the proeess of aetivation of a CD4 T eell. 

27. Deseribe the speeifie roles of helper, regulatory, and cytotoxic T 
eells in normal cellular immunity. 

28. Name several eytokines and deseribe their role in the immune 
response. 

29. Define hypersensitivity. List three types of hypersensitivity 
reaetions. For eaeh, note whether antibodies or T eells are 
involved and provide two examples. 

30. What events ean result in autoimmune disease? 

31. What accounts for the deelining effieieney of the immune system 
with age? 

( ) Critical Thinking 
f(yíj and Clinical Applieation 
'iZy Questions 

1. Jenny, a 6-year-old ehild who has been raised in a germ-free 
environment from birth, is a vietim of one of the most severe 
examples of an abnormal immune system. Jenny also suffers from 
eaneer caused by the Epstein-Barr virus. Relative to this ease: 

(a) What is the usual fate of ehildren with Jenny s eondition and 
similar circumstances if no treatment is attempted? (b) Why is 
Jenny s brother ehosen as the hematopoietie stem eell donor? 

(e) Why is her physieian planning to use umbilical eord blood as 
a source of stem eells for transplant if her brother s stem eells fail 
(what are the hoped-for results)? (d) Attempt to explain Jennys 
eaneer. (e) What similarities and dissimilarities exist between 
Jenny s illness and AIDS? 

2. Some people with a defieit of IgA exhibit recurrent respiratory 
traet infeetions. Explain this observation. 

3. Capillary permeability inereases and plasma proteins leak into 
the interstitial fluid as part of the inflammatory proeess. Why is 
this desirable? 

4. Costanza was pieking grapes in her father s arbor when she felt 
a short priekling pain in her finger. She ran erying to her father, 
who removed an inseet stinger and ealmed her with a glass 

of lemonade. Twenty minutes later Costanzas finger was red, 
swollen, and throbbing where she had been stung. What type of 
immune response was she exhibiting? What treatment would 
relieve her diseomfort? 

5. Caroline, a pregnant 29-year-old, has been HlV-positive for 
at least 10 years, dating baek to when she was homeless and 
injeeting heroin on a regular basis. While she currently has no 
symptoms of AIDS, she is taking several medieations and is 
worried about the possibility that her baby might be infeeted. 
How do you think the HIV vims might be transferred from a 
mother to her offspring? Which of Carolines eells are infeeted by 
the vims and why is the viral attaek on these eells so devastating? 
Why is Caroline taking medieation even though she has no 
symptoms? What types of medieations might she be taking and 
how do they affeet the vims and its replieation? 
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Related eiinieal Terms 

Congenital thymie aplasia An immune defìeieney disease in which 
the thymus fails to develop. Aífeeted individuals have no T eells, 
henee little or no immune proteetion; fetal thymie and bone 
marrow transplants have been helpful in some eases. 

Eezema (ek'zé-mah) A elinieal term for several eonditions that 

cause “weeping” skin lesions and intense itehing. One eommon 
cause, atopie dermatitis , has a strong familial predisposition, has 
features of immediate hypersensitivity, and usually begins in the 
fìrst fìve years of life. Reeent researeh suggests the underlying 
defeet may be inereased leakiness of the skin. 

Hashimoto’s thyroiditis An autoimmune disease in which both 
B and T lymphoeytes attaek the thyroid gland. It is the most 
eommon cause of hypothyroidism, affeeting mostly middle- 
aged and elderly women. Genetie faetors assoeiated with this 
autoimmune disease (eertain MHC variants) make individuals 
susceptible to environmental triggers (possibly iodine, 
irradiation, or trauma). 

Immunization The proeess of rendering a subject immune (by 
vaeeination or injeeting antiseram). 

Immunology The study of immunity. 

Immunopathology Disease of the immune system. 


Septie shoek (sepsis) A dangerous eondition in which the 
inflammatory response goes out of eontrol. Kills 200,000 
people a year in the U.S. Results from espeeially severe baeterial 
infeetions or more ordinary infeetions that grow rapidly worse 
in patients with weakened defenses, such as the hospitalized 
elderly reeovering from surgery. In an inflammatory response, 
neutrophils and other white blood eells seerete eytokines that 
inerease eapillary permeability. In sepsis, continued eytokine 
release makes eapillaries so leaky that the bloodstream is 
depleted of fluid. Blood pressure falls and the body organs shut 
down, causing death in 50% of eases. Sepsis has proven difhcult 
to eontrol and its ineidenee remains high. 

Systemie lupus erythematosus (SLE) (er"ì-the"mah-to'sus) A 
systemie autoimmune disorder that occurs mainly in young 
females. Diagnosis is helped by fìnding antinuclear (anti-DNA) 
antibodies in the patients blood. DNA-anti-DNA complexes 
(typieal of type III hypersensitivity) loealize in the kidneys (the 
eapillary fìlters, or glomerali), blood vessels, brain, and synovial 
membranes of joints. This results in glomeralonephritis, vascular 
problems, loss of memory and mental sharpness, and painful 
arthritis. Reddened skin lesions, particularly a “butterfly rash” 
(the sign of the wolf, or lupus) on the faee, are eommon. 





Case Study 


lmmune System 


Remember Mr. Ayers, the bus driver 
from ehapter 18? VVhen vve last 
savv him, he vvas headed for surgery. 
Although his disseeted aorta vvas 
repaired, by the time surgical exposure and blood vessel elamping 
had been aehieved, the disseetion had extended up into the origin 
of his left eommon earotid artery. As a result, a elot formed that 
caused a massive stroke. Unfortunately, this left him vvith severe 
and permanent brain damage, and he vvas deelared brain dead. 

A discussion of Mr. Ayers's situation vvith his family eonfirmed 
his status as an organ donor. The organ reeovery eoordinator 
evaluated Mr. Ayers's suitability as a eandidate for organ donation. 
Tissue typing (histoeompatibility) tests vvere conducted, and the 
results vvere entered into the UNOS (United Netvvork for Organ 
Sharing) database. Tvvo potential reeipients vvere identified. 

Mr. Ayers's right kidney vvas given in transplantation to a 
35-year-old man, and his left kidney vvas given to a 27-year- 


old vvoman. Follovving surgery, both reeipients vvere plaeed on 

immunosuppressive drug therapy. 

1. In organ transplants, the transplanted organ is referred to as a 
graft. VVhat type of graft is represented by the tvvo kidneys that 
Mr. Ayers has donated? 

2. Tissue typing eharaeterizes the elass I and II MHC proteins. 

VVhat is an MHC protein? 

3. VVhat is the differenee betvveen elass I and elass II MHC 
proteins? 

4. VVhy is the matehing of the MHC molecules and the tissue 
eompatibility so important in this ease? 

5. VVhy vvere the reeipients of the tvvo kidneys put on 
immunosuppressive drug therapy? 


(Ansvvers in Appendix H) 























Fiinetional Anatomy of the Respiratory 
System (pp. 802-816) 

The Nose and Paranasal Sinuses 
(pp. 803-806) 

The Pharynx (p. 806) 

The Larynx (pp. 807-809) 

The Traehea (p. 809) 

The Bronehi and Subdivisions (pp. 809-812) 
The Lungs and Pleurae (pp. 812-816) 

Meehanies of Breathing (pp. 816-824) 

Pressure Relationships in the Thoraeie 
Cavity (pp. 816-817) 

Pulmonary Ventilation (pp. 817-820) 

Physieal Faetors lnfluencing Pulmonary 
Ventilation (pp. 820-821) 

Respiratory Volumes and Pulmonary 
Function Tests (pp. 821-823) 

Nonrespiratory Air Movements (pp. 823-824) 


Gas Exchanges Between the Blood, 
Lungs, and Tissues (pp. 824-828) 

Basie Properties of Gases (pp. 824-825) 

Composition of Alveolar Gas (p. 825) 

External Respiration (pp. 825-827) 

Internal Respiration (pp. 827-828) 

Transport of Respiratory Gases 
byBlood (pp. 828-833) 

Oxygen Transport (pp. 828-829) 

Carbon Dioxide Transport (pp. 829-833) 

Control of Respiration (pp. 834-838) 

Neural Meehanisms (pp. 834-835) 

Faetors lnfluencing Breathing Rate 
and Depth (pp. 835-838) 


Respiratory Adjustments (pp. 838-839) 
Exercise (p. 838) 

High Altitude (pp. 838-839) 

Homeostatie imbalanees of the 
Respiratory System (pp. 839-841) 

ehronie Obstructive Pulmonary Disease 
(COPD) (pp. 839-840) 

Asthma (p. 840) 

Tuberculosis (TB) (pp. 840-841) 

Lung Cancer (p. 841) 

Developmental Aspeets of the 
Respiratory System (pp. 841-844) 


F ar from self-sustaining, our bodies depend on the external environ- 

ment, both as a source of substances we need to survive and as a eateh basin for 
wastes. Our trillions of eells require a continuous supply of oxygen to earry out their 
vital functions. We ean live without food or water for days, but we eannot do without 
oxygen for even a little while. 

As eells use oxygen, they give off earbon dioxide, a waste product the body must get 
rid of. They also generate dangerous free radieals, the ineseapable by-products of living 
in a world full of oxygen. 
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gure 22.1 The major respiratory organs in relation to surrounding structures. 



The major function of the respiratory system is to supply the 
body with oxygen and dispose of earbon dioxide. To aeeomplish 
this function, at least four proeesses, eolleetively ealled respira- 
tion, must happen: 

1. Pulmonary ventilation (eommonly ealled breathing): Air 
is moved into and out of the hrngs (during inspiration and 
expiration) so the gases there are continuously ehanged 
and refreshed. 

2. External respiration: Oxygen diffuses from the lungs to 
the blood, and earbon dioxide diffiises from the blood to 
the hrngs. 

3. Transport of respiratory gases: Oxygen is transported 
from the hmgs to the tissue eells of the body, and earbon 
dioxide is transported from the tissue eells to the hmgs. 
The cardiovascular system aeeomplishes this transport us- 
ing blood as the transporting fluid. 

4. Internal respiration: Oxygen diffuses from blood to tissue 
eells, and earbon dioxide diffiises from tissue eells to blood. 


The respiratory system is responsible for only the first two pro- 
eesses Figure 22.1), but it eannot aeeomplish its primary goal of 
obtaining oxygen and eliminating earbon dioxide unless the third 


and fourth proeesses also occur. As you ean see, the respiratory and 
circulatory systems are elosely coupled, and if either system fails, 
the body s eells begin to die from oxygen starvation. 

The actual use of oxygen and production of earbon dioxide 
by tissue eells, known as eelhilar respiration, is the eornerstone 
of all energy-producing ehemieal reaetions in the body. We dis- 
cuss cellular respiration , which is not a fimetion of the respira- 
tory system, in the metabolism seetion of Chapter 24. 

Because it moves air, the respiratory system is also involved 
with the sense of smell and with speeeh. 

Functional Anatomy 
of the Respiratory System 

/ Identify the organs forming the respiratory passagevvay(s) 
in deseending order until you reaeh the alveoli. 

✓ Deseribe the loeation, stmetore, and function of eaeh of the 
follovving: nose 7 paranasal sinuses # pharynx # and larynx. 

List and deseribe several proteetive meehanisms of the 
respiratory system. 
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(a) Surface anatomy 


(b) External skeletal framevvork 


Figure 22.2 The external nose. 


The respiratory system (Figure 22.1) inekides the nose, nasal 
eavity , and paranasal sinuses ; the pharynx ; the larynx ; the tra- 
ehea ; the bronehi and their smaller branehes; and the lungs , 
which eontain tiny air saes ealled alveoli. Functionally, the sys- 
tem eonsists of two zones. 

■ The respiratory zone, the actual site of gas exchange, is eom- 
posed of the respiratory bronehioles, alveolar ducts, and al- 
veoli, all mieroseopie structures. 

■ The conducting zone includes all other respiratory passage- 
ways, which provide fairly rigid conduits for air to reaeh the 
gas exchange sites. The conducting zone organs also eleanse, 
humidify, and warm ineoming air. As a result, air reaehing 
the hrngs has fewer irritants (dust, baeteria, ete.) than when 
it entered the body, and it is warm and damp, like the air of 
the tropies. 

Table 22.1 summarizes the functions of the major organs 
of the respiratory system. In addition to these organs, some au- 
thorities also include the respiratory muscles (diaphragm, ete.) 
as part of this system. Although we will eonsider how these 
skeletal muscles bring about the volume ehanges that promote 
ventilation, we continue to elassify them as part of the muscular 
system. 

The Nose and Paranasal Siniises 

The nose is the only externally visible part of the respiratory sys- 
tem. Unlike the eyes and lips, faeial features often referred to po- 
etieally, the nose is usually an irreverent target. We are urged to 
keep our nose to the grindstone and keep it out of other peoples 
business. Considering its important functions, however, it de- 
serves more esteem. The nose (1) provides an airway for respira- 
tion, (2) moistens and warms entering air, (3) filters and eleans 
inspired air, (4) serves as a resonating ehamber for speeeh, and 
(5) houses the olfaetory (smell) reeeptors. 

The structures of the nose are divided into the external nose 
and the internal nasal eavity for ease of eonsideration. 


External Nose 


The surface features of the external nose include the root (area be- 
tween the eyebrows), bridge , and dorsum nasi (anterior margin), 
the latter terminating in the apex (tip of the nose) Figure 22.2a . 
The external openings of the nose, the nostrils or nares (na'rèz), 
are bounded laterally by the flared alae. 

The skeletal framework of the external nose is fashioned by 
the nasal and frontal bones superiorly (forming the bridge and 
root, respeetively), the maxillary bones laterally, and flexible 
plates of hyaline eartilage (the alar and septal eartilages, and the 
lateral proeesses of the septal eartilage) inferiorly (Figure 22.2b). 
Noses vary a great deal in size and shape, largely because of dif- 
ferenees in nasal eartilages. The skin eovering the noses anterior 
and lateral aspeets is thin and eontains many sebaceous glands. 


Nasal Cavity 

The internal nasal eavity lies in and posterior to the external 
nose. During breathing, air enters the eavity by passing through 
the nostrils or nares (Figure 22.2a and Fí ure 22.3b). The na- 
sal eavity is divided by a midline nasal septum, formed anteri- 
orly by the septal eartilage and posteriorly by the vomer bone 
and perpendicular plate of the ethmoid bone (see Figure 7.13b, 
p. 214). The nasal eavity is continuous posteriorly with the nasal 
portion of the pharynx through the posterior nasal apertures, 
also ealled the ehoanae (ko-a'ne; “flmnels”). 

The roof of the nasal eavity is formed by the ethmoid and 
sphenoid bones of the skull. The floor is formed by the palate , 
which separates the nasal eavity from the oral eavity below. An- 
teriorly, where the palate is supported by the palatine bones and 
proeesses of the maxillary bones, it is ealled the hard palate. 
The unsupported posterior portion is the muscular soft palate. 

The part of the nasal eavity just superior to the nostrils, ealled 
the nasal vestibule, is lined with skin eontaining sebaceous and 
sweat glands and numerous hair follieles. The hairs, or vibrissae 
(vi-bris'e; vibro = to quiver), filter eoarse partieles (dust, pol- 
len) from inspired air. The rest of the nasal eavity is lined with 
two types of mucous membrane. 
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Figure 22.3 The upper respiratory traet. Midsagittal seetion of the head and neek. (For a 
related image, see A BriefAtlas ofthe Human Body, Figure 47.) 
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Table 22.1 


STRUCTURE 


Prineipal Organs of the Respiratory System 


DESCRIPTION, GENERAL AND DISTINCTIVE FEATURES 


FUNCTION 


Nose (external 
nose and nasa 
eavity) 


Paranasal 

sinuses 

Pharynx 


Larynx 


Traehea 


Bronehial tree 


Alveoli 


Lungs 


Pleurae 


Jutting external portion is supported by bone and eartilage. Internal 
nasal eavity is divided by midline nasal septum and lined vvith mucosa. 

Roof of nasal eavity eontains olfaetory epithelium. 

Mucosa-lined, air-filled eavities in eranial bones surrounding nasal 
eavity. 

Passagevvay eonneeting nasal eavity to larynx and oral eavity to 
esophagus. Three subdivisions: nasopharynx, oropharynx, and 
laryngopharynx. 

Houses tonsils (lymphoid tissue masses involved in proteetion against 
pathogens). 

Connects pharynx to traehea. Has framevvork of eartilage and dense 
eonneetive tissue. Opening (glottis) ean be elosed by epiglottis or voeal 
folds. 

Houses voeal folds (true voeal eords). 

Flexible tube running from larynx and dividing inferiorly into tvvo 
main bronehi. Walls eontain C-shaped eartilages that are ineomplete 
posteriorly vvhere eonneeted by traehealis. 

Consists of right and left main bronehi, vvhieh subdivide vvithin the 


Produces mucus; filters, vvarms, and moistens 
ineoming air; resonanee ehamber for speeeh 

Reeeptors for sense of smell 

Same as for nasal eavity except no reeeptors for 
smell; also lighten skull 

Passagevvay for air and food 


Faeilitates exposure of immune system to inhaled 
antigens 

Air passagevvay; prevents food from entering 
lovver respiratory traet 


Voiee production 

Air passagevvay; eleans, vvarms, and moistens 
ineoming air 


Air passagevvays eonneeting traehea vvith alveoli; 


lungs to form lobar and segmental bronehi and bronehioles. Bronehiolar eleans, vvarms, and moistens ineoming air 
vvalls laek eartilage but eontain eomplete layer of smooth muscle. 

Constriction of this muscle impedes expiration. 

Mieroseopie ehambers at termini of bronehial tree. Walls of simple 
squamous epithelium overlie thin basement membrane. External 
surfaces are intimately assoeiated with pulmonary eapillaries. 

Speeial alveolar eells produce surfactant. 


Main sites of gas exchange 


Paired eomposite organs that flank mediastinum in thorax. Composed 
primarily of alveoli and respiratory passageways. Stroma is fibrous elastie 
eonneetive tissue, allowing lungs to reeoil passively during expiration. 

Serous membranes. Parietal pleura lines thoraeie eavity; viseeral pleura 
eovers external lung surfaces. 


Reduces surface tension; helps prevent lung 
eollapse 

House respiratory passages smaller than the 
main bronehi 


Produce lubricating fluid and eompartmentalize 
lungs 


■ The small pateh of olfaetory mucosa lines the slitlike supe- 
rior region of the nasal eavity and eontains smell reeeptors in 
its olfaetory epithelium (see p. 565). 

■ The respiratory mucosa lines most of the nasal eavity. The 
respiratory mucosa is a pseudostratified eiliated columnar epi- 
thelium, eontaining seattered goblet eells , that rests on a lamina 
propria riehly supplied with seromucous nasal glands. 

Seromucous nasal glands eontain mucus-secreting mucus 
eells and serous eells that seerete a watery fluid eontaining en- 
zymes. Eaeh day, these glands seerete about a quart (a liter) of 
mucus eontaining lysozyme , an antibaeterial enzyme. The stieky 
mucus traps inspired dust, baeteria, and other debris, while lys- 
ozyme attaeks and ehemieally destroys baeteria. The epithelial 
eells of the respiratory mucosa also seerete defensins , natural 
antibioties that help kill invading mierobes. Additionally, the 
high water eontent of the mucus film humidifies ineoming air. 

The eiliated eells of the respiratory mucosa ereate a gentle 
current that moves the sheet of eontaminated mucus posteriorly 
toward the throat, where it is swallowed and digested. We are 


usually unaware of this important aetion of our nasal eilia, but 
when exposed to eold air they beeome sluggish, allowing mucus 
to accumulate in the nasal eavity and dribble out the nostrils. 
This, along with the faet that water vapor in expired air tends 
to eondense at lower temperatures, explains why you have a 
a runny” nose on a erisp wintry day. 

The nasal mucosa is riehly supplied with sensory nerve end- 
ings, and eontaet with irritating partieles (dust, pollen, and the 
like) triggers a sneeze reflex. The sneeze forees air outward in a 
violent burst—a erade but effeetive way to expel irritants. 

Rieh plexuses of eapillaries and thin-walled veins underlie 
the nasal epithelium and warm ineoming air as it flows aeross 
the mucosal surface. When the inspired air is eold, the vascu- 
lar plexus beeomes engorged with blood, intensifying the air- 
heating proeess. Because these blood vessels are abundant and 
loeated superficially, nosebleeds are eommon and often profuse. 

Nasal Conchae Protrading medially from eaeh lateral wall of 
the nasal eavity are three seroll-like mucosa-covered projee- 
tions, the superior , middle , and inferior nasal eonehae (kong'ke) 
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(Figure 22.3). The groove inferior to eaeh eoneha is a nasal mea- 
tus (me-a'tus). 

The curved eonehae greatly inerease the mucosal surface 
area exposed to air and enhanee air turbulence in the eavity. 
The gases in inhaled air swirl through the twists and turns, de- 
fleeting heavier, nongaseous partieles onto the mucus-coated 
surfaces, where they beeome trapped. As a result, few partieles 
larger than 6 pm make it past the nasal eavity. 

The eonehae and nasal mucosa not only function dur- 
ing inhalation to filter, heat, and moisten the air, but also aet 
during exhalation to reelaim this heat and moisture. In other 
words, inspired air eools the eonehae, then during exhalation 
these eooled eonehae preeipitate moisture and extract heat 
from the humid air flowing over them. This reelamation pro- 
eess minimizes the amount of moisture and heat lost from the 
body through breathing, helping us to survive in dry and eold 
elimates. 

Paranasal Siniises 

The nasal eavity is surrounded by a ring of paranasal sinuses 
(Figure 22.3b). They are loeated in the frontal, sphenoid, eth- 
moid, and maxillary bones (see Figure 7.14, p. 215). The sinuses 
lighten the skull, and together with the nasal eavity they warm 
and moisten the air. The mucus they produce ultimately flows 
into the nasal eavity, and the suctioning effeet ereated by nose 
blowing helps drain the sinuses. 
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Homeostatie imbalanee 22.1 


Cold viruses, streptoeoeeal baeteria, and various allergens ean 
cause rhinitis (ri-ni'tis), inflammation of the nasal mucosa ae- 
eompanied by excessive mucus production, nasal eongestion, 
and postnasal drip. The nasal mucosa is continuous with the 
mucosa of the respiratory traet, explaining the typieal nose to 
throat to ehest progression of eolds. Because the mucosa extends 
tentaele-like into the nasolaerimal (tear) ducts and paranasal 
sinuses, nasal eavity infeetions often spread to those regions, 
causing sinusitis (inflamed sinuses). 

When mucus or infectious materials bloek the passageways 
eonneeting the sinuses to the nasal eavity, the air in the sinus 
eavities is absorbed. The result is a partial vacuum and a sinus 
headaehe loealized over the inflamed areas. + 


The Pharynx 

The fimnel-shaped pharynx (far'ingks) eonneets the nasal eav- 
ity and mouth superiorly to the larynx and esophagus inferiorly. 
Commonly ealled the throat , the pharynx vaguely resembles 
a short length of garden hose as it extends for about 13 em 
(5 inehes) from the base of the skull to the level of the sixth eer- 
vieal vertebra (Figure 22.1). 

From superior to inferior, the pharynx is divided into three 
regions—the nasopharynx, oropharynx , and laryngopharynx 
(Figure 22.3c). The muscular pharynx wall is eomposed of skel- 
etal muscle throughout its length (see Table 10.3, pp. 334-335). 
However, the eelhilar eomposition of its mucosa varies from 
one pharyngeal region to another. 


The Nasopharynx 

The nasopharynx is posterior to the nasal eavity, inferior to the 
sphenoid bone, and superior to the level of the soft palate. Because 
it lies above the point where food enters the body, it serves only as 
an air passageway. During swallowing, the soft palate and its pen- 
dulous uvula (u'vu-lah; “little grape”) move superiorly, an aetion 
that eloses off the nasopharynx and prevents food from entering 
the nasal eavity. (When we giggle, this sealing aetion fails and flu- 
ids being swallowed ean end up spraying out the nose.) 

The nasopharynx is continuous with the nasal eavity through 
the posterior nasal apertures (Figure 22.3b). Its pseudostratified 
eiliated epithelium takes over the job of propelling mucus where 
the nasal mucosa leaves off. High on its posterior wall is the 
pharyngeal tonsil (far-rin'je-al) (or adenoids ), which traps and 
destroys pathogens entering the nasopharynx in air. 



Homeostatie imbalanee 22.2 


infeeted and swollen adenoids bloek air passage in the na- 
sopharynx, making it neeessary to breathe through the mouth. 
As a result, the air is not properly moistened, warmed, or fil- 
tered before reaehing the hrngs. When the adenoids are ehroni- 
eally enlarged, both speeeh and sleep may be disturbed. + 


The pharyngotympanie ( auditory ) tubes , which drain the 
middle ear eavities and allow middle ear pressure to equalize 
with atmospherie pressure, open into the lateral walls of the 
nasopharynx (Figure 22.3a). A ridge of pharyngeal mucosa pos- 
terior to eaeh of these openings constitutes the tubal tonsil. Its 
strategie loeation helps proteet the middle ear against infeetions 
likely to spread from the nasopharynx. 


The Oropharynx 

The oropharynx lies posterior to the oral eavity and is continu- 
ous with it through an archway ealled the isthmus of the fauces 
(faw'séz; “throat”) (Figure 22.3b). Because the oropharynx ex- 
tends inferiorly from the level of the soft palate to the epiglottis, 
both swallowed food and inhaled air pass through it. 

As the nasopharynx blends into the oropharynx, the epithe- 
lium ehanges from pseudostratified columnar to a more proteetive 
stratified squamous epithelium. This structural adaptation aeeom- 
modates the inereased frietion and ehemieal trauma (eharaeteristie 
of hot and spiey foods) aeeompanying food passage. 

The paired palatine tonsils lie embedded in the lateral walls 
of the oropharyngeal mucosa just posterior to the oral eavity. 
The lingual tonsil eovers the posterior surface of the tongue. 


The Laryngopharynx 

Like the oropharynx above it, the laryngopharynx (lah-ring"go- 
far'ingks) serves as a passageway for food and air and is lined 
with a stratified squamous epithelium. It lies direetly posterior 
to the upright epiglottis and extends to the larynx, where the 
respiratory and digestive pathways diverge. At that point the 
laryngopharynx is continuous with the esophagus posteriorly. 

The esophagus conducts food and fluids to the stomaeh; air 
enters the larynx anteriorly. During swallowing, food has the 
“right of way,” and air passage temporarily stops. 
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Figure 22.4 The larynx. 
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The Larynx 

Basie Anatomy 

The larynx (lar'ingks), or voiee box, extends for about 5 em 
(2 inehes) from the level of the third to the sixth eervieal ver- 
tebra. Superiorly it attaehes to the hyoid bone and opens into 
the laryngopharynx. Inferiorly it is continuous with the traehea 
(Figure 22.3b). 

The larynx has three functions. Its two main tasks are to pro- 
vide a patent (open) airway and to aet as a switching meeha- 
nism to route air and food into the proper ehannels. Because the 


larynx houses the voeal folds (voeal eords), its third function is 
voiee production. 

The framework of the larynx is an intrieate arrangement 
of nine eartilages eonneeted by membranes and ligaments 
gure 22.4 . Except for the epiglottis, all laryngeal eartilages 
are hyaline eartilages. 

The large, shield-shaped thyroid eartilage is formed by the 
fusion of two eartilage plates. The midline laryngeal promi- 
nenee (lah-rin'je-al), which marks the fusion point, is obvious 
externally as the Adarrís apple. The thyroid eartilage is typieally 
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(a) Voeal folds in elosed position; elosed glottis (b) Voeal folds in open position; open glottis 

gure 22.5 Movements of the voeal folds. Dravvings of superior vievvs of the larynx and 
voeal folds, as if looking at a patient's larynx through a laryngoseope. 


larger in males than in females because male sex hormones 
stimulate its growth during puberty. Inferior to the thyroid ear- 
tilage is the ring-shaped erieoid eartilage (kri'koid), perehed 
atop and anehored to the traehea inferiorly. 

Three pairs of small eartilages— arytenoid (ar"ì-te'noid), 
eimeiform (ku-ne í-form), and corniculate eartilages —form 
part of the lateral and posterior walls of the larynx. The most 
important of these are the pyramid-shaped arytenoid eartilages, 
which anehor the voeal folds. 
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Epiglottis The ninth eartilage, the flexible, spoon-shaped epi- 
glottis (ep"í-glot'is; “above the glottis”), is eomposed of elastie 
eartilage and is almost entirely eovered by a taste bud-containing 
mucosa. The epiglottis extends from the posterior aspeet of the 
tongue to its anehoring point on the anterior rim of the thyroid 
eartilage (Figure 22.4b and e). 

When only air is flowing into the larynx, the inlet to the lar- 
ynx is wide open and the free edge of the epiglottis projeets 
upward. During swallowing, the larynx is pulled superiorly and 
the epiglottis tips to eover the laryngeal inlet. Because this ae- 
tion keeps food out of the lower respiratory passages, the epi- 
glottis has been ealled the guardian of the airways. Anything 
other than air entering the larynx initiates the cough reflex to 
expel the substance. This proteetive reflex does not work when 
we are unconscious, so it is never a good idea to administer liq- 
uids when attempting to revive an unconscious person. 


Voeai Folds Lying under the laryngeal mucosa on eaeh side 
are the voeal ligaments, which attaeh the arytenoid eartilages 
to the thyroid eartilage. These ligaments, eomposed largely of 
elastie fibers, form the eore of mucosal folds ealled the voeal 
folds, or true voeal eords, which appear pearly white because 
they laek blood vessels gure 22.5 . 


The voeal folds vibrate, producing sounds as air rnshes up 
from the hrngs. The voeal folds and the medial opening be- 
tween them through which air passes are ealled the glottis. 
Superior to the voeal folds is a similar pair of mucosal folds 
ealled the vestibular folds, or false voeal eords. These play no 
direet part in sound production but help to elose the glottis 
when we swallow. 

Epitheliiim of Larynx Stratified squamous epithelium lines 
the superior portion of the larynx, an area subject to food eon- 
taet. Below the voeal folds the epithelium is a pseudostratified 
eiliated columnar type that filters dust. The power stroke of its 
eilia is direeted upward toward the pharynx to continually move 
mucus away from the lungs. We help move mucus up and out of 
the larynx when we “elear our throat.” 

Voiee Production 

Speeeh involves the intermittent release of expired air as the glot- 
tis opens and eloses. The length of the voeal folds and the size of 
the glottis ehange with the aetion of the intrinsie laryngeal mus- 
eles that elothe the eartilages. Most of these muscles move the 
arytenoid eartilages. As the length and tension of the voeal folds 
ehange, the piteh of the sound varies. Generally, the tenser the vo- 
eal folds, the faster they vibrate and the higher the piteh. 

As a boys larynx enlarges during puberty, his voeal folds 
beeome longer and thieker. Because this causes them to vi- 
brate more slowly, his voiee beeomes deeper. Until the young 
man learns to eontrol his newly enlarged voeal folds, his voiee 

ee i » 

eraeks. 

Loudness of the voiee depends on the foree with which the 
airstream mshes aeross the voeal folds. The greater the foree, 
the stronger the vibration and the louder the sound. The voeal 
folds do not move at all when we whisper, but they vibrate vig- 
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orously when we yell. The muscles of the ehest, abdomen, and 
baek provide the power for the airstream. 

The voeal folds actually produce buzzing sounds. The per- 
eeived quality of the voiee depends on the eoordinated aetivity 
of many structures above the glottis. For example, the entire 
length of the pharynx aets as a resonating ehamber, to amplify 
and enhanee the sound quality. The oral, nasal, and sinus eavi- 
ties also contribute to voeal resonanee. In addition, good enun- 
eiation depends on muscles in the pharynx, tongue, soft palate, 
and lips that “shape” sound into reeognizable eonsonants and 
vowels. 



Homeostatie imbalanee 22.3 


Inflammation of the voeal folds, or laryngitis, causes the voeal 
folds to swell, interfering with their vibration. This ehanges the 
voeal tone, causing hoarseness, or in severe eases limiting us to a 
whisper. Laryngitis is most often caused by viral infeetions, but 
may also be due to overasing the voiee, very dry air, baeterial 
infeetions, tumors on the voeal folds, or inhalation of irritating 
ehemieals. + 


Sphineter Fiinetions of the Larynx 

Under eertain eonditions, the voeal folds aet as a sphineter that 
prevents air passage. During abdominal straining assoeiated 
with defeeation, the glottis eloses to prevent exhalation and 
the abdominal muscles eontraet, causing the intra-abdominal 
pressure to rise. These events, eolleetively known as Valsalva’s 
maneuver, help empty the rectum and ean also splint (stabilize) 
the body trank when liffing a heavy load. 


TheTraehea 

The traehea (tra'ke-ah), or windpipe , deseends from the larynx 
through the neek and into the mediastinmn. It ends by divid- 
ing into the two main bronehi at midthorax (see Figure 22.1). In 
humans, it is 10-12 em (about 4 inehes) long and 2 em (3/4 ineh) 
in diameter, and very flexible and mobile. Interestingly, early 
anatomists mistook the traehea for a rough-walled artery ( tra- 
ehea = rough). 

The traeheal wall eonsists of several layers that are eommon 
to many tubular body organs—the mucosa, submucosa , and 
adventitia —plus a layer of hyaline eartilage gure 22.6’ . The 
mucosa has the same goblet eell-eontaining pseudostratified 
epithelium that occurs throughout most of the respiratory traet. 
Its eilia continually propel debris-laden mucus toward the phar- 
ynx. This epithelium rests on a fairly thiek lamina propria that 
has a rieh supply of elastie fibers. 


The submucosa, a eonneetive tissue layer deep to the mu- 
eosa, eontains seromucous glands that help produce the mucus 
“sheets” within the traehea. The submucosa is supported by 16 
to 20 C-shaped rings of hyaline eartilage eneased by the adven- 
titia, the outermost layer of eonneetive tissue (Figure 22.6). 

The traeheas elastie elements make it flexible enough to streteh 
and move inferiorly during inspiration and reeoil during expira- 
tion, but the eartilage rings prevent it from eollapsing and keep 
the airway patent despite the pressure ehanges that occur during 
breathing. The open posterior parts of the eartilage rings, which 
abut the esophagus (Figure 22.6a), are eonneeted by smooth 
muscle fibers of the traehealis and by soft eonneetive tissue. Be- 
cause this portion of the traeheal wall is flexible, the esophagus 
ean expand anteriorly as swallowed food passes through it. 

Contraction of the traehealis muscle deereases the traeheas 
diameter, causing expired air to rash upward from the lungs 
with greater foree. This aetion helps expel mucus from the tra- 
ehea when we cough by aeeelerating the exhaled air to speeds 
of 100 mph! 

The last traeheal eartilage is expanded, and a spar of eartilage, 
ealled the earina (kar-ri'nah; “keel”), projeets posteriorly from 
its inner faee, marking the point where the traehea branehes 
into the two main bronehi. The nrneosa of the earina is highly 
sensitive and violent coughing is triggered when a foreign ob- 
jeet makes eontaet with it. 

By the time ineoming air reaehes the end of the traehea, it 
is warm, eleansed of most impurities, and saturated with water 
vapor. 



Homeostatie imbalanee 22.5 


Traeheal obstruction is life threatening. Many people have suf- 
foeated after ehoking on a pieee of food that suddenly elosed oflF 
their traehea. The Heimlieh maneuver, a procedure in which air 
in the vietims lungs is used to “pop out,” or expel, an obstraeting 
pieee of food, has saved many people from beeoming vietims of 
“eafé eoronaries.” The maneuver is simple to learn and easy to do. 
However, it is best learned by demonstration because eraeked ribs 
are a distinet possibility when it is done ineorreetly. + 



CheckYour Understanding 


1. Air moving from the nose to the traehea passes by a number 
of structures. List (in order) as many of these structures as 
you ean. 

2. Which structure seals the larynx vvhen vve svvallovv? 

3. Which structural features of the traehea allovv it to expand 
and eontraet, yet keep it from eollapsing? 


r 




L 


For ansvvers, see Appendix H. 



Homeostatie imbalanee 22.4 


Smoking inhibits and ultimately destroys eilia. Without eiliary 
aetivity, coughing is the only way to prevent mucus from ae- 
cumulating in the hrngs. For this reason, smokers with respira- 
tory eongestion should avoid medieations that inhibit the cough 
reflex. + 


The Bronehi and Subdivisions 

Distinguish betvveen conducting and respiratory zone 
structures. 

Deseribe the makeup of the respiratory membrane, and 
relate structure to function. 
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(a) Cross seetion of the traehea 
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(b) Photomierograph of the traeheal 
wall (320 x) 




(e) Seanning eleetron mierograph of eilia in the traehea (2500x) 


gure 22.6 Tissue eomposition of the traeheal wall. In the seanning eleetron mierograph 
in (e), the eilia appear as yellovv, grasslike projeetions. Mucus-secreting goblet eells (orange) vvith 
short mierovilli are interspersed betvveen the eiliated eells. 


The air passageways in the lungs braneh and braneh again, 
about 23 times overall, in a pattern often ealled the bronehial 
tree gure 22/ . At the tips of the bronehial tree, conduct- 
ing zone structures give way to respiratory zone structures 

(Figure 22.8). 

Conducting Zone Structures 

The traehea divides to form the right and left main (primary) 
bronehi (brong'ki) approximately at the level of T 7 in an ereet 
(standing) person. Eaeh bronchus runs obliquely in the medi- 
astinum before plunging into the medial depression (hilum) of 


the lung on its own side (Figure 22.7). The right main bronchus 
is wider, shorter, and more vertieal than the left. Consequently, it 
is more eommon for an inhaled foreign obj eet to get stuck there. 

Onee inside the lungs, eaeh main bronchus subdivides into 
lobar (seeondary) bronehi —three on the right and two on the 
left—eaeh supplying one lung lobe. The lobar bronehi braneh 
into third-order segmental (tertiary) bronehi, which divide 
repeatedly into smaller and smaller bronehi (fourth-order, fifth- 
order, ete.). Passages smaller than 1 mm in diameter are ealled 
bronehioles (“little bronehi”), and the tiniest of these, the ter- 
minal bronehioles, are less than 0.5 mm in diameter. 
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Figure 22.; Conducting zone passages. The air pathway inferior to the larynx eonsists of 
the traehea and the main, lobar, and segmental bronehi, which braneh into the smaller bronehi 
and bronehioles until reaehing the terminal bronehioles of the lungs. 


The tissue eomposition of the walls of the main bronehi 
mimies that of the traehea. However, as the conducting tubes 
beeome smaller, the following structural ehanges occur: 

■ Support structures ehange. Irregular plates of eartilage re- 
plaee the eartilage rings, and by the time the bronehioles are 
reaehed, the tube walls no longer eontain supportive earti- 
lage. However, the tube walls throughout the bronehial tree 
eontain elastie fibers. 

■ Epithelium type ehanges. The mucosal epithelium thins 
as it ehanges from pseudostratifìed columnar to columnar 
and then to cuboidal in the terminal bronehioles. Mucus- 
producing eells and eilia are sparse in the bronehioles. For 
this reason, most airborne debris found at or below the level 
of the bronehioles must be removed by maerophages in the 
alveoli. 

■ Amount of smooth muscle inereases. The relative amount of 
smooth muscle in the tube walls inereases as the passageways 
beeome smaller. A eomplete layer of circular smooth mus- 
ele in the bronehioles and the laek of supporting eartilage 
(which would hinder eonstrietion) allows the bronehioles to 
provide substantial resistanee to air passage under eertain 
eonditions (as we will deseribe later). 

Respiratory Zone Structures 

Defined by the presenee of thin-walled air saes ealled alveoli (al- 
ve'o-li; alveol — small eavity), the respiratory zone begins as the 
terminal bronehioles feed into respiratory bronehioles within 
the lung (Figure 22.8). Protruding from these smallest bron- 
ehioles are seattered alveoli. The respiratory bronehioles lead 
into winding alveolar ducts, whose walls eonsist of diffusely 
arranged rings of smooth muscle eells, eonneetive tissue fibers, 


and outpocketing alveoli. The alveolar ducts lead into terminal 
clusters of alveoli ealled alveolar saes or alveolar saccules. 

Many people mistakenly equate alveoli, the site of gas ex- 
ehange, with alveolar saes, but they are not the same thing. The 
alveolar sae is analogous to a bunch of grapes, and the alveoli 
are the individual grapes. The 300 million or so gas-filled alveoli 
in the lungs account for most of our lung volume and provide a 
tremendous surface area for gas exchange. 


The Respiratory Membrane The walls of the alveoli are eom- 
posed primarily of a single layer of squamous epithelial eells, 
ealled type I alveolar eells, surrounded by a flimsy basement 
membrane. The thinness of their walls is hard to imagine, but a 
sheet of tissue paper is 15 times thieker! 

The external surfaces of the alveoli are densely eovered with 
a c cobweb” of pulmonary eapillaries ìgure 22.9 . Together, 
the eapillary and alveolar walls and their fused basement mem- 
branes form the respiratory membrane, a 0.5-pm-thiek blood 
air barrier that has blood flowing past on one side and gas on 
the other (Figure 22.9c). Gas exchanges occur readily by simple 
diffusion aeross the respiratory membrane—0 2 passes from the 
alveolus into the blood, and C0 2 leaves the blood to enter the 
gas-fìlled alveolus. 

Seattered amid the squamous type I alveolar eells that form 
the major part of the alveolar walls are cuboidal type II al- 
veolar eells (Figure 22.9c). Type II alveolar eells seerete a 
fluid eontaining a detergent-like substance ealled smfaetant 
that eoats the gas-exposed alveolar surfaces. (We deseribe sur- 
faetants role in reducing the surface tension of the alveolar 
fluid later in this ehapter.) Type II alveolar eells also seerete a 
number of antimierobial proteins that are important elements 
of innate immunity. 


r 
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gure 22.8 Respiratory zone structures. (a) Diagrammatie vievv of respiratory bronehioles, 
alveolar ducts, alveolar saes, and alveoli. (b) Photomierograph of a seetion of human lung, 
shovving the respiratory structures that form the final divisions of the bronehial tree ( 80 x). 
Notiee the thinness of the alveolar vvalls. 


The alveoli have three other signifkant features: (1) They are 
surrounded by fine elastie fibers of the same type that surround 
the entire bronehial tree. (2) Open alveolar pores eonneeting 
adjaeent alveoli allow air pressure throughout the lung to be 
equalized and provide alternate air routes to any alveoli whose 
bronehi have eollapsed due to disease. (3) Remarkably effieient 
alveolar maerophages crawl freely along the internal alveolar 
surfaces. 

Although huge mimbers of infectious mieroorganisms 
are continuously earried into the alveoli, alveolar surfaces are 


usually sterile. Because the alveoli are “dead ends” aged and 
dead maerophages must be prevented from accumulating in 
them. Most maerophages simply get swept up by the eiliary cur- 
rent of superior regions and earried passively to the pharynx. 
In this manner, we elear and swallow over 2 million alveolar 
maerophages per hour! 

The Lungs and Pleurae 

Deseribe the gross structure of the lungs and pleurae. 
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(a) Diagrammatie view of eapillary-alveoli relationships 


(b) Seanning eleetron mierograph of pulmonary eapillary 
easts (70x) 
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(e) Detailed anatomy of the respiratory membrane 


gure 22.9 Alveoli and the respiratory membrane. Elastie fibers and eapillaries surround 
all alveoli, but for elarity they are shovvn only on some alveoli in (a). In (b), the tissue forming the 
alveoli has been removed. Only the eapillary netvvork remains. 
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(a) Anterior view. The lungs flank mediastinal structures laterally. 


(b) Photograph of medial view of the left lung 
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(e) Transverse seetion through the thorax, viewed from above. Lungs, pleural 
membranes, and major organs in the mediastinum are shown. 


Figure 22.10 Anatomieal relationships of organs in the thoraeie eavity. In (e), the size of 
the pleural eavity is exaggerated for elarity. 
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gure 22.11 A east of the bronehial tree. The individual bronchopulmonary segments 
have been painted different eolors. 


The paired lungs occupy all of the thoraeie eavity except the 
mediastinum, which houses the heart, great blood vessels, bron- 
ehi, esophagus, and other organs igure 22.10 . 

Gross Anatomy of the Lungs 

Eaeh eone-shaped lung is surrounded by pleurae and eonneeted 
to the mediastimim by vascular and bronehial attaehments, eol- 
leetively ealled the lung root. The anterior, lateral, and posterior 
lung surfaces lie in elose eontaet with the ribs and form the eon- 
tinuously curving eostal surface. Just deep to the elaviele is the 
apex, the narrow superior tip of the lung. The eoneave, inferior 
surface that rests on the diaphragm is the base. 

On the mediastinal surface of eaeh lung is an indentation, 
the hilum, through which pulmonary and systemie blood ves- 
sels, bronehi, lymphatie vessels, and nerves enter and leave the 
lungs. Eaeh main bronchus plunges into the hilum on its own 
side and begins to braneh almost immediately. All conduct- 
ing and respiratory passageways distal to the main bronehi are 
found in the hrngs. 

The two lungs differ slightly in shape and size because the 
apex of the heart is slightly to the left of the median plane. The 
left lung is smaller than the right, and the eardiae noteh —a 
eoneavity in its medial aspeet—is molded to and aeeommodates 
the heart (Figure 22.10a). The left lung is subdivided into supe- 
rior and inferior lobes by the oblique fissure, whereas the right 
lung is partitioned into superior, middle, and inferior lobes by 
the oblique and horizontalfissmes. 

Eaeh lobe eontains a mirnber of pyramid-shaped bron- 
chopulmonary segments separated from one another by 
eonneetive tissue septa. The right lung has 10 bronehop- 
ulmonary segments, but the left lung is more variable and 


eonsists of 8 to 10 segments Figure 22.11 . Eaeh segment 
is served by its own artery and vein and reeeives air from an 
individual segmental (tertiary) bronchus. 

The bronchopulmonary segments are elinieally important 
because pulmonary disease is often eonfined to one or a few 
segments. Their eonneetive tissue partitions allow diseased seg- 
ments to be surgically removed without damaging neighboring 
segments or impairing their blood supply. 

The smallest subdivisions of the lung visible with the naked 
eye are the lobules, which appear at the lung surface as hexagons 
ranging from the size of a peneil eraser to the size of a penny (Fig- 
ure 22.10b). A large bronehiole and its branehes serve eaeh lobule. 
In most eity dwellers and in smokers, the eonneetive tissue that 
separates the individual lobules is blaekened with earbon. 

As we mentioned earlier, the lungs eonsist largely of air 
spaees. The balanee of lung tissue, or its stroma (literally c mat- 
tress” or “bed”), is mostly elastie eonneetive tissue. As a result, 
the lungs are soft, spongy, elastie organs that together weigh 
just over 1 kg (2.2 lb). The elastieity of healthy lungs reduces the 
work of breathing, as we will deseribe shortly. 


r 
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Blood Siipply and Innervation of the Lungs 

The lungs are perfused by two circulations, the pulmonary and 
the bronehial, which differ in size, origin, and fimetion. 

Pulmonary Circulation of the Lungs Systemie venous blood that 
is to be oxygenated in the lungs is delivered by the pulmonary 
arteries, which lie anterior to the main bronehi (Figure 22.10c). 
In the hrngs, the pulmonary arteries braneh profiisely along with 
the bronehi and finally feed into the pulmonary eapillary net- 
works surrounding the alveoli (see Figure 22.9a). 
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The pulmonary veins eonvey the freshly oxygenated blood 
from the respiratory zone of the lungs to the heart. Their tribu- 
taries course baek to the hilum both with the eorresponding 
bronehi and in the eonneetive tissue septa separating the bron- 
chopulmonary segments. 

The pulmonary circuit is a low-pressure, high-volume circu- 
lation. Because all of the body s blood passes through the lungs 
about onee eaeh minute, the lung eapillary endothelium is an 
ideal loeation for enzymes that aet on materials in the blood. 
Examples include angiotensin eonverting enzyme , which aeti- 
vates an important blood pressure hormone, and enzymes that 
inaetivate eertain prostaglandins. 

Bronehial Circulation of the Lungs In eontrast to the pulmonary 
circulation, the bronehial arteries provide oxygenated systemie 
blood to lung tissue. The bronehial arteries arise from the aorta, 
enter the lungs at the hilum, and then mn along the branehing 
bronehi. They provide a high-pressure, low-volume supply of oxy- 
genated blood to all lung tissues except the alveoli. The tiny bron- 
ehial veins drain some systemie venous blood from the lungs, but 
there are multiple anastomoses between the two circulations, and 
most venous blood returns to the heart via the pulmonary veins. 

Innervation of the Lungs The lungs are innervated by para- 
sympathetie and sympathetie motor fibers, and viseeral sensory 
fibers. These nerve fibers enter eaeh lung through the pulmo- 
nary plexus on the lung root and run along the bronehial tubes 
and blood vessels in the hrngs. Parasympathetie fibers cause the 
air tubes to eonstriet, whereas sympathetie fibers dilate them. 


progresses, the pleurae may produce excessive amounts of fluid. 
This inereased fhfid relieves the pain caused by pleural sur- 
faees rubbing together, but may exert pressure on the lungs and 
hinder breathing movements. 

Other fluids that may accumulate in the pleural eavity in- 
clude blood (leaked from damaged blood vessels) and blood 
filtrate (the watery fluid that oozes from the lung eapillaries 
when left-sided heart failure occurs). The general term for fhiid 
accumulation in the pleural eavity is plemal effusion. + 



Check Your IJnderstanding 


4. What features of the alveoli and their respiratory membranes 
suit them to their function of exchanging gases by diffusion? 

5. A 3-year-old boy is brought to the emergeney department 
after aspirating (inhaling) a peanut. Bronehoseopy eonfirms 
the suspicion that the peanut is lodged in a bronchus and 
then it is successfully extracted. Which main bronchus vvas 
the peanut most likely to be in? Why? 

6. The lungs are perfused by tvvo different circulations. Name 
these circulations and indieate their roles in the lungs. 

_ For ansvvers, see Appendix H. 


Meehanies of Breathing 

Breathing, or pulmonary ventilation, eonsists of two phases: 
inspiration, the period when air flows into the hrngs, and expi- 
ration, the period when gases exit the hrngs. 


The Pleurae 
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The pleurae (ploo're; “sides”) form a thin, double-layered se- 
rosa. The layer ealled the parietal pleura eovers the thoraeie 
wall and superior faee of the diaphragm (Figure 22.10a, e). It 
continues around the heart and between the lungs, forming the 
lateral walls of the mediastinal enclosure and snugly enelosing 
the lung root. From here, the pleura extends as the layer ealled 
the viseeral pleura to eover the external hmg surface, dipping 
into and lining its fissures. 

The pleurae produce pleural fluid, which fills the slitlike pleu- 
ral eavity between them. This lubricating seeretion allows the 
lungs to glide easily over the thorax wall during our breathing 
movements. Although the pleurae slide easily aeross eaeh other, 
the surface tension of the pleural fluid strongly resists their sepa- 
ration. Consequently, the hings eling tightly to the thorax wall 
and expand and reeoil passively as the volume of the thoraeie 
eavity alternately inereases and deereases during breathing. 

The pleurae also help divide the thoraeie eavity into three 
ehambers—the eentral mediastinum and the two lateral pleural 
eompartments, eaeh eontaining a hmg. This eompartmentaliza- 
tion helps prevent one mobile organ (for example, the lung or 
heart) from interfering with another. It also limits the spread of 
loeal infeetions. 
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Pleurisy (ploo'rì-se), inflammation of the pleurae, often results 
from pneumonia. Inflamed pleurae beeome rough, resulting 
in frietion and stabbing pain with eaeh breath. As the disease 


Pressure Relationships 
in theThoraeie Cavity 

✓ Explain the functional importanee of the partial vacuum 
that exists ìn the intrapleural spaee. 

Before we discuss the breathing proeess, it is important to un- 
derstand that respiratory pressmes are always deseribed relative to 
atmospherie pressure (P alm ), which is the pressure exerted by the 
air (gases) surrounding the body. At sea level, atmospherie pres- 
sure is 760 mm Hg (the pressure exerted by a eohimn of mercury 
760 mm high). This pressure ean also be expressed in atmosphere 
units: atmospherie pressure = 760 mm Hg = 1 atm. 

A negative respiratory pressure in any respiratory area indieates 
that the pressure in that region is lower than atmospherie pres- 
sure. For instanee, a respiratory pressure of — 4 mm Hg indieates 
a pressure that is lower than atmospherie pressure by 4 mm Hg 
(760 — 4 = 756 mm Hg). In this ease, 756 mm Hg is the absokite 
pressure in that region. A positive respiratory pressure is higher 
than atmospherie pressure, and zero respiratory pressure is equal 
to atmospherie pressure. Now we are ready to examine the pres- 
sure relationships that normally exist in the thoraeie eavity. 

Intrapiilmonary Pressure (P pu! ) 

The intrapulmonary (intra-alveolar) pressure (P pu i) is the 
pressure in the alveoli. Intrapulmonary pressure rises and falls 
with the phases of breathing, but it always equalizes with the 
atmospherie pressure eventually gure 22.12] . 
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Atmospherie pressure (P atm ) 

0 mm Hg (760 mm Hg) 



pressure (P pu ,) 

0 mm Hg 
(760 mm Hg) 

gure 22.12 lntrapulmonary and intrapleural pressure 
relationships. Values shown are pressures relative to atmospherie 
pressure (760 mm Hg at sea level). Absolute pressures are given in 
parentheses. These pressures are at the end of a normal expiration. 
For illustration, the size of the pleural eavity has been greatly 
exaaqerated. 


Intrapleural Pressure (P ip ) 

The pressure in the pleural eavity, the intrapleural pressure (P ip ), 
also fluctuates with breathing phases, but is always about 4 mm Hg 
less than P pul . That is, P ip is always negative relative to P pul . 

What causes this negative intrapleural pressure? To answer 
this question, lets examine the forees that exist in the thorax. 
First of all, we know there are opposing forees. Two forees aet to 
pull the lungs (viseeral pleura) away from the thorax wall (pari- 
etal pleura) and cause the lungs to eollapse: 

■ The lungs' natural tendeney to reeoil. Because of their elas- 
tieity, lungs always assume the smallest size possible. 

■ The surface tension of the alveolar fluid. The molecules of 
the fluid lining the alveoli attraet eaeh other. This produces 
srnfaee tension that eonstantly aets to draw the alveoli to their 
smallest possible dimension. 

However, these lung-collapsing forees are opposed by the 
natural elastieity of the ehest wall, a foree that tends to pull the 
thorax outward and enlarge the hrngs. So which foree wins? In 
a healthy person, the answer is neither, because of the strong 
adhesive foree between the parietal and viseeral pleurae. Pleural 
fluid secures the pleurae together in the same way a drop of 
water holds two glass slides together. The pleurae slide from 
side to side easily, but they remain elosely apposed, and separat- 
ing them requires extreme foree. The net result of the dynamie 
interplay between these forees is a negative P ip . 


The amount of pleural fluid in the pleural eavity must remain 
minimal to maintain a negative P ip . The pleural fluid is aetively 
pumped out of the pleural eavity into the lymphaties continu- 
ously. If it wasnt, fluid would accumulate in the intrapleural 
spaee (remember, fluids move from high to low pressure), pro- 
ducing a positive pressure in the pleural eavity. 

We eannot overemphasize the importanee of negative pressure 
in the intrapleural spaee and the tight coupling of the lungs to the 
thorax wall. Any eondition that equalizes P ip with the intrapulmo- 
nary (or atmospherie) pressure causes immediate lung eollapse. It 
is the transpulmonary pressure —the differenee between the in- 
trapulmonary and intrapleural pressures (P pul - P ip )—that keeps 
the air spaees of the lungs open or, phrased another way, keeps the 
hrngs from eollapsing. Moreover, the size of the transpulmonary 
pressme determines the size of the lungs at any time—the greater 
the transpulmonary pressure, the larger the lungs. 
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Ateleetasis (at"é-lik'tah-sis), or lung eollapse, occurs when a 
bronehiole beeomes plugged (as may follow pneumonia). Its 
assoeiated alveoli then absorb all of their air and eollapse. Atel- 
eetasis ean also occur when air enters the pleural eavity either 
through a ehest wound or a rupture of the viseeral pleura, which 
allows air from the respiratory traet to enter the pleural eavity. 

The presenee of air in the pleural eavity is referred to as a 


pneumothorax (nu"mo-tho'raks; “air thorax”), and is reversed 
by drawing air out of the intrapleural spaee with ehest tubes. 
This procedure allows the pleurae to heal and the lung to rein- 
flate and resume normal function. Note that because the hrngs 
are in separate eavities, one lung ean eollapse without interfer- 
ing with the other. + 


Pulmonary Ventilation 

✓ Relate Boyle's law to events of inspiration and expiration. 

Explain the relative roles of the respiratory muscles and 
lung elastieity in producing the volume ehanges that cause 
air to flow into and out of the lungs. 



Pulmonary ventilation, eonsisting of inspiration and expiration, 
is a meehanieal proeess that depends on volume ehanges in the 
thoraeie eavity. A mle to keep in mind throughout the following 
discussion is that volume ehanges lead to pressme ehanges , and 
pressure ehanges lead to th eflow ofgases to equalize the pressure. 

Boyle’s law gives the relationship between the pressure and 
volume of a gas: At eonstant temperature, the pressure of a gas 
varies inversely with its volume. That is, 


PiV, = P 2 V 2 


where P is the pressure of the gas, V is its vohirne, and subscripts 
1 and 2 represent the initial and resulting eonditions respeetively. 

Gases always/z// their eontainer. Consequently, in a large eon- 
tainer, the molecules in a given amount of gas will be far apart 
and the pressure will be low. But if the volume of the eontainer 
is reduced, the gas molecules will be foreed eloser together and 
the pressure will rise. 
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o 


o. 

(/) 


Sequence of events 


Changes in anterior-posterior and 
superior-inferior dimensions 


Changes in lateral dimensions 

(superior view) 


(J) Inspiratory muscles eontraet 
(diaphragm deseends; rib eage 
rises). 


© 


inereases. 


@ Lungs are stretehed; 
intrapulmonary volume inereases 


(í) lntrapulmonary pressure 
drops (to -1 mm Hg). 


(5) Air (gases) flovvs into lungs 
down its pressure gradient until 
intrapulmonary pressure is 0 
(equal to atmospherie pressure). 



Ribs are 
elevated and 
sternum flares 
as external 
intereostals 
eontraet. 


Diaphragm moves 
inferiorly during 
eontraetion. 



o 




$8 

CL 

X 

LJJ 


22 




(T) Inspiratory muscles relax 
(diaphragm rises; rib eage 
deseends due to reeoil of eostal 
eartilages). 


(2) Thoraeie eavity volume 


deereases. 


@ Elastie lungs reeoil passively; 
intrapulmonary volume 
deereases. 


(í) lntrapulmonary pressure rises 
(to +1 mm Hg). 


© Air (gases) flows out of lungs 
down its pressure gradient 
until intrapulmonary pressure is 0 



Ribs and 
sternum are 
depressed as 
external 
intereostals 
relax. 


v 



Diaphragm 


moves 
superiorly 
as it relaxes 




gure 22.13 ehanges in thoraeie 
voliime and sequence of events during 
inspiration and expiration. The sequence 
of events in the left column includes 
volume ehanges during inspiration (top) 
and expiration (bottom). The lateral views 


in the middle column show ehanges in the 
superior-inferior dimension (as the diaphragm 
alternately eontraets and relaxes, see 
blaek arrows) and in the anterior-posterior 
dimension (as the external intereostal muscles 


alternately eontraet and relax). The superior 
views of transverse thoraeie seetions in the 
right column show lateral dimension ehanges 
resulting from alternate eontraetion and 
relaxation of the external intereostal muscles. 


A good example is an inflated automobile tire. The tire is 
hard and strong enough to bear the weight of a ear because air is 
eompressed to about one-third of its atmospherie volume inside 
the tire, providing high pressure. Now let s see how this relates 
to inspiration and expiration. 


Inspìration 

Visualize the thoraeie eavity as a gas-filled box with a single 
entranee at the top, the tubelike traehea. The volume of this box 
is ehangeable and ean be inereased by enlarging all of its dimen- 
sions, thereby deereasing the gas pressure inside it. This drop in 
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Intrapiilmonary pressure. 

Pressure inside lung 
deereases as lung volume 
inereases during 
inspiration; pressure 
inereases during expiration. 


Intrapleural pressure. 

Pleural eavity pressure 
beeomes more negative as 
ehest wall expands during 
inspiration. Returns to initial 
value as ehest wall reeoils. 
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Inspiration 




Expiration 


lntrapulmonary 

pressure 


Trans- 
pulmonary 


pressure 


lntrapleural 

pressure 



Volume of breath. During 
eaeh breath, the pressure 
gradients move 0.5 liter of 
air into and out of the lungs. 


0 

£ 


0.5 


O 0 



Volume e 

>f breath 







5 seeonds elapsed 



gure 22.14 ehanges in intrapulmonary and intrapleural pressures during 
inspiration and expiration. Notiee that normal atmospherie pressure (760 mm Hg) is 
given a value of 0 on the seale. 


pressure causes air to rush into the box from the atmosphere, 
because gases always flow down their pressure gradients. 

The same thing happens during normal quiet inspiration, when 
the inspiratory muscles —the diaphragm and external intereostal 
muscles—are aetivated. Heres how quiet inspiration works: 

■ Aetion of the diaphragm. When the dome-shaped dia- 
phragm eontraets, it moves inferiorly and flattens out 
(Figure 22.13, top). As a result, the superior-inferior di- 
mension (height) of the thoraeie eavity inereases. 

■ Aetion of the intereostal muscles. When the external inter- 
eostal muscles eontraet, they lift the rib eage and pull the 
sternum superiorly (Figure 22.13, top). Because the ribs 
curve downward as well as forward around the ehest wall, 
the broadest lateral and anteroposterior dimensions of the 
rib eage are normally direeted obliquely downward. But 
when the ribs are raised and drawn together, they swing out- 
ward, expanding the diameter of the thorax both laterally 
and in the anteroposterior plane. This is much like the aetion 
that occurs when a curved bucket handle is raised—it moves 
outward as it moves upward. 

Although these aetions expand the thoraeie dimensions by 
only a few millimeters along eaeh plane, this is enough to in- 
erease thoraeie volume by almost 500 ml—the usual volume 
of air that enters the lungs during a normal quiet inspiration. 
Of the two types of inspiratory muscles, the diaphragm is far 
more important in producing these volume ehanges that lead to 
normal quiet inspiration. 

As the thoraeie dimensions inerease during inspiration, the 
lungs are stretehed and the intrapulmonary volume inereases. As 
a result, P pul drops about 1 mm Hg relative to P atm . Anytime the 
intrapulmonary pressure is less than the atmospherie pressure 
(-P p ui < P atm ), air rushes into the lungs along the pressure gradient. 


Inspiration ends when P pul = P atm . During the same period, P ip 
deelines to about —6 mm Hg relative to P, l[m (F3gure 22.14] . 

During the deep orforeed inspirations that occur during vigor- 
ous exercise and in some ehronie obstmetive pulmonary diseases, 
aeeessory muscles further inerease thoraeie volume. Several mus- 
eles, including the sealenes and sternoeleidomastoid muscles of the 
neek and the peetoralis minor of the ehest, raise the ribs even more 
than during quiet inspiration. Additionally, the baek extends as the 
ereetor spinae muscles straighten the thoraeie curvature. 


Expiration 

In healthy individuals, quiet expiration is a passive proeess that 
depends more on lung elastieity than on muscle eontraetion. As 
the inspiratory muscles relax and resume their resting length, 
the rib eage deseends and the lungs reeoil (Figure 22.13, bot- 
tom). As a result, both the thoraeie and intrapulmonary vol- 
umes deerease. This volume deerease eompresses the alveoli, 
and P pul rises to about 1 mm Hg above atmospherie pressure 
(Figure 22.14). When P pul > P atm , the pressure gradient forees 
gases to flow out of the lungs. 

Foreed expiration is an aetive proeess produced by eon- 
traeting abdominal wall muscles, primarily the oblique and 
transversus muscles. These eontraetions (1) inerease the intra- 
abdominal pressure, which forees the abdominal organs supe- 
riorly against the diaphragm, and (2) depress the rib eage. The 
internal intereostal muscles also help depress the rib eage and 
deerease thoraeie volume. 

To preeisely regulate air flow from the lungs, it is neeessary 
to eontrol the aeeessory muscles of expiration. For instanee, the 
ability of a trained voealist to hold a musical note depends on 
the eoordinated aetivity of several muscles normally used in 
foreed expiration. 
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Check Your Understanding 


7. What is the driving foree for piilmonary ventilation? 

8 . What causes the intrapulmonary pressure to deerease during 
inspiration? 

9. What causes the partial vacuum (negative pressure) inside 
the pleural eavity? What happens to a lung if air enters the 
pleural eavity? What is the elinieal name for this eondition? 

_ For ansvvers, see Appendix Fi. 


Physieal Faetors Inf1uencing 
Pulmonary Ventilation 

List several physieal faetors that influence pulmonary 
ventilation. 

As we have seen, the lungs are stretehed during inspiration and 
reeoil passively during expiration. The inspiratory muscles eon- 
sume energy to enlarge the thorax. Energy is also used to over- 
eome various faetors that hinder air passage and pulmonary 
ventilation. We examine these faetors next. 

Airvvay Resistanee 

The major nonelastie source of resistanee to gas flow is frietion, 
or drag, encountered in the respiratory passageways. The fol- 
lowing equation gives the relationship between gas flow (F), 
pressure (P), and resistanee ( R ): 


Conducting 


Respiratory 


zone 


zone 







1 5 10 15 20 23 

Airvvay generation 
(stage of branehing) 


Figure 22.1 Resistanee in respiratory passagevvays. Airvvay 
resistanee peaks in the medium-sized bronehi and then deelines 
sharply as the total eross-seetional area of the airvvays inereases 
rapidly. 


bronehioles, gas flow stops and diffhsion takes over as the main 
foree driving gas movement, so resistanee is no longer an issue. 



A P 
R 




22 




Notiee that the faetors determining gas flow in the respira- 
tory passages and blood flow in the cardiovascular system are 
equivalent. The amount of gas flowing into and out of the alveoli 
is direetly proportional to AP, the differenee in pressure, or pres- 
sure gradient, between the external atmosphere and the alveoli. 

Normally, very small differenees in pressure produce large 
ehanges in the volume of gas flow. The average pressure gradi- 
ent during normal quiet breathing is 2 mm Hg or less, and yet 
it is suffkient to move 500 ml of air in and out of the lungs with 
eaeh breath. 

But, as the equation also indieates, gas flow ehanges inversely 
with resistanee. In other words, gas flow deereases as resistanee 
inereases. As in the cardiovascular system, resistanee in the 
respiratory tree is determined mostly by the diameters of the 
conducting tubes. However, as a rale, airway resistanee is insig- 
nifieant for two reasons: 


■ Airway diameters in the first part of the conducting zone are 
huge, relative to the low viseosity of air. 

■ As the airways get progressively smaller, there are progres- 
sively more branehes. As a result, although individual bron- 
ehioles are tiny, there are an enormous number of them in 
parallel, so the total eross-seetional area is huge. 

Consequently, the greatest resistanee to gas flow occurs in 
the medium-sized bronehi i< jure 22.15). At the terminal 
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Smooth muscle of the bronehiolar walls is exquisitely sensitive 
to neural eontrols and eertain ehemieals. For example, inhaled 
irritants aetivate a reflex of the parasympathetie division of the 
nervous system that causes vigorous eonstrietion of the bron- 
ehioles and dramatieally reduces air passage. During an acute 
asthma attaek , histamine and other inflammatory ehemieals 
ean cause such strong bronehoeonstrietion that pulmonary 
ventilation almost eompletely stops, regardless of the pressure 
gradient. Conversely, epinephrine released during sympathetie 
nervous system aetivation or administered as a drug dilates 
bronehioles and reduces airway resistanee. Loeal accumulations 
of mucus, infectious material, or solid tumors in the passage- 
ways are important sources of airway resistanee in those with 
respiratory disease. 

Whenever airway resistanee rises, breathing movements 
beeome more strenuous, but such eompensation has its limits. 
When the bronehioles are severely eonstrieted or obstraeted, 
even the most magnifieent respiratory efforts eannot restore 
ventilation to life-sustaining levels. + 


Alveolar SiirfaeeTension 

At any gas-liquid boundary, the molecules of the liquid are more 
strongly attraeted to eaeh other than to the gas molecules. This 
unequal attraetion produces a state of tension at the liquid sur- 
faee, ealled surface tension, that (1) draws the liquid molecules 
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eloser together and reduces their eontaet with the dissimilar gas 
molecules, and (2) resists any foree that tends to inerease the 
surface area of the liquid. 

Water is eomposed of highly polar molecules and has a very 
high surface tension. As the major eomponent of the liquid film 
that eoats the alveolar walls, water is always aeting to reduce the 
alveoli to their smallest possible size, as we noted earlier. 

If the film were pure water, the alveoli would eollapse be- 
tween breaths. But the alveolar film also eontains surfactant 
(ser-fak'tant), a detergent-like complex of lipids and proteins 
produced by the type II alveolar eells. Surfactant deereases the 
eohesiveness of water molecules, much the way a laundry de- 
tergent reduces the attraetion of water for water, allowing water 
to interaet with and pass through fabrie. As a result, the surface 
tension of alveolar fluid is reduced, and less energy is needed 
to overeome those forees to expand the lungs and discourage 
alveolar eollapse. Breaths that are deeper than normal stimulate 
type II eells to seerete more surfactant. 
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When too little surfactant is present, surface tension ean eol- 
lapse the alveoli. Onee this happens, the alveoli must be eom- 
pletely reinflated during eaeh inspiration, an efiFort that uses 
tremendous amounts of energy. This is the problem faeed by 
newborns with infant respiratory distress syndrome (IRDS), 
a eondition peculiar to premature babies. Sinee fetal hrngs do 
not produce adequate amounts of surfactant until the last two 
months of development, babies born prematurely often are un- 
able to keep their alveoli inflated between breaths. 

IRDS is treated by spraying natural or synthetie surfactant 
into the newborns respiratory passageways. In addition, deviees 
that maintain positive airway pressure throughout the respira- 
tory eyele ean keep the alveoli open between breaths. Severe 
eases require meehanieal ventilators. 

Many IRDS survivors sufiFer from bronehopidmonary dyspla- 
sia , a ehronie lung disease, during ehildhood and beyond. This 
eondition is believed to result from inflammatory injury caused 
by meehanieally ventilating the premature newborns delieate 
respiratory zone structures. + 


Lung Compliance 

Healthy lungs are unbelievably stretehy, and this distensibility is 
ealled lung eomplianee. Speeifieally, lung eomplianee (C L ) is a 
measure of the ehange in lung volume (AV L ) that occurs with a 
given ehange in transpulmonary pressure [A(P pul — P ip )]. This 
relationship is stated as 

AV l 

A(P pu i — P[ p ) 

The more a lung expands for a given rise in transpulmo- 
nary pressure, the greater its eomplianee. Said another way, the 
higher the lung eomplianee, the easier it is to expand the lungs 
at any given transpulmonary pressure. 

Lung eomplianee is determined largely by two faetors: (1) 
distensibility of the lung tissue and (2) alveolar surface tension. 



Because lung distensibility is generally high and surfactant 
keeps alveolar surface tension low, healthy lungs tend to have 
high eomplianee, which favors eífieient ventilation. 

Any deerease in the natural resilienee of the lungs diminishes 
lung eomplianee. Chronic inflammation, or infeetions such as 
tuberculosis, ean cause nonelastie sear tissue to replaee normal 
lung tissue (fibrosis). Deereased production of surfactant ean 
also impair lung eomplianee. The lower the lung eomplianee, 
the more energy is needed just to breathe. 

Sinee the hrngs are eontained within the thoraeie eavity, we 
also need to eonsider the eomplianee (distensibility) of the tho- 
raeie wall. Faetors that reduce the eomplianee of the thoraeie 
wall hinder lung expansion. The total eomplianee of the respira- 
tory system is eomprised of lung eomplianee and thoraeie wall 
eomplianee. 
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Deformities of the thorax, ossified eostal eartilages (eommon 
during old age), and paralyzed intereostal muscles all hinder 
thoraeie expansion, reducing total respiratory eomplianee. + 


Respiratory Volumes and Pulmonary 
FunctionTests 

✓ Explain and eompare the various lung volumes and 
eapaeities. 

✓ Define dead spaee. 

indieate types of information that ean be gained from 
pulmonary function tests. 


The amount of air flushed in and out of the lungs depends on 
the eonditions of inspiration and expiration. Consequently, sev- 
eral respiratory volumes ean be deseribed. Speeifie eombinations 
of these respiratory volumes, ealled respiratory eapaeities , are 
measured to gain information about a persons respiratory status. 


Respiratory Voliimes 

The four respiratory volumes of interest are tidal, inspiratory 
reserve, expiratory reserve, and residual. The values reeorded 
in Figure 22.16a (and used in the following text) represent 
normal values for a healthy 20-year-old male weighing about 
70 kg (155 lb). Figure 22.16b provides average values for males 
and females. 

During normal quiet breathing, about 500 ml of air moves 
into and then out of the lungs with eaeh breath. This respiratory 
volume is the tidal volrnne (TV). The amount of air that ean be 
inspired foreibly beyond the tidal volume (2100 to 3200 ml) is 
the inspiratory reserve volume (IRV). 

The expiratory reserve volume (ERV) is the amount of air— 
normally 1000 to 1200 ml—that ean be expelled from the lungs 
after a normal tidal volume expiration. Even after the most 
strenuous expiration, about 1200 ml of air remains in the lungs; 
this is the residual volume (RV), which helps to keep the alveoli 
patent (open) and prevent lung eollapse. 
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(a) Spirographie reeord for a male 


Inspiratory 
reserve voliime 
3100 ml 


Tidal volume 500 ml 


Expiratory 
reserve volume 
1200 ml 


Residual volume 
1200 ml 



Respiratory 

volumes 


Measiirement 

Adult male 
average value 

Adult female 
average value 

Deseription 

Tidal volume (TV) 

500 ml 

500 ml 

Amount of air inhaled or exhaled with eaeh breath under resting 
eonditions 


Inspiratory reserve 
volume (IRV) 

3100 ml 

1900 ml 

Amount of air that ean be forcefully inhaled after a normal tidal 
volume inspiration 


Expiratory reserve 
volume (ERV) 

1200 ml 

700 ml 

Amount of air that ean be forcefully exhaled after a normal tidal 
volume expiration 


Residual volume (RV) 

1200 ml 

1100 ml 

Amount of air remaining in the lungs after a foreed expiration 



Total lung eapaeity (TLC) 

6000 ml 

4200 ml 

Maximum amount of air eontained in lungs after a maximum 
inspiratory effort: TLC = TV + IRV + ERV + RV 

Resnimtorv_ 

Vital eapaeity (VC) 

4800 ml 

3100 ml 

Maximum amount of air that ean be expired after a maximum 
inspiratory effort: VC = TV + IRV + ERV 

1 IvvmM Hlvl y 

eapaeities 

Inspiratory eapaeity (IC) 

3600 ml 

2400 ml 

Maximum amount of air that ean be inspired after a normal tidal 
volume expiration: IC = TV + IRV 


Functional residual 
eapaeity (FRC) 

2400 ml 

1800 ml 

Volume of air remaining in the lungs after a normal tidal volume 
expiration: FRC = ERV + RV 



(b) Summary of respiratory volumes and eapaeities for males and females 


gure 22.16 Respiratory volumes and eapaeities. Idealized spirographie reeord of 
respiratory voliimes in (a) is for a healthy young 70-kg adult male. 


Respiratory Capacities 

The respiratory eapaeities include inspiratory, functional re- 
sidual, vital, and total lung eapaeities (Figure 22.16). The respi- 
ratory eapaeities always eonsist of two or more lung volumes. 

■ Inspiratory eapaeity (IC) is the total amount of air that ean 
be inspired after a normal tidal volume expiration, so it is the 
sum ofTV and IRV. 

■ Functional residual eapaeity (FRC) represents the amount 
of air remaining in the hrngs after a normal tidal volume ex- 
piration and is the eombined RV and ERV. 

■ Vital eapaeity (VC) is the total amount of exchangeable air. 
It is the sum of TV, IRV, and ERV. In healthy young males, 
VC is approximately 4800 ml. 


■ Total lung eapaeity (TLC) is the sum of all lung volmnes and 
is normally around 6000 ml. 

As indieated in Figure 22.16b, lung volumes and eapaeities (with 
the possible exception of TV) tend to be smaller in women than 
in men because of womens smaller size. 

Dead Spaee 

Some of the inspired air fills the conducting respiratory pas- 
sageways and never contributes to gas exchange in the alveoli. 
The volume of these conducting zone conduits, which make up 
the anatomieal dead spaee, typieally amounts to about 150 ml. 
(The rule of thumb is that the anatomieal dead spaee volume in 
a healthy young adult is equal to 1 ml per pound of ideal body 
weight.) This means that if TV is 500 ml, only 350 ml of it is 
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Table 22.2 Effeets of Breathing Rate and Depth on Alveolar Ventilation of Three Hypothetieal Patients 


BREATHING PATTERN OF 

HYPOTHETICAL PATIENT 

DEAD SPACE 

VOLLIME 

(DSV) 

TIDAL 

VOLLJME 

(TV) 

RESPIRATORY 

RATE* 

MINUTE 

VENTILATION 

(MVR) 

ALVEOLAR 

VENTILATION 

(AVR) 

% EFFECTIVE 

VENTILATION 

(AVR/MVR) 

1—Normal rate and depth 

150 ml 

500 ml 

20/min 

10,000 ml/min 

7000 ml/min 

70% 

II—Slow, deep breathing 

150 ml 

1000 ml 

10/min 

10,000 ml/min 

8500 ml/min 

85% 

III —Rapid, shallow breathing 

150 ml 

250 ml 

40/m i n 

10,000 ml/min 

4000 ml/min 

40% 


*Respiratory rate values are artifieially adjusted to provide equivalent minute ventilation as a baseline for eomparing alveolar ventilation. 


involved in alveolar ventilation. The remaining 150 ml of the 
tidal breath is in the anatomieal dead spaee. 

If some alveoli eease to aet in gas exchange (due to alveolar 
eollapse or obstmetion by mucus, for example), the alveolar 
dead spaee is added to the anatomieal dead spaee. The sum of 
the nonuseful volumes is the total dead spaee. 

Pulmonary FunctionTests 

The various lung volumes and eapaeities are often abnormal 
in people with pulmonary disorders. The original elinieal mea- 
suring tool, a spirometer (spi-rom'é-ter), was a cumbersome 
instrument utilizing a hollow bell inverted over water. Now pa- 
tients simply blow into a small eleetronie measuring deviee. 

Spirometry is most useful for evahiating losses in respira- 
tory function and for following the course of eertain respira- 
tory diseases. It eannot provide a speeifie diagnosis, but it ean 
distinguish between obstmetive pulmonary disease involving 
inereased airway resistanee (such as ehronie bronehitis) and re- 
strietive diseases involving reduced total lung eapaeity. (These 
ehanges might be due to diseases such as tuberculosis, or to 
fibrosis due to exposure to eertain environmental agents such 
as asbestos). In obstmetive diseases, TLC, FRC, and RV may 
inerease because the lungs hyperinflate, whereas in restrietive 
diseases, VC, TLC, FRC, and RV deeline because lung expan- 
sion is limited. 

We ean obtain more information by assessing the rate at 
which gas moves into and out of the lungs. 

■ Foreed vital eapaeity (FVC) measures the amount of gas ex- 
pelled when a subject takes a deep breath and then forcefully 
exhales maximally and as rapidly as possible. 

■ Foreed expiratory volume (FEV) determines the amount of 
air expelled during speeifie time intervals of the FVC test. 

For example, the volume exhaled during the first seeond is 
FEVi. Those with healthy lungs ean exhale about 80% of the 
FVC within 1 seeond. Those with obstmetive pulmonary dis- 
ease exhale eonsiderably less than 80% of the FVC within 1 see- 
ond, while those with restrietive disease ean exhale 80% or more 
ofFVC in 1 seeond even though their FVC is reduced. 

Alveolar Ventilation 

The minute ventilation is the total amount of gas that flows into 
or out of the respiratory traet in 1 minute. During normal quiet 


breathing, the minute ventilation in healthy people is about 6 L/ 
min (500 ml per breath multiplied by 12 breaths per minute). 
During vigorous exercise, the minute ventilation may reaeh 
200 L/min. 

Minute ventilation values provide a rough yardstiek for as- 
sessing respiratory eífieieney, but the alveolar ventilation rate 
(AVR) is a better index of effeetive ventilation. The AVR takes 
into account the volume of air wasted in the dead spaee and 
measures the flow of fresh gases in and out of the alveoli dur- 
ing a particular time interval. We ean compute AVR using this 
equation: 

AVR = frequency X (TV — dead spaee) 

(ml/min) (breaths/min) (ml/breath) 


In healthy people, AVR is usually about 12 breaths per minute 
times the differenee of 500 — 150 ml per breath, or 4200 ml/min. 

Because anatomieal dead spaee is eonstant in a particular 
individual, inereasing the volume of eaeh inspiration (breathing 
depth) enhanees AVR and gas exchange more than raising the 
respiratory rate. AVR drops dramatieally during rapid shallow 
breathing because most of the inspired air never reaehes the ex- 
ehange sites. Furthermore, as tidal volume approaehes the dead 
spaee value, effeetive ventilation approaehes zero, regardless of 
how fast a person is breathing. Table 22.2 summarizes the ef- 
feets of breathing rate and breathing depth on alveolar ventila- 
tion for three hypothetieal patients. 



Nonrespiratory Air Movements I 

Many proeesses other than breathing move air into or out of the 
lungs, and these proeesses may modify the normal respiratory 
rhythm. Most of these nonrespiratory air movements result from 
reflex aetivity, but some are produced vohmtarily. Table 22.3 de- 
seribes the most eommon of these movements. 



Check Your Understanding 


10. Resistanee in the airvvays is typieally lovv. Why? (Give at least 
tvvo reasons.) 

11. Premature infants often laek adequate surfactant. Hovv does 
this affeet their ability to breathe? 

12. Explain vvhy slovv, deep breaths ventilate the alveoli more 
effeetively than do rapid, shallovv breaths. 

_ For ansvvers, see Appendix H. 
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Table 22.3 Nonrespiratory Air (Gas) Movements 


MOVEMENT 


MECHANISM AND RESLILT 


Cough 


Sneeze 


Crying 

Laughing 

Hiccups 


Yawn 


Taking a deep breath, elosing glottis, and foreing air superiorly from lungs against glottis; glottis opens suddenly and a blast 
of air rushes upward. Can dislodge foreign partieles or mucus from lower respiratory traet and propel them superiorly. 

Similar to a cough, except that expelled air is direeted through nasal eavity as well as through oral eavity; depressed uvula 
routes air upward through nasal eavity. Clears upper respiratory passages. 

Inspiration followed by releasing air in a number of short expirations. Primarily an emotionally induced meehan 
Essentially same as erying in terms of air movements produced. Also an emotionally induced response. 


ism. 


Sudden inspirations resulting from spasms of diaphragm; believed to be initiated by irritation of diaphragm or phrenie 
nerves, which serve diaphragm. Sound occurs when inspired air hits voeal folds of elosing glottis. 

Very deep inspiration, taken with jaws wide open; not believed to be triggered by levels of oxygen or earbon dioxide in 
blood. Ventilates all alveoli (not the ease in normal quiet breathing). 


Gas Exchanges Between 
the Blood, Lungs, andTissues 

s State DaltorYs law of partial pressures and Henry's law. 

Deseribe how atmospherie and alveolar air differ in 
eomposition, and explain these differenees. 

✓ Relate Dalton's and Henry's laws to events of external and 
internal respiration. 
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As youVe diseovered, during external respiration oxygen enters 
and earbon dioxide leaves the blood in the lungs by diffusion. At 
the body tissues, where the proeess is ealled internal respiration , 
the same gases move in opposite direetions, also by diffusion. To 
understand these proeesses, lets examine the physieal proper- 
ties of gases and eonsider the eomposition of alveolar gas. 

Basie Properties of Gases 

Beyond Boyles law, two more gas laws provide most of the infor- 
mation we need— Daltons law ofpartial pressmes reveals how a 
gas behaves when it is part of a mixture of gases, and Henrys law 
helps us understand how gases move into and out of sohition. 

Dalton’s Law of Partial Pressures 

Dalton’s law of partial pressures states that the total pressure 
exerted by a mixture of gases is the sum of the pressures exerted 
independently by eaeh gas in the mixture. Further, the pressure 
exerted by eaeh gas—its partial pressure —is direetly propor- 
tional to the pereentage of that gas in the gas mixture. 

As indieated in 'able 22.4, nitrogen makes up about 79% of 
air, and the partial pressure of nitrogen P N is 78.6% X 760 mm 

Áj 

Hg, or 597 mm Hg. Oxygen, which accounts for nearly 21% of 
air, has a partial pressure P 0? of 159 mm Hg (20.9% X 760 mm 
Hg). Together nitrogen and oxygen contribute about 99% of 
the total atmospherie pressure. Air also eontains 0.04% earbon 
dioxide, up to 0.5% water vapor, and insignifieant amounts of 
inert gases (such as argon and helium). 

At high altitudes, where the atmosphere is less influenced 
by gravity, partial pressures deeline in direet proportion to the 
deerease in atmospherie pressure. For example, at 10,000 feet 


above sea level where the atmospherie pressure is 523 mm Hg, 
P 0 is 110 mm Hg. 

Moving in the opposite direetion, atmospherie pressure in- 
ereases by 1 atm (760 mm Hg) for eaeh 33 feet of deseent (in 
water) below sea level. At 99 feet below sea level, the total pres- 
sure exerted on the body is equivalent to 4 atm, or 3040 mm Hg, 
and the partial pressure exerted by eaeh eomponent gas is also 
quadrupled. 

Henry’s Law 

Henry’s law states that when a gas is in eontaet with a liquid, the 
gas will dissolve in the liquid in proportion to its partial pres- 
sure. Aeeordingly, the greater the eoneentration of a particular 
gas in the gas phase, the more and the faster that gas will go into 
sohition in the liquid. 

At equilibrium, the partial pressures in the gas and liquid 
phases are the same. If, however, the partial pressure of the 
gas later beeomes greater in the liquid than in the adjaeent 
gas phase, some of the dissolved gas molecules will reenter the 
gaseous phase. So the direetion and amount of movement of 
a gas are determined by its partial pressure in the two phases. 
This flexible situation is exactly what occurs when gases are ex- 
ehanged in the lungs and tissues. For example, when P C q 2 in the 
pulmonary eapillaries is higher than in the lungs, C0 2 diffuses 
out of the blood and enters the air in the alveoli. 

How much of a gas will dissolve in a liquid at any given par- 
tial pressure also depends on the soliibility of the gas in the liq- 
uid and the temperatme of the liquid. The gases in air have very 
different solubilities in water (and in blood plasma). Carbon 
dioxide is most sohible. Oxygen is only 1/20 as sohible as C0 2 , 
and N 2 is only half as soluble as 0 2 . For this reason, at a given 
partial pressure, much more C0 2 than 0 2 dissolves in water, 
and praetieally no N 2 goes into solution. 

When a liquids temperature rises, gas sohibility deereases. 
Think of club soda, which is produced by foreing C0 2 gas to 
dissolve in water under high pressure. If you take the eap off a 
bottle of club soda and leave it in the fridge, it will slowly go flat. 
But if you leave it at room temperature, it will very quickly go 
flat. In both eases, you end up with plain water—all the C0 2 gas 
has eseaped from solution. 
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Table 22.4 Comparison of Gas Partial Pressures and Approximate Pereentages in the Atmosphere 

and in the Alveoli 


ATMOSPHERE (SEA LEVEL) ALVEOLI 

APPROXIMATE PARTIAL PRESSURE APPROXIMATE PARTIAL PRESSURE 

GAS PERCENTAGE (mm Hg) PERCENTAGE (mm Hg) 


n 2 

78.6 

597 

74.9 

569 

0 2 

20.9 

159 

13.7 

104 

co 2 

0.04 

0.3 

5.2 

40 

h 2 o 

0.46 

3.7 

6.2 

47 


100.0% 

760 

100.0% 

760 


Hyperbarie oxygen ehambers provide elinieal applieations of 
Henry s law. These ehambers eontain 0 2 gas at pressures higher 
than 1 atm and are used to foree greater-than-normal amounts 
of 0 2 into the blood of patients suífering from earbon mon- 
oxide poisoning (see p. 829) or tissue damage following radia- 
tion therapy. Hyperbarie therapy is also used to treat individuals 
with gas gangrene, because the anaerobie baeteria causing this 
infeetion eannot live in the presenee of high 0 2 levels. 

Scuba diving provides another illustration of Henry s law. If 
divers rise rapidly from the depths, dissolved nitrogen forms 
bubbles in their blood, causing c< the bends.” 
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Although breathing 0 2 gas at 2 atm is not a problem for short 
periods, oxygen toxicity develops rapidly when P 0? is greater 
than 2.5-3 atm. Excessively high 0 2 eoneentrations generate 
huge amounts of harmful free radieals, resulting in profound 
CNS disturbances, eoma, and death. + 


Gomposít on of Alveolar Gas 

As shown in Table 22.4, the gaseous makeup of the atmosphere is 
quite different from that in the alveoli. The atmosphere is almost 
entirely 0 2 and N 2 ; the alveoli eontain more C0 2 and water vapor 
and much less 0 2 . These differenees refleet the effeets of: 

■ Gas exchanges occurring in the hrngs (0 2 diffiises from the 
alveoli into the pulmonary blood and C0 2 diffiises in the op- 
posite direetion) 

■ Humidification of air by conducting passages 

■ The mixing of alveolar gas that occurs with eaeh breath. Be- 
cause only 500 ml of air enter with eaeh tidal inspiration, gas 
in the alveoli is actually a mixture of newly inspired gases 
and gases remaining in the respiratory passageways between 
breaths. 

The alveolar partial pressures of 0 2 and C0 2 are easily 
ehanged by inereasing breathing depth and rate. A high AVR 
brings more 0 2 into the alveoli, inereasing alveolar Pq 2 and rap- 
idly eliminating C0 2 from the hrngs. 


External Respiratíon 

During external respiration (pulmonary gas exchange), dark 
red blood flowing through the pulmonary circuit is trans- 
formed into the searlet river that is returned to the heart for 
distribution by systemie arteries to all body tissues. This eolor 
ehange is due to 0 2 uptake and binding to hemoglobin in red 
blood eells (RBCs), but C0 2 exchange (unloading) is occurring 
equally fast. 

The following three faetors influence external respiration: 

■ Thiekness and surface area of the respiratory membrane 

■ Partial pressure gradients and gas solubilities 

■ Ventilation-perfusion coupling that matehes alveolar venti- 
lation with pulmonary blood perfusion 

Lef s look at these faetors one by one. 


Thiekness and Siirfaee Area 
of the Respiratory Membrane 

In healthy lungs, the respiratory membrane is only 0.5 to 1 pm 
thiek, and gas exchange is usually very effieient. 
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The effeetive thiekness of the respiratory membrane inereases dra- 
matieally if the krngs beeome waterlogged and edematous, as in 
pneumonia or left heart failure (see p. 685). Under such eondi- 
tions, even the 0.75 s that red blood eells spend in transit through 
the pulmonary eapillaries may not be enough for adequate gas 
exchange, and body tissues suffer from oxygen deprivation. + 



The greater the surface area of the respiratory membrane, the 
more gas ean diffiise aeross it in a given time period. In healthy 
lungs, the alveolar surface area is enormous. Spread flat, the to- 
tal gas exchange surface of these tiny saes in an adult males 
lungs is about 90 m 2 —approximately 40 times greater than the 
surface area of his skin! 
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Certain pulmonary diseases drastieally reduce the alveolar sur- 
faee area. For instanee, in emphysema the walls of adjaeent al- 
veoli break down and the alveolar ehambers enlarge. Tumors, 
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Inspired air: 

P 02 160 mm Hg 
P C02 0.3 mm Hg 


Alveoli of lungs: 
P 02 104 mm Hg 
P C02 40 mm Hg 




External 

respiration 


Pulmonary 

arteries 


Blood leaving 
tissues and 
entering lungs: 
P 02 40 mm Hg 

P C o 2 45 mm Hg 



0 2 C0 2 


Systemie 

veins 


Internal 

respiration 




Pulmonary 
veins (Pq 2 
100 mm Hg) 


Blood leaving 
lungs and 
entering tissue 
eapillaries: 

Pq 2 100 mm Hg 

P C o 2 40 mm Hg 



Systemie 

arteries 




gure 22.1 Partial pressure gradients promoting gas 
movements in the body. Top: Gradients promoting 0 2 and C0 2 
exchange aeross the respiratory membrane in the lungs. Bottom: 
Gradients promoting gas movements aeross systemie eapillary 
membranes in body tissues. (Note that the small deerease in P 02 in 
blood leaving lungs is due to partial dilution of pulmonary eapillary 
blood vvith less oxygenated blood.) 


mucus, or inflammatory material also reduce surface area by 
bloeking gas flow into the alveoli. + 


150 



Start of End of 

eapillary eapillary 


Figure 22.18 Oxygenation of blood in the pulmonary 
eapillaries at rest. Note that the time from blood entering the 

pulmonary eapillaries (indieated by 0) until the Pq 2 is 104 mm Hg is 
approximately 0.25 seeond. 


Partial Pressure Gradients and Gas Solubilities 

Partial pressure gradients of 0 2 and C0 2 drive the diffusion of 
these gases aeross the respiratory membrane. A steep oxygen 
partial pressure gradient exists aeross the respiratory membrane 
because the P 0? of deoxygenated blood in the pulmonary arter- 
ies is only 40 mm Hg, as opposed to a P 0 of approximately 
104 mm Hg in the alveoli. As a result, 0 2 diffuses rapidly from 
the alveoli into the pulmonary eapillary blood ure 22.1 1 . 

Equilibrium—that is, a Pq 2 of 104 mm Hg on both sides 
of the respiratory membrane—usually occurs in 0.25 seeond, 
which is about one-third of the time a red blood eell spends in 
a pulmonary eapillary gure 22.18] . The lesson here is that 
blood ean flow through the pulmonary eapillaries three times 
as quickly and still be adequately oxygenated. 

Carbon dioxide diffuses in the opposite direetion along 
a much gentler partial pressure gradient of about 5 mm Hg 
(45 mm Hg to 40 mm Hg) until equilibrium occurs at 40 mm Hg. 
Expiration then gradually expels earbon dioxide from the alveoli. 

Even though the 0 2 pressure gradient for oxygen diffusion 
is much steeper than the C0 2 gradient, equal amounts of these 
gases are exchanged. Why? The reason is because C0 2 is 20 
times more sohible in plasma and alveolar fluid than 0 2 . 

Ventilation-Perfusion Coupling 

For optimal gas exchange, there must be a elose mateh, or cou- 
pling, between ventilation (the amount of gas reaehing the al- 
veoli), and perfusion (the blood flow in pulmonary eapillaries). 
Both are eontrolled by loeal autoregulatory meehanisms that 
continuously respond to loeal eonditions: 

■ P 0 eontrols perfusion by ehanging arteriolar diameter. 

■ P co eontrols ventilation by ehanging bronehiolar diameter. 

lnfluence of Loeal Pq 2 on Perfusion We begin with perfusion 
because we introduced its autoregulatory eontrol in Chapter 
19. If alveolar ventilation is inadequate, loeal P 0 is low because 
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(b) Ventilation greater than perfusion 



Mismateh of ventilation and perfusion 

t ventilation and/or | perfusion of alveoli 
causes loeal | Pco 2 ancl t p 0 2 


0 2 autoregulates 
arteriolar diameter 



Pulmonary arterioles 
serving these alveoli 
dilate 

L___ 



Mateh of ventilation 
and perfusion 

f ventilation, t perfusion 


gure 22.19 Ventilation-perfusion coupling. Autoregulatory events result in loeal matehing 
of blood flovv (perfusion) through the pulmonary eapillaries vvith the amount of alveolar ventilation. 


blood takes 0 2 away more quickly than ventilation ean replen- 
ish it Figure 22.19a). As a result, the terminal arterioles eon- 
striet, redireeting blood to respiratory areas where Pq 2 is high 
and oxygen pickup is more effieient. 

In alveoli where ventilation is maximal, high Pq 2 dilates pul- 
monary arterioles and blood flow into the assoeiated pulmonary 
eapillaries inereases (Figure 22.19b). Notiee that the autoregula- 
tory meehanism eontrolling pulmonary vascular muscle is the 
opposite of the meehanism eontrolling arterioles in the systemie 
circulation. 


Influence of Loeal P cc>2 on Ventilation Bronehioles servieing 
areas where alveolar C0 2 levels are high dilate, allowing C0 2 to 
be eliminated from the body more rapidly. Bronehioles serving 
areas where P co? is low eonstriet. 

Balaneing Ventilation and Perfusion The ehanging diam- 
eter of loeal bronehioles and arterioles synehronizes alveolar 
ventilation and pulmonary perffision. Poor alveolar ventilation 
results in low oxygen and high earbon dioxide levels in the al- 
veoli. Consequently, pulmonary arterioles eonstriet and airways 
dilate, bringing blood flow and air flow into eloser physiologieal 
mateh. High Pq 2 and low P C q 2 in the alveoli cause bronehioles 
serving the alveoli to eonstriet, and promote flushing of blood 
into the pulmonary eapillaries. 

Although these homeostatie meehanisms provide appropri- 
ate eonditions for effieient gas exchange, they never eompletely 
balanee ventilation and perffision in every alveoffis due to other 


faetors. In particular, (1) gravity causes regional variations in 
both blood and air flow in the ffings, and (2) the oeeasional 
alveolar duct pffigged with mucus ereates unventilated areas. 
These faetors, together with blood shunted from the bron- 
ehial veins, account for the slight drop in Pq 2 from alveolar air 
(104 mm Hg) to pulmonary venous blood (100 mm Hg), as 
shown in Figure 22.17. 



Internal Respiration I 

Internal respiration involves eapillary gas exchange in body tis- 
sues. In internal respiration, the partial pressure and difffision 
gradients are reversed from the situation we have just deseribed 
for external respiration and pulmonary gas exchange. However, 
the faetors promoting gas exchanges between systemie eapillar- 
ies and tissue eells are essentially identieal to those aeting in the 
ffings (see Figure 22.17). 

Tissue eells continuously use 0 2 for their metabolie aetivities 
and produce C0 2 . Because P 0 is always lower in tissues than 
it is in systemie arterial blood (40 mm Hg versus 100 mm Hg), 

0 2 moves rapidly from blood into tissues until equilibrium is 
reaehed. At the same time, C0 2 moves quickly along its pressure 
gradient into blood. As a result, venous blood draining the tissue 
eapillary beds and returning to the heart has a P 0 of 40 mm Hg 
and a P co of 45 mm Hg. 

In summary, the gas exchanges that occur between blood 
and alveoli and between blood and tissue eells take plaee by 
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simple diffusion. They are driven by the partial pressure gra- 
dients of 0 2 and C0 2 that exist on the opposite sides of the ex- 
ehange membranes. 



Check Your Understanding 


13. You are given a sealed eontainer of vvater and air. The 
P C o 2 and Pq 2 in the air are both 100 mm Hg. VVhat are the 
P C o 2 and Pq 2 in the vvater? VVhieh gas has more molecules 
dissolved in the vvater? VVhy? 

14. Pq 2 in the alveoli is about 56 mm Hg lovver than in the 
inspired air. Explain this differenee. 

15. Suppose a patient is reeeiving oxygen by mask. Are the 
arterioles leading into the 0 2 -enriched alveoli dilated or 
eonstrieted? VVhat is the advantage of this response? 

_ For ansvvers, see Appendix H. 


Transport of Respiratory 
Gases by Blood 

We have eonsidered external and internal respiration consecu- 
tively to emphasize their similarities, but keep in mind that it 
is blood that transports 0 2 and C0 2 between these two ex- 
ehange sites. 


Oxygen Transport 

✓ Deseribe how oxygen is transported in blood, and explain 
how temperature # pH, BPG, and P C02 affeet oxygen loading 
and unloading. 
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Molecular oxygen is earried in blood in two ways: bound to he- 
moglobin within red blood eells and dissolved in plasma. Oxy- 
gen is poorly soluble in water, so only about 1.5% of the oxygen 
transported is earried in the dissolved form. Indeed, if this were 
the only means of oxygen transport, a P 0? of 3 atm or a eardiae 
output of 15 times normal would be required to provide the 
oxygen levels needed by body tissues! Hemoglobin, of course, 
solves this problem—98.5% of the oxygen is earried from lungs 
to tissues in a loose ehemieal eombination with hemoglobin. 

Assoeiation of Oxygen and Hemoglobin 

As we deseribed in Chapter 17, hemoglobin (Hb) is eomposed 
of four polypeptide ehains, eaeh bound to an iron-eontaining 
heme group (see Figure 17.4). Because the iron atoms bind oxy- 
gen, eaeh hemoglobin molecule ean eombine with four mol- 
ecules of 0 2 , and oxygen loading is rapid and reversible. 

The hemoglobin-oxygen eombination, ealled oxyhemo- 
globin (ok"sí-he"mo-glo'bin), is written Hb0 2 . Hemoglobin 
that has released oxygen is ealled reduced hemoglobin, or de- 
oxyhemoglobin, and is written HHb. A single reversible equa- 
tion deseribes the loading and unloading of 0 2 : 


Lungs 

HHb + 0 2 Hb0 2 + H + 

Tissues 


After the first 0 2 molecule binds to iron, the Hb molecule 
ehanges shape. As a result, it more readily takes up two more 
0 2 molecules, and uptake of the fourth is even more faeilitated. 
When one, two, or three oxygen molecules are bound, a hemo- 
globin molecule is partially satmated. When all four of its heme 
groups are bound to 0 2 , the hemoglobin is fully satmated. 

By the same token, unloading of one oxygen molecule en- 
hanees the unloading of the next, and so on. In this way, the 
affinity (binding strength) of hemoglobin for oxygen ehanges 
with the extent of oxygen saturation, and both loading and un- 
loading of oxygen are very eífieient. 

The rate at which Hb reversibly binds or releases 0 2 is regu- 
lated by Pq 2 , temperature, blood pH, P 0 o 2 ’ an d blood eoneen- 
tration of an organie ehemieal ealled BPG. These faetors interaet 
to ensure that adequate 0 2 is delivered to tissue eells. 


Influence of Pq 2 on Hemoglobin Saturation The oxygen- 
hemoglobin dissoeiation curve shows how loeal Pq 2 eontrols 
oxygen loading and unloading from hemoglobin. Focus on the 
Oxygen-Hemoglobin Dissoeiation Curve igure 22.20) walks 
you through this graph step by step, explaining how hemoglobin 
ensures adequate oxygen delivery under a variety of eonditions. 

Under normal resting eonditions (Pq 2 =100 mm Hg), arte- 
rial blood hemoglobin is 98% saturated, and 100 ml of systemie 
arterial blood eontains about 20 ml of 0 2 . This oxygen eontent of 
arterial blood is written as 20 vol % (volume pereent). As arte- 
rial blood flows through systemie eapillaries, it releases about 
5 ml of 0 2 per 100 ml of blood, yielding an Hb saturation of 75% 
and an 0 2 eontent of 15 vol % in venous blood. This means that 
substantial amounts of 0 2 are normally still available in venous 
blood (the venous reserve ), which ean be used if needed. 

The nearly eomplete saturation of Hb in arterial blood ex- 
plains why breathing deeply inereases both the alveolar and 
arterial blood Pq 2 but causes very little inerease in the 0 2 satu- 
ration of hemoglobin. Remember, Pq 2 measurements indieate 
only the amount of 0 2 dissolved in plasma, not the amount 
bound to hemoglobin. However, Pq 2 values are a good index 
of lung function, and when arterial Pq 2 is signifieantly less than 
alveolar Pq 2 some degree of respiratory impairment exists. 


Influence of Other Faetors on Hemoglobin Saturation Tem- 
perature, blood pH, Pqo 2 ’ an d the amount of BPG in the blood 
all influence hemoglobin saturation at a given Pq 2 . Red blood 
eells (RBCs) produce BPG (2,3-bisphosphoglyeerate) as they 
break down glucose by the anaerobie proeess ealled glyeolysis. 
BPG binds reversibly with hemoglobin, and its levels rise when 
oxygen levels are ehronieally low. 

All of these faetors influence Hb saturation by modifying 
hemoglobins three-dimensional structure, thereby ehanging its 
affinity for 0 2 . Generally speaking, an inerease in temperature, 
P C q 2 , H + , or BPG levels in blood lowers Hbs affinity for 0 2 , en- 
haneing oxygen unloading from the blood. This is shown by the 
rightward shift of the oxygen-hemoglobin dissoeiation curve in 
gure 22.21 on p. 832. (The purple lines represent normal body 
eonditions, and the red lines show the shift to the right.) 

Conversely, a deerease in any of these faetors inereases hemo- 
globins affinity for oxygen, deereasing oxygen unloading. This 
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ehange shifts the dissoeiation curve to the left (as the blue lines 
show in Figure 22.21). 

If you give a little thought to how these faetors are related, 
you 11 realize that they all tend to be highest in the systemie eap- 
illaries, where oxygen unloading is the goal. As eells metabolize 
glucose and use 0 2 , they release C0 2 , which inereases the P C02 
and H + levels in eapillary blood. Both deelining blood pH (aei- 
dosis) and inereasing P C q 2 weaken the Hb-0 2 bond, a phenom- 
enon ealled the Bohr effeet. This enhanees oxygen unloading 
where it is most needed. 

Additionally, heat is a by-product of metabolie aetivity, and 
aetive tissues are usually warmer than less aetive ones. A rise in 
temperature affeets hemoglobins affinity for 0 2 both direetly 
and indireetly (via its influence on RBC metabolism and BPG 
synthesis). Collectively, these faetors see to it that Hb unloads 
much more 0 2 in the vieinity of hard-working tissue eells. 



Homeostatie imbalanee 22.14 


Inadequate oxygen delivery to body tissues is ealled hypoxia 
(hi-pok'se-ah). Hypoxia is more visible in fair-skinned people 
because their skin and mucosae take on a bluish east (beeome 
eyanotie) when Hb saturation falls below 75%. In dark-skinned 
individuals, this eolor ehange ean be observed only in the mu- 
eosae and nail beds. 

Hypoxia is elassified based on cause: 

■ Anemie hypoxia refleets poor 0 2 delivery resulting from 
too few RBCs or from RBCs that eontain abnormal or too 
little Hb. 


■ isehemie (stagnant) hypoxia results from impaired or 
bloeked blood circulation. Congestive heart failure may 
cause bodyvvide isehemie hypoxia, whereas emboli or 
thrombi bloek oxygen delivery only to tissues distal to the 
obstmetion. 


■ Histotoxic hypoxia occurs when body eells are unable to use 
0 2 even though adequate amounts are delivered. Metabolie 
poisons, such as eyanide, ean cause histotoxic hypoxia. 

■ Hypoxemic hypoxia is indieated by reduced arterial Pq 2 . 
Possible causes include disordered or abnormal ventilation- 
perftision coupling, pulmonary diseases that impair ventila- 
tion, and breathing air eontaining seant amounts of 0 2 . 

■ Carbon monoxide poisoning is a unique type of hy- 
poxemic hypoxia, and a leading cause of death from fire. 
Carbon monoxide (CO) is an odorless, eolorless gas that 
eompetes vigorously with 0 2 for heme binding sites. More- 
over, because Hbs affinity for CO is more than 200 times 
greater than its affinity for oxygen, CO is a highly success- 
ful eompetitor. Even at minuscule partial pressures, earbon 
monoxide ean displaee oxygen. 

CO poisoning is particularly dangerous because it does 
not produce the eharaeteristie signs of hypoxia—eyanosis 
and respiratory distress. Instead the vietim is eonffised and 
has a throbbing headaehe. In rare eases, fair skin beeomes 
eherry red (the eolor of the Hb-CO complex), which the eye 
of the beholder interprets as a healthy “blush.” Patients with 


CO poisoning are given hyperbarie therapy (if available) or 
100% 0 2 until the CO has been eleared from the body. + 


Garbon Dioxide Transport 

✓ Deseribe earbon dioxide transport in the blood. 


Normally aetive body eells produce about 200 ml of C0 2 eaeh 
minute—exactly the amount excreted by the hrngs. Blood 
transports C0 2 from the tissue eells to the hrngs in three forms 

(Figure 22.22 on p. 833): 

1. Dissolved in plasma (7-10%). The smallest amount of C0 2 
is transported simply dissolved in plasma. 

2. ehemieally bound to hemoglobin (just over 20%). Dis- 
solved C0 2 is bound and earried in the RBCs as earbami- 
nohemoglobin (kar-bam"ì-no-he"mo-glo' bin): 

C0 2 + Hb^^HbC0 2 

earbaminohemoglobin 


This reaetion is rapid and does not require a eatalyst. Car- 
bon dioxide transport in RBCs does not eompete with 
oxyhemoglobin transport because earbon dioxide binds 
direetly to the amino aeids of globin (not to the heme). 

C0 2 loading and unloading are direetly influenced by 
the P C q 2 and the degree of Hb oxygenation. Carbon di- 
oxide rapidly dissoeiates from hemoglobin in the lungs, 
where the P C q 2 of alveolar air is lower than that in blood. 
Carbon dioxide readily binds with hemoglobin in the tis- 
sues, where the P C02 is higher than that in blood. Deoxy- 
genated hemoglobin eombines more readily with earbon 
dioxide than does oxygenated hemoglobin, as we will see 
in the discussion of the Haldane effeet below. 

3. As biearbonate ions in plasma (about 70%). Most ear- 
bon dioxide molecules entering the plasma quickly enter 
RBCs, where the reaetions that prepare earbon dioxide for 
transport as biearbonate ions (HC0 3 _ ) in plasma mostly 
occur. As illustrated in Figure 22.22a, when dissolved C0 2 
diffhses into RBCs, it eombines with water, forming ear- 
bonie aeid (H 2 CO s ). H 2 C0 3 is unstable and dissoeiates 
into hydrogen ions and biearbonate ions: 
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COo + HoO 
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HCO 
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dioxide 


water 


earbonie hydrogen 
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biearbonate 

ion 




Although this reaetion also occurs in plasma, it is 
thousands of times faster in RBCs because they (and 
not plasma) eontain earbonie anhydrase (kar-bon'ik 
an-hi'dràs), an enzyme that reversibly eatalyzes the eon- 
version of earbon dioxide and water to earbonie aeid. Hy- 
drogen ions released during the reaetion (as well as C0 2 
itself) bind to Hb, triggering the Bohr effeet. In this way 
C0 2 loading enhanees 0 2 release. Because of the buffering 
effeet of Hb, the liberated H + causes little ehange in pH 
under resting eonditions. As a result, blood beeomes only 
slightly more aeidie (the pH deelines from 7.4 to 7.34) as it 
passes through the tissues. 


(Text continues onp. 832.) 









FOC US 


The Oxygen-Hemoglobin Dissoeiation Curve 


Figure 22.20 The amount of oxygen earried by hemoglobin 
depends on the Po (the amount of oxygen) available loeally. 
This relationship ensures optimal oxygen pickup and delivery. 


The oxygen-hemoglobin dissoeiation curve will 
help you understand how the properties of 
hemoglobin (Hb) affeet oxygen binding in the 
lungs and oxygen release in the tissues. 


This axis tells you how much 
0 2 is bound to Hb. At 100%, 
eaeh Hb molecule has 4 bound 
oxygen molecules. 



This axis tells you the relative 
amount (partial pressure) of 
0 2 dissolved in the fluid 
surrounding the Hb. 
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In the lungs 
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At sea level, there is lots of 0 2 . 
At a P 02 in the lungs of 100 mm 
Hb is 98% saturated. 



At high Po 2 ) large ehanges in Po 2 cause only 
small ehanges in Hb saturation. Notiee that the 
curve is relatively flat here. Hb’s properties 
produce a safety margin that ensures that Hb is 
almost fully saturated even with a substantial Pq 2 
deerease. As a result, Hb remains saturated even 
at high altitude or with lung disease. 


At high altitude, there is less 0 2 . 
At a P 02 in the lungs of only 80 
mm Hg, Hb is still 95% saturated. 



In the tissues 
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At low Pq 2 , large ehanges in Pq 2 cause large 


ehanges in Hb saturation. Tissues other than 
lungs have a low Pq 2 because they consume 0 2 . 
Notiee that the curve is relatively steep at low Pq 
H b’s properties ensure that oxygen is delivered 
where it is most needed—when tissues need more, 
they get more. 



In resting tissues, at a P 02 of 40 mm Hg, 
Hb is 75% saturated—only 23% of 0 2 
earried by Hb is released. 




In metabolieally aetive tissues (e.g., 
exercising muscle), the P 02 is even lovver, 
At a P 02 of 20 mm Hg, Hb is only 40% 
saturated—an additional 35% of 0 2 has 
been unloaded for tissue use. 
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832 UNIT 4 Maintenanee of the Body 



(a) 



Deereased earbon dioxide 
(P C o 2 20 mm Hg) or H + (pH 76) 



20 40 60 80 100 

P 0 (mm Hg) 


(b) 

Figiire 22.21 Effeet of temperature, P C o 2 , and blood pH on 
the oxygen-hemoglobin dissoeiation curve. Oxygen unloading is 
enhaneed at eonditions of (a) inereased temperature, (b) inereased 
P C o 2 , and/or hydrogen ion eoneentration (deereased pH), causing 
the dissoeiation curve to shift to the right. This response is ealled the 
Bohr effeet. 


Onee generated, HC0 3 _ moves quickly from the RBCs 
into the plasma, where it is earried to the lungs. To counter- 
balanee the rapid outrush of these anions from the RBCs, 
ehloride ions (Cl _ ) move from the plasma into the RBCs. 
This ion exchange proeess, ealled the ehloride shifìt, occurs 
via faeilitated diffusion through a RBC membrane protein. 

In the hrngs, the proeess is reversed (Figure 22.22b). As 
blood moves through the pulmonary eapillaries, its P co? de- 
elines from 45 mm Hg to 40 mm Hg. For this to occur, C0 2 
must first be freed from its “biearbonate housing.” HC0 3 _ 
reenters the RBCs (and Cl _ moves into the plasma) and 
binds with H + to form earbonie aeid. Carbonic anhydrase 
then splits earbonie aeid to release C0 2 and water. This 
C0 2 , along with that released from hemoglobin and frorn 


solution in plasma, then diffhses along its partial pressure 
gradient frorn the blood into the alveoli. 

The Haldane Effeet 

The amount of earbon dioxide transported in blood is markedly 
affeeted by the degree to which blood is oxygenated. The lower 
the Pq 2 and the lower the Hb saturation with oxygen, the more 
C0 2 that blood ean earry. This phenomenon, ealled the Hal- 
dane effeet, refleets the greater ability of reduced hemoglobin 
to form earbaminohemoglobin and to buffer H + by eombining 
with it. As C0 2 enters the systemie bloodstream, it causes more 
oxygen to dissoeiate from Hb (Bohr effeet). The dissoeiation of 
0 2 allows more C0 2 to eombine with Hb (Haldane effeet). 

The Haldane effeet encourages C0 2 exchange in both the tis- 
sues and hrngs. In the pulmonary circulation, the situation that 
we just deseribed is reversed—uptake of 0 2 faeilitates release of 
C0 2 (Figure 22.22b). As Hb beeomes saturated with 0 2 , the H + 
released eombines with HC0 3 _ , helping to unload C0 2 from 
the pulmonary blood. 


Influence of C0 2 on Blood pH 

Typieally, the H + released during earbonie aeid dissoeiation is 
buffered by Hb or other proteins within the RBCs or in plasma. 
The HC0 3 _ generated in the red blood eells diffhses into the 
plasma, where it aets as the alkaline reserve part of the bloods 
earbonie aeid-biearbonate buffer system. 

The earbonie aeid-biearbonate buffer system is very im- 
portant in resisting shifts in blood pH, as shown in the equation 
in point 3 eoneerning C0 2 transport (p. 829). For example, if 
the hydrogen ion eoneentration in blood begins to rise, excess 
H + is removed by eombining with HC0 3 _ to form earbonie 
aeid (a weak aeid). If H + eoneentration in blood drops below 
desirable levels, earbonie aeid dissoeiates, releasing hydrogen 
ions and lowering the pH again. 

Changes in respiratory rate or depth ean alter blood pH 
dramatieally by altering the amount of earbonie aeid in blood. 
Slow, shallow breathing allows C0 2 to accumulate in blood. As 
a result, earbonie aeid levels inerease and blood pH drops. Con- 
versely, rapid, deep breathing quickly flushes C0 2 out of blood, 
reducing earbonie aeid levels and inereasing blood pH. 

In this way, respiratory ventilation provides a fast-aeting sys- 
tem to adjust blood pH (and P C o 2 ) when it is disturbed by meta- 
bolie faetors. Respiratory adjustments play a major role in the 
aeid-base balanee of the blood, as we will discuss in Chapter 26. 



Check Your Understanding 


16. Rapidly metabolizing tissues generate large amounts of C0 2 
and H + . Hovv does this affeet 0 2 unloading? What is this 
effeet ealled? 

17. List the three vvays C0 2 is transported in blood and state 
approximate pereentages of eaeh. 

18. What is the relationship betvveen C0 2 and pH in the blood? 
Explain. 

_ For ansvvers, see Appendix H. 
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Tissue eell 



Binds to 

plasma 

proteins 


Chloride 
shift 
(in) via 
transport 
protein 


0 2 (dissolved in plasma) 


Blood plasma 


(a) Oxygen release and earbon dioxide pickup at the tissues 


Fused basement membranes 


C0 2 (dissolved in plasma) 


HCOo“ + H + 




0 2 (dissolved in plasma) 


HCO 



Cl 


Chloride 

shift 

(out) via 

transport 
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(b) Oxygen pickup and earbon dioxide release in the lungs 


Figure 22.22 Transport and exchange of C0 2 and 0 2 . Relative sizes of the transport 
arrovvs indieate the proportionate amounts of 0 2 and C0 2 moved by eaeh method. (H 2 C0 3 = 
earbonie aeid, HC0 3 _ = biearbonate, HHb = reduced hemoglobin, Hb0 2 = oxyhemoglobin.) 
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UNIT 4 Maintenanee of the Body 


Control of Respiration 

Although our tidelike breathing seems so beautifully simple, its 
eontrol is more complex than you might think. Higher brain 
eenters, ehemoreeeptors, and other reflexes all modify the basie 
respiratory rhythms generated in the brain stem. 


Neural Meehanisms 

✓ Deseribe the neural eontrols of respiration. 


Control of respiration primarily involves neurons in the reticu- 
lar formation of the medulla and pons. Because the medulla sets 
the respiratory rhythm, we will begin there. 


Mediillary Respiratory Centers 

Clustered neurons in two areas of the medulla oblongata appear 

to be eritieally important in respiration F ure 22.23] . These are: 

■ The ventral respiratory group (VRG), a network of neurons 
that extends in the ventral brain stem from the spinal eord to 
the pons-medulla junction 

■ The dorsal respiratory group (DRG), loeated dorsally near 
the root of eranial nerve IX 
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Ventral Respiratory Group (VRG) The VRG appears to be a 
rhythm-generating and integrative eenter. It eontains groups of 
neurons that fire during inspiration and others that fire during 
expiration in a danee of mutual inhibition. 

When its inspiratory neurons fire, a burst of impulses travels 
along the phrenie and intereostal nerves to excite the diaphragm 
and external intereostal muscles, respeetively (Figure 22.23). As a 
result, the thorax expands and air mshes into the hrngs. When the 
VRGs expiratory neurons fire, the output stops, and expiration 
occurs passively as the inspiratory muscles relax and the hrngs 
reeoil. 

This eyelie on/ofiF aetivity of the inspiratory and expiratory 
neurons repeats continuously and produces a respiratory rate of 
12-15 breaths per minute, with inspiratory phases lasting about 
2 seeonds followed by expiratory phases lasting about 3 see- 
onds. This normal respiratory rate and rhythm is ealled eupnea 
(up-ne'ah; eu — good ,pne — breath). 

During severe hypoxia, VRG networks generate gasping 
(perhaps in a last-diteh effòrt to restore 0 2 to the brain). Res- 
piration stops when a eertain cluster of VRG neurons is eom- 
pletely suppressed, as by an overdose of morphine or aleohol. 


Dorsal Respiratory Group (DRG) Until reeently, it was thought 
that the DRG aets as an inspiratory eenter, performing many of 
the tasks now known to be performed by the VRG. In almost all 
mammals, including humans, the DRG integrates input from 
peripheral streteh and ehemoreeeptors (which we will deseribe 
shortly) and communicates this information to the VRG. It may 
seem surprising, but many of the details of this system so essen- 
tial to life are still being worked out. 


Pontine Respiratory Centers 

Although the VRG generates the basie respiratory rhythm, the 
pontine respiratory eenters infhienee and modify the aetivity 


Pontine respiratory eenters 

interaet with medullary 
respiratory eenters to smooth 
the respiratory pattern. 

Ventral respiratory group (VRG) 

eontains rhythm generators 
whose output drives respiration. 


Dorsal respiratory group (DRG) 



integrates peripheral sensory 
input and modifies the rhythms 
generated by the VRG. 


External intereostal 
muscles 


Diaphragm 


Figure 22.23 Loeations of respiratory eenters and their 
postulated eonneetions. The efferent pathvvay shovvn here is 
ineomplete. Medullary neurons communicate vvith lovver motor 
neurons in the spinal eord, but these are omitted for simplieity. 


of medullary neurons. For example, pontine eenters appear to 
smooth out the transitions from inspiration to expiration, and viee 
versa. When lesions are made in its superior region, inspirations 
beeome very prolonged, a phenomenon ealled apneustic breathing. 

The pontine respiratory group and other pontine eenters 
transmit impulses to the VRG of the medulla (Figure 22.23). 
This input modifies and fine-tunes the breathing rhythms gen- 
erated by the VRG during eertain aetivities such as voealization, 
sleep, and exercise. As you would expect from these hmetions, 
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Higher brain eenters 
(eerebral cortex—voluntary 
eontrol over breathing) 


Other reeeptors (e.g., pain) 
and emotional stimuli aeting 


through the hypothalamus 


e 



Peripheral 
ehemoreeeptors 


|0 2 ,|C0 2 , fH 


Oentral 

ehemoreeeptors 

t C0 2’t H 




Respiratory eenters 
(medulla and pons) 


Streteh reeeptors 
in lungs 












Irritant 
reeeptors 



gure 22.24 Neural and ehemieal 
influences on brain stem respiratory 
eenters. Excitatory influences (+) inerease 
the frequency of impulses sent to the muscles 
of respiration and reemit additional motor 


units, resulting in deeper, faster breathing. 
Inhibitory influences (-) have the reverse 
effeet. In some eases, the impulses may be 
excitatory or inhibitory (±), depending 


on vvhieh reeeptors or brain regions are 
aetivated. The eerebral cortex also direetly 
innervates respiratory muscle motor neurons 
(not shovvn). 


the pontine respiratory eenters, like the DRG, reeeive input 
from higher brain eenters and from various sensory reeeptors 
in the periphery. 

Generation of the Respiratory Rhythm 

There is little question that breathing is rhythmie, but we still 
eannot fully explain the origin of its rhythm. One hypothesis is 
that there are paeemaker neurons, which have intrinsie (auto- 
matie) rhythmieity like the paeemaker eells found in the heart. 
Paeemaker-like aetivity has been demonstrated in eertain VRG 
neurons, but suppressing their aetivity does not abolish breathing. 

This leads us to the seeond (and more widely aeeepted) hypoth- 
esis: Normal respiratory rhythm results from reeiproeal inhibition 
of intereonneeted neuronal networks in the medulla. Rather than 
a single set of paeemaker neurons, there are two sets that inhibit 
eaeh other and eyele their aetivity to generate the rhythm. 

Faetors lnfluencing Breathing Rate 
and Depth 

✓ eompare and eontrast the influences of arterial pH f arterial 
partial pressures of oxygen and earbon dioxide # lung 
reflexes, volition, and emotions on respiratory rate and 
depth. 


Inspiratory depth is determined by how aetively the respiratory 
eenter stimulates the motor neurons serving the respiratory 
muscles. The greater the stimulation, the greater the number of 
motor units excited and the greater the foree of respiratory mus- 
ele eontraetions. Respiratory rate is determined by how long the 
inspiratory eenter is aetive or how quickly it is switched off. 

Changing body demands ean modify depth and rate of 
breathing. The respiratory eenters in the medulla and pons are 
sensitive to both excitatory and inhibitory stimuli. We deseribe 
these stimuli next and they are summarized in : igure 22.24. 


r 


22 


L 


ehemieal Faetors 

Among the faetors that infhienee breathing rate and depth, the 
most important are ehanging levels of C0 2 , 0 2 , and H + in arte- 
rial blood. Sensors responding to such ehemieal fluctuations, 
ealled ehemoreeeptors, are found in two major body loeations: 

■ Oentral ehemoreeeptors are loeated throughout the brain 
stem, including the ventrolateral medulla. 

■ Peripheral ehemoreeeptors are found in the aortie areh and 
earotid arteries. 

Influence of P cc , 2 Of all the ehemieals influencing respiration, 
C0 2 is the most potent and the most elosely eontrolled. Normally, 
arterial P co? is 40 mm Hg and is maintained within ± 3 mm Hg of 
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t Arterií 

al p co 2 




r 


t Pco 2 deereases pH 
in brain extracellular 
fluid (ECF) 

-- 


is even greater. inereased ventilation is normally self-limiting, end- 
ing when homeostatie blood P C02 levels are restored. 

Notiee that while rising blood C0 2 levels aet as the initial 
stimulus, it is rising levels of H + generated within the brain that 
prod the eentral ehemoreeeptors into inereased aetivity. (C0 2 
readily diífuses aeross the blood brain barrier between the brain 
and the blood, but H + does not.) In the final analysis, eontrol 
of breathing during rest is aimed primarily at regulating the H + 
eoneentration in the brain. 




v 


Central ehemoreeeptors in 
brain stem respond to H + 
in brain ECF (mediate 
70% of the C0 2 response) 


Peripheral ehemoreeeptors 
in earotid and aortie bodies 
(mediate 30% of the C0 2 

response) 


Afferent impulses 


▼ 


Medullary 
respiratory eenters 



Efferent impulses 


▼ 


Respiratory muscle 





t Ventilation 
(more C0 9 exhaled) 


t 


Arterial P C02 and pH 
return to normal 


Initial stimulus 


Physiologieal response 
Result 
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gure 22.25 ehanges in P C02 and blood pH regulate 
ventilation by a negative feedbaek meehanism. 



this level by an exquisitely sensitive homeostatie meehanism that 
is mediated mainly by the efieet of rising C0 2 levels on the eentral 
ehemoreeeptors of the brain stem igure 22.2! . 

As P C q 2 levels rise in the blood, a eondition referred to as 
hypereapnia (hi"per-kap'ne-ah), C0 2 accumulates in the brain. 
As C0 2 accumulates, it is hydrated to form earbonie aeid. The 
aeid dissoeiates, H + is liberated, and the pH drops. This is the 
same reaetion that occurs when C0 2 enters RBCs (see p. 829). 

The inerease in H + excites the eentral ehemoreeeptors, 
which make abundant synapses with the respiratory regulatory 
eenters. As a result, the depth and rate of breathing inerease. 
This enhaneed alveolar ventilation quickly flushes C0 2 out of 
the blood, raising blood pH. 

An elevation of only 5 mm Hg in arterial P C q 2 doubles alveolar 
ventilation, even when arterial 0 2 levels and pH havent ehanged. 
When Pq 2 and pH are below normal, the response to elevated P C q 2 



Homeostatie imbalanee 22.15 


Hyperventilation is an inerease in the rate and depth of breath- 
ing that exceeds the body s need to remove C0 2 . A person expe- 
rieneing an anxiety attaek may hyperventilate involuntarily. As 
they blow ofiF C0 2 , the low C0 2 levels in the blood (hypoeapnia) 
eonstriet eerebral blood vessels. This reduces brain perfusion, 
producing eerebral isehemia that causes dizziness or fainting. 
Earlier symptoms of hyperventilation are tingling and invol- 
untary muscle spasms (tetany) in the hands and faee caused by 
blood Ca 2+ levels falling as pH rises. 

The symptoms of hyperventilation may be averted by breath- 
ing into a paper bag. The air being inspired from the bag is ex- 
pired air, rieh in earbon dioxide, which causes earbon dioxide to 
be retained in the blood. + 


When P C q 2 is abnormally low, respiration is inhibited and 
beeomes slow and shallow. In faet, periods of apnea (breathing 
eessation) may occur until arterial P C02 rises and again stimu- 
lates respiration. 

Sometimes swimmers vohmtarily hyperventilate so they ean 
hold their breath longer during swim meets. This is danger- 
ous. Blood 0 2 eontent rarely drops much below 60% of normal 
during regular breath-holding, because as Pq 2 drops, P C q 2 rises 
enough to make breathing unavoidable. However, strenuous hy- 
perventilation ean lower P C q 2 so much that a lag period occurs 
before P C q 2 rebounds enough to stimulate respiration again. This 
lag may allow oxygen levels to fall well below 50 mm Hg, causing 
the swimmer to blaek out (and perhaps drown) before he or she 
has the urge to breathe. 


Influence of Pq 2 The peripheral ehemoreeeptors—found in 
the aortie bodies of the aortie areh and in the earotid bodies 
at the bifiireation of the eommon earotid arteries—eontain eells 
sensitive to arterial 0 2 levels gure 22.26] . The main oxygen 
sensors are in the earotid bodies. 

Under normal eonditions, deelining Pq 2 has only a slight ef- 
feet on ventilation, mostly limited to enhaneing the sensitiv- 
ity of peripheral reeeptors to inereased Pco 2 * Arterial Pq 2 must 
drop substantially , to at least 60 mm Hg, before 0 2 levels be- 
eome a major stimulus for inereased ventilation. 

This is not as strange as it may appear. Remember, there is a 
huge reservoir of 0 2 bound to Hb, and Hb remains almost en- 
tirely saturated unless or until the Pq 2 of alveolar gas and arterial 
blood falls below 60 mm Hg. The brain stem eenters then begin 
to suffer from 0 2 starvation, and their aetivity is depressed. At 
the same time, the peripheral ehemoreeeptors beeome excited 
and stimulate the respiratory eenters to inerease ventilation, 
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even if P C02 i s normal. In this way, the peripheral ehemoreeep- 
tor system ean maintain ventilation even though the brain stem 
eenters are depressed by hypoxia. 

Influence of Arterial pH Changes in arterial pH ean modify 
respiratory rate and rhythm even when C0 2 and 0 2 levels are 
normal. Because H + does not eross the blood brain barrier, the 
inereased ventilation that occurs in response to falling arterial 
pH is mediated through the peripheral ehemoreeeptors. 

Although ehanges in P C02 and H + eoneentration are inter- 
related, they are distinet stimuli. A drop in blood pH may refleet 
C0 2 retention, but it may also result from metabolie causes, 
such as accumulation of laetie aeid during exercise or of fatty 
aeid metabolites (ketone bodies) in patients with poorly eon- 
trolled diabetes mellitus. Regardless of cause, as arterial pH de- 
elines, respiratory system eontrols attempt to eompensate and 
raise the pH. They do this by inereasing respiratory rate and 
depth to eliminate C0 2 (and earbonie aeid) from the blood. 

Summary of interaetions of P C02 , P 02 , and Arterial pH Al- 

though every eell in the body must have 0 2 to live, the body s 
need to rid itself of C0 2 is the most important stimulus for 
breathing in a healthy person. However, C0 2 does not aet in 
isolation, and various ehemieal faetors enforee or inhibit one 
anothers eífeets. These interaetions are summarized here: 


Rising C0 2 levels are the most powerful respiratory stimnlant. 
As C0 2 is hydrated in brain tissue, liberated H + aets direetly 
on the eentral ehemoreeeptors, causing a reflexive inerease in 
breathing rate and depth. Low P C q 2 levels depress respiration. 

Under normal eonditions, blood P 0 affeets breathing only in- 
direetly by influencing peripheral ehemoreeeptor sensitivity to 
ehanges in P C o 2 • Low Pq 2 augments P C q 2 effeets, and high Pq 2 
levels diminish the effeetiveness of COo stimulation. 


■ When arterial Pq 2 falls below 60 mm Hg, it beeomes the ma- 
jor stimulus for respiration, and ventilation is inereased via 
reflexes initiated by the peripheral ehemoreeeptors. This may 
inerease 0 2 loading into the blood, but it also causes hypo- 
eapnia (low P C q 2 blood levels) and an inerease in blood pH, 
both of which inhibit respiration. 

■ Changes in arterial pH resultingfrom C0 2 retention or meta- 
boliefaetors aet indireetly through the peripheral ehemoreeep- 
tors to alter ventilation, which in turn modifies arterial P co 
andpH. Arterial pH does not influence the eentral ehemore- 
eeptors direetly. 


infliienee of Higher Brain Centers 

Hypothalamie Controls Aeting through the hypothalamus 
and the rest of the limbie system, strong emotions and pain send 
signals to the respiratory eenters, modifying respiratory rate and 
depth. For example, have you ever touched something eold and 
elammy and gasped? That response was mediated through the 
hypothalamus. So too is the breath holding that occurs when we 
are angry and the inereased respiratory rate that occurs when 
we are excited. A rise in body temperature raises the respiratory 
rate, while a drop in body temperature produces the opposite 
effeet. Sudden ehilling (a dip in the North Atlantie Oeean in late 



Brain 


Sensory nerve fiber in eranial nerve 
IX (pharyngeal braneh 
of glossopharyngeal) 

External earotid artery 
Internal earotid artery 

Carotid body 

Comnnon earotid artery 
Cranial nerve X (vagus nerve) 


Sensory nerve fiber in 
eranial nerve X 

Aortie bodies in aortie areh 
Aorta 


Heart 


gure 22.26 Loeation and innervation of the periphera 
ehemoreeeptors in the earotid and aortie bodies. 



Oetober) ean stop your breathing (apnea)—or at the very least, 
leave you gasping. 


Cortical Controls Although the brain stem respiratory een- 
ters normally regulate breathing involuntarily, we ean also exert 
conscious (voluntary) eontrol over the rate and depth of our 
breathing. We ean ehoose to hold our breath or take an extra- 
deep breath, for example. During voluntary eontrol, the eerebral 
motor cortex sends signals to the motor neurons that stimulate 
the respiratory muscles, bypassing the medullary eenters. 

Our ability to voluntarily hold our breath is limited, however, 
because the brain stem respiratory eenters automatically reini- 
tiate breathing when the blood eoneentration of C0 2 reaehes 
eritieal levels. That explains why drowning vietims typieally 
have water in their lungs. 
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Piilmonary Irritant Reflexes 

The lungs eontain reeeptors that respond to an enormous variety 
of irritants. When aetivated, these reeeptors communicate with 
the respiratory eenters via vagal nerve afferents. Accumulated 
mucus, inhaled debris such as dust, or noxious fumes stimulate 
reeeptors in the bronehioles that promote reflex eonstrietion of 
those air passages. The same irritants stimulate a cough in the 
traehea or bronehi, and stimulate a sneeze in the nasal eavity. 

The Inflation Reflex 

The viseeral pleurae and conducting passages in the hrngs eon- 
tain numerous streteh reeeptors that are vigorously stimulated 
when the lungs are inflated. These reeeptors signal the medul- 
lary respiratory eenters via afferent fibers of the vagus nerves, 
sending inhibitory impulses that end inspiration and allow ex- 
piration to occur. 

As the lungs reeoil, the streteh reeeptors beeome quiet, 
and inspiration is initiated onee again. This reflex, ealled the 
inflation reflex, or Hering-Breuer reflex (her'ing broy'er), is 
thought to be more a proteetive response (to prevent the lungs 
from being stretehed excessively) than a normal regulatory 
meehanism. 



Check Your Understandingf 


19. Which brain stem respiratory area is thought to generate the 
respiratory rhythm? 

20. Which ehemieal faetor in blood normally provides the most 
powerful stimulus to breathe? Which ehemoreeeptors are 
most important for this response? 

_ For ansvvers, see Appendix H. 


I Respiratory Adjiistments 

Compare and eontrast the hyperpnea of exercise with 
hyperventilation. 



Deseribe the proeess and effeets of aeelimatization to high 
altitude. 


Exercise 

Respiratory adjustments during exercise are geared both to in- 
tensity and duration of the exercise. Working muscles consume 
tremendous amounts of 0 2 and produce large amounts of C0 2 , 
so ventilation ean inerease 10- to 20-fold during vigorous ex- 
ereise. inereased ventilation in response to metabolie needs is 
ealled hyperpnea (hi"perp-ne'ah). 

How does hyperpnea differ from hyperventilation? The res- 
piratory ehanges in hyperpnea do not alter blood 0 2 and C0 2 
levels signifieantly. By eontrast, hyperventilation is excessive 
ventilation, and is eharaeterized by low P C09 and alkalosis. 

Áj 

Exercise-enhanced ventilation does not appear to be 
prompted by rising P co and deelining P 0 and pH in the blood 

Áj Áj 

for two reasons. First, ventilation inereases abmptly as exercise 
begins, followed by a gradual inerease, and then a steady state 
of ventilation. When exercise stops, there is an initial small but 


abrupt deeline in ventilation rate, followed by a gradual deerease 
to the pre-exercise value. Seeond, although venous levels ehange, 
arterial P C q 2 and Pq 2 levels remain surprisingly eonstant during 
exercise. In faet, P C q 2 may fall below normal and Pq 2 may rise 
slightly because the respiratory adjustments are so effieient. 

Our present understanding of the meehanisms that produce 
these observations is sketehy, but the most aeeepted explanation 
is as follows. 

The abmpt inerease in ventilation that occurs as exercise be- 
gins refleets interaetion of three neural faetors: 

1. Psyehologieal stimuli (our conscious antieipation of 
exercise) 

2. Simultaneous eortieal motor aetivation of skeletal muscles 
and respiratory eenters 

3. Excitatory impulses reaehing respiratory eenters from 
proprioeeptors in moving muscles, tendons, and joints 

The subsequent gradual inerease and then plateauing of res- 
piration probably refleet the rate of C0 2 delivery to the hrngs 
(the a C0 2 flow”). The small but abrupt deerease in ventilation 
that occurs as exercise ends refleets the three neural faetors 
listed above being shut off. The subsequent gradual deeline to 
baseline ventilation likely refleets a gradual deeline in C0 2 flow 
affer exercise ends. 

The rise in laetie aeid levels during exercise results from 
anaerobie respiration. However, it is not a result of inadequate 
respiratory function, because alveolar ventilation and pulmo- 
nary perfusion are as well matehed during exercise as during 
rest (hemoglobin remains fully saturated). Rather, it refleets 
eardiae output limitations or inability of the skeletal muscles to 
further inerease their oxygen consumption. 

In light of this faet, the praetiee of inhaling pure 0 2 by 
mask, used by some football players to replenish their “oxygen- 
starved” bodies as quickly as possible, is useless. The panting 
athlete does need more oxygen, but inspiring extra oxygen will 
not help, because the shortage is in the muscles—not the hrngs. 

High Altitiide 

Most people live between sea level and an altitude of approxi- 
mately 2400 m (8000 feet). In this range, differenees in atmo- 
spherie pressure are not great enough to cause healthy people 
any problems when they spend brief periods in the higher- 
altitude areas. 

However, if you travel quickly from sea level to elevations 
above 8000 ft, where atmospherie pressure and Pq 2 are lower, 
your body responds with symptoms of acute mountain siek- 
ness ( AMS )—headaehes, shortness of breath, nausea, and diz- 
ziness. AMS is eommon in travelers to ski resorts such as Vail, 
Colorado (8120 ff), and Brian Head, Utah (a heart-pounding 
9600 ft). In severe eases of AMS, lethal pulmonary and eerebral 
edema may occur. 

When you move on a long-term basis from sea level to the 
mountains, your body makes respiratory and hematopoietie 
adjustments via an adaptive response ealled aeelimatization. 
As we have already explained, deereases in arterial Pq 2 cause 
the peripheral ehemoreeeptors to beeome more responsive 
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to inereases in Pco 2 ’ an d a substantial deeline in P 02 direetly 
stimulates them. As a result, ventilation inereases as the brain 
attempts to restore gas exchange to previous levels. 

Within a few days, the minute ventilation stabilizes at a level 
2-3 L/min higher than the sea level rate. inereased ventilation 
also reduces arterial C0 2 levels, so the P C q 2 of individuals living 
at high altitudes is typieally below 40 mm Hg (its value at sea 
level). 

High-altitude eonditions always result in lower-than-normal 
hemoglobin saturation levels because less 0 2 is available to be 
loaded. For example, at about 19,000 ft above sea level, 0 2 satu- 
ration of arterial blood is only 67% (eompared to nearly 98% 
at sea level). But Hb unloads only 20-25% of its oxygen at sea 
level, which means that even at the reduced saturations at high 
altitudes, the 0 2 needs of the tissues are still met under resting 
eonditions. 

Additionally, at high altitudes hemoglobins aíhnity for 0 2 
is reduced because BPG eoneentrations inerease. This releases 
more 0 2 to the tissues during eaeh circulatory round. 

Although body tissues at high altitude reeeive adequate 
oxygen under normal eonditions, problems arise when all-out 
efforts are demanded of the cardiovascular and respiratory sys- 
tems (as athletes diseovered during the 1968 Summer Olympies 
on the high mesa of Mexico City, at 7370 ft). Unless a person is 
fully aeelimatized, such eonditions almost guarantee that body 
tissues will beeome severely hypoxic. 

When blood 0 2 levels deeline, the kidneys produce more 
erythropoietin, which stimulates bone marrow production of 
RBCs (see Chapter 17, p. 636). This phase of aeelimatization, 
which occurs slowly, provides long-term eompensation for liv- 
ing at high altitudes. 
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gure 22.27 The pathogenesis of COPD. 


are living proof of the devastating effeets of tobaeeo smoke 
on the body. Long known to promote cardiovascular disease, 
smoking is perhaps even more effeetive at destroying the hrngs. 




CheckYour IJnderstanding 

21. An injured soeeer player arrives by ambulance in the 
emergeney room. She is in obvious distress, breathing rapidly. 
Her blood P C02 is 26 mm Hg and pH is 7.5. Is she suffering 
from hyperventilation or hyperpnea? Explain. 

22. What long-term adjustments does the body make vvhen 


living at high altitude? 


For ansvvers, see Appendix Fi 


Homeostatie imbalanees 
of the Respiratory System 

Compare the causes and consequences of ehronie 
bronehitis, emphysema, asthma, tuberculosis # and lung 
eaneer. 

The respiratory system is particularly vulnerable to infectious 
diseases because it is wide open to airborne pathogens. We eon- 
sidered many of these eonditions, such as rhinitis and laryngitis, 
earlier in the ehapter. 

Here we turn our attention to the most disabling respira- 
tory disorders: ehronie obstmetive piilmonary disease (COPD), 
asthma, tuberculosis, and lung eaneer. COPD and lung eaneer 


Chronic Obstructíve Pulmonary Disease 
(COPD) 

The ehronie obstmetive pulmonary diseases (COPD), exem- 
plified best by emphysema and ehronie bronehitis, are a major 
cause of disability and death in North Ameriea. The key physi- 
ologieal feature of these diseases is an irreversible deerease in 
the ability to foree air out of the hrngs. Other features they share 
in eommon (Figure 22.27): 

■ More than 80% of patients have a history of smoking. 

■ Dyspnea (disp-ne'ah), difficult or labored breathing often 
referred to as c air hunger,” gets progressively worse. 

■ Coughing and frequent pulmonary infeetions are eommon. 

■ Most COPD vietims develop respiratory failure manifested 
as hypoventilation (insufficient ventilation in relation to 
metabolie needs, causing them to retain C0 2 ), respiratory 
aeidosis, and hypoxemia. 


r 




L 


Emphysema 

Emphysema is distinguished by permanent enlargement of the 
alveoli, aeeompanied by destmetion of the alveolar walls. Invari- 
ably the lungs lose their elastieity. This has three important eon- 
sequences: (1) Aeeessory muscles must be enlisted to breathe, 
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and vietims are perpetually exhausted because breathing re- 
quires 15-20% of their total body energy supply (as opposed to 
5% in healthy individuals). (2) For complex reasons, the bron- 
ehioles open during inspiration but eollapse during expiration, 
trapping huge vohimes of air in the alveoli. This hyperinflation 
leads to development of a permanently expanded “barrel ehest” 
and flattens the diaphragm, thus reducing ventilation efheieney. 
(3) Damage to the pulmonary eapillaries as the alveolar walls 
disintegrate inereases resistanee in the pulmonary circuit, fore- 
ing the right ventriele to overwork and consequently beeome en- 
larged. In addition to smoking, hereditary faetors (e.g., alpha-1 
antitrypsin defieieney) cause emphysema in some patients. 

Chronic Bronehitis 

In ehronie bronehitis, inhaled irritants lead to ehronie produc- 
tion of excessive mucus. The mucosae of the lower respiratory 
passageways beeome inflamed and fibrosed. These responses 
obstmet the airways, severely impairing lung ventilation and 
gas exchange. Pulmonary infeetions are frequent because baete- 
ria thrive in the stagnant pools of mucus. However, the degree 
of dyspnea is usually moderate eompared to emphysema. 

As with emphysema, smoking is a major risk faetor. Environ- 
mental pollution also promotes ehronie bronehitis. 
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COPD: Symptoms and Treatments 

In the elinieal setting you might see two very different patterns 
that represent the extremes of patients with COPD. One pat- 
tern has traditionally been ealled the “pink puffer”: These pa- 
tients work so hard to maintain adequate ventilation that they 
lose weight, beeoming thin but still having nearly normal blood 
gases. In eontrast, “blue bloaters,” eommonly of stoeky build, be- 
eome sufficiently hypoxic that they are obviously eyanotie. The 
hypoxia causes eonstrietion of pulmonary blood vessels, lead- 
ing to pulmonary hypertension and right-sided heart faihire. 

Traditionally, “pink puffers” were assoeiated with emphysema 
while cc blue bloaters” were assoeiated with ehronie bronehitis. As 
usual, things are not that clear-cut. It turns out that patients with 
the same underlying disease ean display either of these elinieal 
patterns, and this may depend on a third faetor—the strength of 
their innate respiratory drive. Most COPD patients fall between 
these two elinieal extremes. 

COPD is routinely treated with bronehodilators and eortieo- 
steroids in aerosol form (inhalers). Severe dyspnea and hypoxia 
mandate oxygen use. For a few patients, surgical treatment for 
COPD, ealled lung volume reduction srngery , may be benefieial. 
In this procedure, part of the grossly enlarged hrngs is removed 
to give the remaining lung tissue room to expand. While this 
surgery does not prolong life, it ean offer eertain COPD patients 
better quality of life, although at a high eost. 

COPD patients in acute respiratory distress are eommonly 
given oxygen. Oxygen must be administered with eare, how- 
ever. In some of these patients, giving pure oxygen ean inerease 
the blood P C02 (and lower blood pH) to life-threatening levels. 
Why does this happen? First, oxygen dilates pulmonary arteri- 
oles, inereasing perfusion and worsening an already poor ven- 
tilation-perfusion mismateh. Seeond, oxygen drives more C0 2 


off of hemoglobin (the Haldane effeet), dumping it into alveoli 
from which it eannot be removed because of the underlying 
disease. The solution is to use the minimum eoneentration of 
oxygen that relieves the patients hypoxia. 


Asthma 

Asthma is eharaeterized by episodes of coughing, dyspnea, 
wheezing, and ehest tightness—alone or in eombination. A 
sense of panie aeeompanies most acute attaeks. Although some- 
times elassed with COPD because it is an obstmetive disorder, 
asthma is marked by acute episodes followed by symptom-free 
periods—that is, the obstraetion is reversible. 

The cause of asthma has been hard to pin down. Initially 
it was viewed as a consequence of bronehospasms triggered 
by various faetors such as eold air, exercise, or allergens. How- 
ever, bronehoeonstrietion has relatively little effeet on air flow 
through normal lungs. Researehers have found that in allergie 
asthma (the most eommon kind), aetive inflammation of the 
airways eomes first. The inflammation is an immune response 
eontrolled by T H 2 eells, a subset of T lymphoeytes. By seereting 
eertain interleukins, T H 2 eells stimulate the production of IgE 
and reerait inflammatory eells (notably eosinophils) to the site. 

Onee someone has allergie asthma, the inflammation per- 
sists even during symptom-free periods and makes the airways 
hypersensitive. (The most eommon triggers are in the home— 
the allergens from dust mites, eoekroaehes, eats, dogs, and 
firngi.) Onee the airway walls are thiekened with inflammatory 
exudate, the effeet of bronehospasm is vastly magnified and ean 
dramatieally reduce air flow. 

About one in ten people in North Ameriea suffer from 
asthma—ehildren more than adults. Over the past 20 years, the 
number of eases has risen dramatieally, an inerease which may 
now be plateauing. 

While asthma remains a major health problem, better treat- 
ment options have reduced the number of asthma-related 
deaths. Instead of merely treating the symptoms with fast-aeting 
bronehodilators, we now treat the underlying inflammation us- 
ing inhaled eortieosteroids. Newer approaehes limit airway in- 
flammation by using antileukotrienes and antibodies against the 
patient s own IgE elass of antibodies. 


Tuberculosis (TB) 

Tuberculosis (TB), the infectious disease caused by the bae- 
terium Mycobacterium tuberculosis , is spread by coughing and 
primarily enters the body in inhaled air. TB mostly affeets the 
lungs but ean spread through the lymphaties to other organs. 

One-third of the worlds population is infeeted, but most 
people never develop aetive TB because a massive inflammatory 
and imimme response usually eontains the primary infeetion 
in fibrous, or ealeified, nodules (tubercles) in the hmgs. How- 
ever, the baeteria survive in the nodules and when the persons 
immunity is weakened, they may break out and cause sympto- 
matie TB. Symptoms include fever, night sweats, weight loss, 
raeking cough, and coughing up blood. 
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During the mid-1980s, there was an alarming inerease in 
TB due to TB-infeeted HIV patients. This trend has now 
been brought under eontrol and TB rates in the U.S. are again 
deereasing. 

However, deadly strains of drug-resistant (even multidrug- 
resistant) TB ean develop when treatment is ineomplete or in- 
adequate. Resistant strains are found elsewhere in the world and 
have appeared in North Ameriea. 

Homeless shelters, with their densely paeked populations, 
are ideal breeding grounds for drug-resistant strains. The TB 
baeterimn grows slowly and drug therapy entails a 12-month 
course of antibioties. The transient nature of shelter populations 
makes it difficult to traek TB patients and ensure they take their 
medieations for the full 12 months. The threat of TB epidemies 
is so real that health eenters in some eities are detaining such pa- 
tients against their will for as long as it takes to eomplete a cure. 

Lung Cancer 

Lung eaneer is the leading cause of eaneer death for both men 
and women in North Ameriea, killing more people every year 
than breast, prostate, and eoloreetal eaneer eombined. This is 
tragie, because lung eaneer is largely preventable—nearly 90% 
of eases result from smoking. 

The cure rate for lung eaneer is notoriously low, with most 
vietims dying within one year of diagnosis. The five-year sur- 
vival rate is about 17%. Because lung eaneer is aggressive and 
metastasizes rapidly and widely, most eases are not diagnosed 
until they are well advaneed. 

Lung eaneer appears to follow elosely the oneogene-aetivating 
steps outlined in A Closer Look in Chapter 4. Ordinarily, nasal 
hairs, stieky mucus, and eilia do a fine job of proteeting the lungs 
from ehemieal and biologieal irritants, but when a person smokes, 
these defenses are overwhelmed and eventually stop fimetioning. 
In particular, smoking paralyzes the eilia that elear mucus from 
the airways, allowing irritants and pathogens to accumulate. The 
c eoektail” of free radieals and other eareinogens in tobaeeo smoke 
eventually translates into lung eaneer. 

The three most eommon types of lung eaneer are: 

■ Adenoeareinoma (about 40% of eases), which originates in 
peripheral lung areas as solitary nodules that develop from 
bronehial glands and alveolar eells. 

■ Squamous eell eareinoma (25-30%), which arises in the ep- 
ithelium of the bronehi or their larger subdivisions and tends 
to form masses that may eavitate (hollow out) and bleed. 

■ Small eell eareinoma (about 20%), round lymphoeyte-sized 
eells that originate in the main bronehi and grow aggressively 
in small grapelike clusters within the mediastinum. Metasta- 
sis from the mediastimim is espeeially rapid. Some small eell 
eareinomas cause additional problems because they produce 
eertain hormones. For example, some seerete ACTH (leading 
to Cushings syndrome) or ADH (resulting in the syndrome of 
inappropriate ADH seeretion, or SIADH; see p. 601). 

Because lung eaneers metastasize aggressively and early, 
the key to survival is early deteetion. A reeent study of heavy 


smokers showed that using helieal CT seans instead of standard 
ehest X rays improved tumor deteetion and reduced mortality 
by 20%. A promising sereening test for lung eaneer that is still 
in development is a simple breath test using a deteetor made of 
gold nanopartieles. 

If the eaneer has not metastasized before it is diseovered, 
eomplete removal of the diseased lung has the greatest potential 
for prolonging life and providing a cure. With metastatie lung 
eaneer, radiation therapy and ehemotherapy are the only op- 
tions, but these have low success rates. 

Fortunately, there are several new therapies on the horizon. 
These include (1) antibodies that target speeifie growth faetors 
or other molecules required by the tumor or that deliver toxic 
agents direetly to the tumor, (2) eaneer vaeeines to stimulate 
the imimme system to fight the tumor, and (3) various forms 
of gene therapy to replaee the defeetive genes that make tumor 
eells divide continuously. As elinieal trials progress, we will 
learn which of these approaehes is most effeetive. 


Developmental Aspeets 
of the Respiratory System 

Traee the embryonie development of the respiratory 
system. 

Deseribe normal ehanges that occur in the respiratory 
system from infaney to old age. 


Because embryos develop in a cephalocaudal (head-to-tail) 
direetion, the upper respiratory structures appear first. By the 
firnrth week of development, two thiekened plates of eetoderm, 
the olfaetory plaeodes (plak'óds), are present on the anterior 
aspeet of the head Fi ure 22 . 28 ] . These quickly invaginate 
to form olfaetory pits that form the nasal eavities. The olfae- 
tory pits then extend posteriorly to eonneet with the developing 
pharynx, which forms at the same time from the endodermal 
germ layer. 

The epithelium of the lower respiratory organs develops as an 
outpocketing of the foregut endoderm, which beeomes the pha- 
ryngeal mucosa. This protmsion, ealled the laryngotraeheal 
bud, is present by the fifth week of development. The proximal 
part of the bud forms the traeheal lining, and its distal end splits 
and forms the mucosae of the bronehi and all their subdivisions, 
including (eventually) the lung alveoli. Mesoderm eovers these 
endoderm-derived linings and forms the walls of the respira- 
tory passageways and the stroma of the hrngs. 

By 28 weeks, the respiratory system has developed suffi- 
eiently to allow a baby born prematurely to breathe on its own. 
As we noted earlier, infants born before this time often exhibit 
infant respiratory distress syndrome resulting from inadequate 
surfactant production. 

During fetal life, the lungs are filled with fluid and the pla- 
eenta makes all respiratory exchanges. Vascular shunts cause 
circulating blood to largely bypass the hrngs (see Chapter 28). 
At birth, the respiratory passageways fill with air. As the P C q 2 
in the babys blood rises, the respiratory eenters are excited, 
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(b) 5 weeks: left lateral view of the developing lower 
respiratory passageway mucosae 

Figure 22.28 Embryonie development of the respiratory system. 


causing the baby to take its first breath. The alveoli inflate and 
begin to fimetion in gas exchange, but it is nearly two weeks 
before the lungs are fiilly inflated. 
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Important birth defeets of the respiratory system include eleft 
palate (deseribed in Chapter 7) and eystie fibrosis. Cystic fi- 
brosis (CF), the most eommon lethal genetie disease in North 
Ameriea, strikes in one out of every 2400 births. In CF, abnor- 
mally viscous mucus elogs the respiratory passages, providing 
a breeding ground for airborne baeteria and predisposing the 
ehild to respiratory infeetions. 

At the root of CF is a faulty gene that eodes for the CFTR 
(eystie fibrosis transmembrane conductance regulator) pro- 
tein. The normal CFTR protein works as a membrane ehannel 
to eontrol Cl _ flow in and out of eells. In one eommon mu- 
tation, CFTR laeks a eritieal amino aeid and so does not fold 
eorreetly. As a result, it gets “stuck” in the endoplasmie reticu- 
lum, is marked for degradation, and never reaehes the plasma 
membrane to perform its normal role. Consequently, less Cl _ 
is seereted and less water follows, resulting in the thiek mucus 
typieal of CF. 

This thiek mucus forms a perfeet harbor for baeterial in- 
feetion. By early adulthood, 80% of patients are eolonized by 
Pseudomonas aemginosa , which causes ehronie inflammation 
and triggers the disabled eells to churn out a thiek sludge of ab- 
normal mucus. Repeated eyeles of infeetion and inflammation 
eventually result in extensive tissue damage that ean be treated 
only by a lung transplant. 

Defeets in the CFTR protein ean affeet other organ systems, 
too. The ducts of the panereas beeome elogged with seeretions, 
impairing food digestion. Obstmeted reproductive ducts render 
97% of males with CF infertile. Characteristically, sweat glands 
of CF patients produce extremely salty perspiration. 


Conventional therapy for CF has included mucus-dissolving 
dmgs, c elapping” the ehest to loosen the thiek mucus, and anti- 
bioties to prevent infeetion. The goal of CF researeh is to restore 
normal salt and water movements by (1) introducing normal 
CFTR genes into respiratory traet mucosa eells, (2) prodding 
another ehannel protein to take over the duties of transporting 
Cl _ , and (3) developing techniques to free the CFTR protein 
from the ER. A novel and surprisingly simple approaeh involves 
inhaling hypertonie saline droplets. This draws water into the 
mucus, making it more liquid. Alone or in eombination, these 
therapies provide new hope to patients with CF. + 


The respiratory rate is highest in newborn infants (40-80 
breaths per minute). At five years of age it is around 25 per 
minute, and in adults it is between 12 and 18 per minute. In old 
age, the rate often inereases again. 

At birth, only about one-sixth of the final number of alveoli 
are present. The lungs continue to mature and form more alve- 
oli until young adulthood. However, if a person begins smoking 
in the early teens, the hrngs never eompletely mature, and those 
additional alveoli are lost forever. 

In infants, the ribs take a nearly horizontal course. For this 
reason, infants rely almost entirely on deseent of the diaphragm 
to inerease thoraeie volrnne for inspiration. By the seeond year, 
the ribs are more obliquely positioned, and the adult form of 
breathing is established. 

The maximum amount of oxygen we ean use during aerobie 
metabolism, Vo 2max , deelines about 9% per deeade in inaetive 
people beginning in their mid-20s. In those who remain aetive, 
Vo 2 max still deelines but much less. As we age, the thoraeie wall 
beeomes more rigid and the lungs gradually lose their elastie- 
ity, deereasing the ability to ventilate the hings. Vital eapaeity 
deelines by about one-third by age 70. Blood 0 2 levels deeline 
slightly, and many old people tend to beeome hypoxic during 
sleep and exhibit sleep apnea (they stop breathing temporarily 
during sleep). 














SYSTEM 


CONNECTIONS 


Homeostatie Interrelationships Between the 
Respiratory System and Other Body Systems 



lntegumentary System Chapter 5 

■ Respiratory system provides oxygen and disposes of earbon 
dioxide 

■ Skin proteets respiratory system organs by forming surface 
barriers 

Skeletal System Chapters 6-8 

■ Respiratory system provides oxygen and disposes of earbon 
dioxide 

■ Bones proteet lungs and bronehi by enclosure 

Muscular System Chapters 9-10 

■ Respiratory system provides oxygen needed for muscle aetivity 
and disposes of earbon dioxide 

■ Aetivity of the diaphragm and intereostal muscles essential for 
producing volume ehanges that lead to pulmonary ventilation; 
regular exercise inereases respiratory effieieney 


Nervous System Chapters 11-15 

■ Respiratory system provides oxygen needed for normal neuronal 
aetivity and disposes of earbon dioxide 

■ Medullary and pontine eenters regulate respiratory rate and 
depth; streteh reeeptors in lungs and ehemoreeeptors provide 
feedbaek 


Endoerine System Chapter 16 

■ Respiratory system provides oxygen and disposes of earbon 
dioxide; angiotensin eonverting enzyme in lungs eonverts 
angiotensin I to angiotensin II 

■ Epinephrine dilates the bronehioles; testosterone promotes 
laryngeal enlargement in pubertal males; glucocorticoids 
promote surfactant production 


Cardiovascular System Chapters 17-19 

■ Respiratory system provides oxygen and disposes of earbon 
dioxide; earbon dioxide present in blood as HC0 3 _ and H 2 C0 3 
contributes to blood buffering 

■ Blood is the transport medium for respiratory gases 


Lymphatie System/lmmunity Chapters 20-21 

■ Respiratory system provides oxygen and disposes of earbon 
dioxide; tonsils in pharynx house immune eells 

■ Lymphatie system helps to maintain blood volume required for 
respiratory gas transport; immune system proteets respiratory 
organs from baeteria, baeterial toxins, vimses, protozoa, fungi 7 
and eaneer 


Digestive System Chapter 23 

■ Respiratory system provides oxygen and disposes of earbon 
dioxide 

■ Digestive system provides nutrients needed by respiratory 
system organs 

IJrinary System Chapters 25-26 

■ Respiratory system provides oxygen and disposes of earbon 
dioxide to provide short-term pH homeostasis 

■ Kidneys dispose of metabolie vvastes of respiratory system 
organs (other than earbon dioxide) and maintain long-term pH 
homeostasis 

Reproductive System Chapter27 

■ Respiratory system provides oxygen and disposes of earbon 
dioxide 
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The number of glands in the nasal mucosa deereases as does 
blood flow to this mucosa. For this reason, the nose dries and 
produces a thiek mucus that makes us want to elear our throat. 
Additionally, many of the respiratory systems proteetive meeha- 
nisms beeome less effeetive with age. Mucosal eilia are less ae- 
tive, and the maerophages in the hrngs beeome sluggish. The 
net result is that the elderly are more at risk for respiratory traet 
infeetions, particularly pneumonia and influenza. 



Check Your IJnderstanding 


23. VVhat distinguishes the obstruction in asthma from that in 
ehronie bronehitis? 


24. VVhat is the underlying defeet in eystie fibrosis? 

25. List two reasons for the deeline in vital eapaeity seen with 
age. 

_ For ansvvers, see Appendix Fi. 

Lungs, bronehial tree, heart, and eonneeting blood vessels— 
together, these organs fashion a remarkable system that oxygen- 
ates blood, removes earbon dioxide, and ensures that all tissue 
eells have aeeess to these serviees. Although the eooperation of 
the respiratory and cardiovascular systems is obvious, all organ 
systems depend on the functioning of the respiratory system, as 
summarized in System Connections on p. 843. 


Chapter Siimmary 


MAPÍ ^ or more ehapter study tools, go to the Study Area of 

MasteringA&P at www.masteringaandp.com. 

There you will find: 

■ interaetive Physiology |p 

■ A&PFIix A&PFIix 


■ Praetiee Anatomy Lab PÁL 


■ PhysioEx 


PEx 


■ Videos, Praetiee Quizzes and Tests, MP3 Tutor Sessions, 
Case Studies, and much more! 


1. Respiration involves four proeesses: pulmonary ventilation, 
external respiration, transport of respiratory gases in the blood, 
and internal respiration. Both the respiratory system and the 
cardiovascular system are involved in respiration. 

Functional Anatomy of the Respiratory System 


The Traehea (p. 809) 

7. The traehea extends from the larynx to the main bronehi. 
C-shaped eartilage rings reinforee the traehea and keep the 
traehea patent. Its mucosa is eiliated. 

The Bronehi and Siibdivisions (pp. 809-812) 

8. The right and left main bronehi mn into their respeetive lungs, 
within which they subdivide into smaller and smaller passageways. 

9. The terminal bronehioles lead into respiratory zone structures: 
respiratory bronehioles, alveolar ducts, alveolar saes, and finally 
alveoli. Gas exchange occurs in the alveoli, aeross the respiratory 
membrane. 

10. As the respiratory conduits beeome smaller, the amount of 
eartilage deereases and is finally lost; the mucosa thins, and 
smooth muscle in the walls inereases. 

iP Respiratory System; Topie: Anatomy Review: 

Respiratory Structures f p. 6. 


(pp. 802-816) 


The Lungs and Pleurae (pp. 812-816) 


1. Respiratory system organs are divided fimetionally into conducting 
zone structures (nose to terminal bronehioles), which filter, 
warm, and moisten ineoming air; and respiratory zone structures 
(respiratory bronehioles to alveoli), where gas exchanges occur. 

The Nose and Paranasal Sinuses (pp. 803-806) 

2. The nose provides an airway for respiration; warms, moistens, 
and eleanses ineoming air; and houses the olfaetory reeeptors. 

3. Bone and eartilage plates shape the external nose. The nasal eavity, 
which opens to the exterior, is divided by the nasal septum. Paranasal 
sinuses and nasolaerimal ducts drain into the nasal eavities. 

The Pharynx (p. 806) 

4. The pharynx extends from the base of the skull to the level of 
C 6 . The nasopharynx is an air conduit; the oropharynx and 
laryngopharynx are eommon passageways for food and air. 
Tonsils are found in the oropharynx and nasopharynx. 


11. The lungs, the paired organs of gas exchange, flank the 
mediastinum in the thoraeie eavity. Eaeh is suspended in pleurae 
via its root and has a base, an apex, and medial and eostal 
surfaces. The right lung has three lobes; the leít has two. 

12. The krngs are primarily air passageways/chambers, supported by 
an elastie eonneetive tissue stroma. 

13. The pulmonary arteries earry deoxygenated blood returned 
from the systemie circulation to the kmgs, where gas exchange 
occurs. The pulmonary veins return newly oxygenated (and 
most bronehial venous) blood baek to the heart to be distributed 
throughout the body. The bronehial arteries provide the nutrient 
blood supply of the kmgs. 

14. The parietal pleura lines the thoraeie wall and mediastinum; the 
viseeral pleura eovers external lung surfaces. Pleural fluid reduces 
frietion during breathing movements. 

iP Respiratory System; Topie: Anatomy Review: 

Respiratory Structures f pp. 1-5. 


The Larynx (pp. 807-809) 

5. The larynx, or voiee box, eontains the voeal folds (eords). It also 
provides a patent airway and serves as a switching meehanism to 
route food and air into the proper ehannels. 

6. The epiglottis prevents food or liquids from entering the 
respiratory ehannels during swallowing. 


Meehanies of Breathing (pp. 816-824) 

Pressure Relationships in the Thoraeie Cavity (pp. 816-817) 

1. Intrapulmonary pressure is the pressure within the alveoli. 
Intrapleural pressure is the pressure within the pleural 
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eavity; normally it is negative relative to intrapulmonary 
pressures. 

ÌP Respiratory System; Topie: Pulmonary Ventilation, pp. 7-9. 

Pulmonary Ventilation (pp. 817-820) 

2. Gases travel from an area of higher pressure to an area of lower 
pressure. 

3. Inspiration occurs when the diaphragm and external intereostal 
muscles eontraet, inereasing the dimensions (and volume) of the 
thorax. As the intrapulmonary pressure drops, air mshes into the 
lungs until the intrapulmonary and atmospherie pressures are 
equalized. 

4. Expiration is largely passive, occurring as the inspiratory muscles 
relax and the lungs reeoil. When intrapulmonary pressure 
exceeds atmospherie pressure, gases flow from the lungs. 

ÌP Respiratory System; Topie: Pulmonary Ventilation, pp. 3-6 f 11-13. 

Physieal Faetors inflneneing Pulmonary Ventilation 

(pp.820-821) 

5. Frietion in the air passageways causes resistanee, which deereases 
air passage and causes breathing movements to beeome more 
strenuous. The greatest resistanee to air flow occurs in the 
midsize bronehi. 

6. Surface tension of alveolar fluid aets to reduce alveolar size and 
eollapse the alveoli. Surfactant reduces this tendeney. 

7. Premature infants have problems keeping their lungs inflated 
owing to the laek of surfactant in their alveoli, resulting in infant 
respiratory distress syndrome (IRDS). Surfactant formation 
begins late in fetal development. 

8. Total respiratory eomplianee depends on elastieity of hmg tissue 
and flexibility of the bony thorax. When eomplianee is impaired, 
inspiration beeomes more difhcult. 

ÌP Respiratory System; Topie: Pulmonary Ventilation, pp. 14-18. 

Respiratory Volumes and Pulmonary Function Tests 

(pp. 821-823) 

9. The four respiratory volumes are tidal, inspiratory reserve, 
expiratory reserve, and residual. The four respiratory eapaeities 
are vital, hmetional residual, inspiratory, and total lung. 
Spirometry measures respiratory vohimes and eapaeities. 

10. Anatomieal dead spaee is the air-fìlled volume (about 150 ml) of 
the conducting passageways. If alveoli beeome nonhmetional in 
gas exchange, their volume is added to the anatomieal dead spaee, 
and the sum is the total dead spaee. 

11. The FVC and FEV tests, which determine the rate at which VC 
air ean be expelled, are particularly valuable in distinguishing 
between obstmetive and restrietive disease. 

12. Alveolar ventilation is the best index of ventilation efheieney 
because it accounts for anatomieal dead spaee. 

AVR = (TV — dead spaee) X respiratory rate 

Nonrespiratory Air Movements (pp. 823-824) 

13. Nonrespiratory air movements are voluntary or reflex aetions that 
elear the respiratory passageways or express emotions. 

Gas Exchanges Betvveen the Blood, Lungs, 
and Tissues (pp. 824-828) 

Basie Properties of Gases (pp. 824-825) 

1. Daltons law states that eaeh gas in a mixture of gases exerts 
pressure in proportion to its pereentage in the total mixture. 


2. Henry s law states that the amount of gas that will dissolve in a 
liquid is proportional to the partial pressure of that gas. Other 
important faetors are the solubility of the gas in the liquid and the 
temperature of the liquid. 

ÌP Respiratory System; Topie: Gas Exchange f pp. 1-6. 

Composition of Alveolar Gas (p. 825) 

3. Alveolar gas eontains more earbon dioxide and water vapor and 
eonsiderably less oxygen than atmospherie air. 

External Respiration (pp. 825-827) 

4. External respiration is the proeess of gas exchange that 
occurs in the lungs. Oxygen enters the pulmonary eapillaries; 
earbon dioxide leaves the blood and enters the alveoli. Faetors 
influencing this proeess include the partial pressure gradients, 
the thiekness of the respiratory membrane, surface area available, 
and ventilation-perfusion coupling (matehing alveolar ventilation 
with pulmonary perfusion). 

Internal Respiration (pp. 827-828) 

5. Internal respiration is the gas exchange that occurs between the 
systemie eapillaries and the tissues. Carbon dioxide enters the 
blood, and oxygen leaves the blood and enters the tissues. 

ÌP Respiratory System; Topie: Gas Exchange f pp. 6—11 f 15-16. 

Transport of Respiratory Gases by Blood (pp. 828-833) 

Oxygen Transport (pp. 828-829) 

1. Molecular oxygen is earried bound to hemoglobin in the red 
blood eells. The amount of oxygen bound to hemoglobin depends 
on the P Q and P co of blood, blood pH, the presenee of BPG, 
and temperature. A small amount of oxygen gas is transported 
dissolved in plasma. 

2. Hypoxia occurs when inadequate amounts of oxygen are 
delivered to body tissues. When this occurs, the skin and 
mucosae may beeome eyanotie. 

Carbon Dioxide Transport (pp. 829-833) 

3. C0 2 is transported in the blood dissolved in plasma, ehemieally 
bound to hemoglobin, and (primarily) as biearbonate ions in 
plasma. Loading and unloading of 0 2 and C0 2 are mutually 
benefìeial. 

4. Accumulating C0 2 lowers blood pH; depletion of C0 2 from 
blood raises blood pH. 

ÌP Respiratory System; Topie: Gas Transport, pp. 1-15. 

Control of Respiration (pp. 834-838) 

Neural Meehanisms (pp. 834-835) 

1. Medullary respiratory eenters are the ventral and dorsal 
respiratory groups. The ventral respiratory group is likely 
responsible for the rhythmieity of breathing. 

2. The pontine respiratory eenters influence the aetivity of the 
medullary respiratory eenters. 

Faetors lnfluencing Breathing Rate and Depth (pp. 835-838) 

3. Important ehemieal faetors modifying baseline respiratory rate 
and depth are arterial levels of C0 2 , H + , and 0 2 . 

4. An inereasing arterial P co level (hypereapnia) is the most 

^ I 

powerful respiratory stimulant. It aets (via release of H in brain 
tissue) on eentral ehemoreeeptors to cause a reflexive inerease in 
the rate and depth of breathing. 
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5. Hypoeapnia depresses respiration and resiilts in deereased 
ventilation and, possibly, apnea. 

6. Arterial P Q levels below 60 mm Hg strongly stimulate peripheral 
ehemoreeeptors. 

7. Deereased pH and a deeline in blood Pq 2 aet on peripheral 
ehemoreeeptors and enhanee the response to C0 2 . 

8. Emotions, pain, body temperature ehanges, and other stressors 
ean alter respiration by aeting through hypothalamie eenters. 
Respiration ean also be eontrolled voluntarily for short periods. 

9. Dust, mucus, fumes, and pollutants initiate pulmonary irritant 
reflexes. 

10. The inflation (Hering-Breuer) reflex is a proteetive reflex initiated 
by extreme overinflation of the lungs; it aets to terminate 
inspiration. 

ÌP Respiratory System; Topie: Control of Respiration, pp. 6-14. 

Respiratory Adjustments (pp. 838-839) 

Exercise (p. 838) 

1. As exercise begins, there is an abmpt inerease in ventilation 
(hyperpnea) followed by a more gradual inerease. When exercise 
stops, there is an abmpt deerease in ventilation followed by a 
gradual deeline to baseline values. 

2. P 0 P co? > and blood pH remain quite eonstant during exercise 
and henee do not appear to account for ehanges in ventilation. 
Inputs from higher eenters and proprioeeptors may contribute. 

High AItitude (pp. 838-839) 

3. At high altitudes, arterial P 0 and hemoglobin saturation levels fall 
because of the deerease in atmospherie pressure eompared to sea 
level. inereased ventilation helps restore Pq 2 to physiologieal levels. 

4. Long-term aeelimatization involves inereased erythropoiesis. 

Homeostatie imbalanees of the Respiratory 

System (pp. 839-841) 

1. Two major respiratory disorders are COPD (emphysema and 
ehronie bronehitis) and lung eaneer; smoking is a signifìeant 
cause. A third major disorder is asthma. Multidrug-resistant 
tuberculosis may beeome a major public health problem. 

Chronic Obstructive Pulmonary Disease (pp. 839-840) 

2. COPD is eharaeterized by an irreversible deerease in the ability to 
foree air out of the lungs. 


3. In emphysema, alveoli enlarge permanently and disintegrate. 

The lungs lose their elastieity, and expiration beeomes an aetive 
proeess. 

4. Chronic bronehitis is eharaeterized by excessive mucus 
production in the lower respiratory passageways, which severely 
impairs ventilation and gas exchange. 

Asthma (p. 840) 

5. Asthma is a reversible obstmetive eondition caused by an 
immune response that causes its vietims to wheeze and gasp for 
air as their inflamed respiratory passages eonstriet. It is marked 
by acute episodes and symptom-free periods. 

Tuberculosis (TB) (pp. 840-841) 

6. Tuberculosis, an infectious disease caused by an airborne 
bacterium, mainly affeets the lungs. Although most infeeted 
individuals remain asymptomatie by walling off the baeteria 
in nodules (tubercles), symptoms appear when immunity is 
depressed. Some patients’ failure to eomplete dmg therapy has 
produced multidrug-resistant TB strains. 

Lung Cancer (p. 841) 

7. Lung eaneer, promoted by free radieals and other eareinogens, is 
extremely aggressive and metastasizes rapidly. 

Developmental Aspeets of the Respiratory System 

(pp.841-844) 

1. The superior respiratory system mucosa develops from the 
invagination of the eetodermal olfaetory plaeodes. The mucosa 
of the inferior passageways develops from an outpocketing of 
the endodermal foregut lining. Mesoderm forms the walls of the 
respiratory conduits and the hmg stroma. 

2. Cystic fìbrosis (CL), the most eommon fatal hereditary disease in 
North Ameriea, results from an abnormal CLTR protein that fails 
to form a ehloride ehannel. The result is thiek mucus, which elogs 
respiratory passages and invites infeetion. 

3. With age, the thorax beeomes more rigid, the hmgs beeome 
less elastie, and vital eapaeity deelines. In addition, sleep apnea 
beeomes more eommon, and respiratory system proteetive 
meehanisms are less effeetive. 


Review Questions 




Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. Cutting the phrenie nerves will result in (a) air entering the 
pleural eavity, (b) paralysis of the diaphragm, (e) sthmdation of 
the diaphragmatie reflex, (d) paralysis of the epiglottis. 

2. Which of the following laryngeal eartilages is/are not paired? 

(a) epiglottis, (b) arytenoid, (e) erieoid, (d) cuneiform, 

(e) corniculate. 

3. Under ordinary circumstances, the inflation reflex is initiated 
by (a) noxious ehemieals, (b) the ventral respiratory group, 

(e) overinflation of the alveoli and bronehioles, (d) the pontine 
respiratory eenters. 


4. The detergent-like substance that keeps the alveoli from 
eollapsing between breaths because it reduces the surface tension 
of the water film in the alveoli is ealled (a) leeithin, (b) bile, 

(e) surfactant, (d) reluctant. 

5. Which of the following determines the direetion of gas 
movement? (a) solubility in water, (b) partial pressure gradient, 
(e) temperature, (d) molecular weight and size of the gas 
molecule. 

6. When the inspiratory muscles eontraet, (a) the size of the 
thoraeie eavity inereases in diameter, (b) the size of the thoraeie 
eavity inereases in length, (e) the volume of the thoraeie eavity 
deereases, (d) the size of the thoraeie eavity inereases in both 
length and diameter. 
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7. The nutrient blood supply of the lungs is provided by (a) the 
pulmonary arteries, (b) the aorta, (e) the pulmonary veins, 

(d) the bronehial arteries. 

8. Oxygen and earbon dioxide are exchanged in the lungs and 
through all eell membranes by (a) aetive transport, (b) diífusion, 

(e) filtration, (d) osmosis. 

9. Which of the following would not normally be treated by 100% 
oxygen therapy? (Choose all that apply.) (a) anoxia, (b) earbon 
monoxide poisoning, (e) respiratory erisis in an emphysema 
patient, (d) eupnea. 

10. Most oxygen earried in the blood is (a) in solution in the plasma, 
(b) eombined with plasma proteins, (e) ehemieally eombined 
with the heme in red blood eells, (d) in sohition in the red blood 
eells. 

11. Which of the following has the greatest stimulating eífeet on the 
respiratory eenters in the brain? (a) oxygen, (b) earbon dioxide, 
(e) calcium, (d) willpower. 

12. In mouth-to-mouth artifieial respiration, the rescuer blows air 
from his or her own respiratory system into that of the vietim. 
Which of the following statements are eorreet? 

(1) Expansion of the vietims hmgs is brought about by blowing 
air in at higher than atmospherie pressure (positive-pressure 
breathing). 

(2) During inflation of the hmgs, the intrapleural pressure 
inereases. 

(3) This technique will not work if the vietim has a hole in the 
ehest wall, even if the lungs are intaet. 

(4) Expiration during this procedure depends on the elastieity of 
the alveolar and thoraeie walls. 

(a) all of these, (b) 1, 2, 4, (e) 1, 2, 3, (d) 1,4. 

13. A baby holding its breath will (a) have brain eells damaged 
because of low blood oxygen levels, (b) automatically start to 
breathe again when the earbon dioxide levels in the blood reaeh a 
high enough value, (e) suffer heart damage because of inereased 
pressure in the earotid sinus and aortie areh areas, (d) be ealled a 
“blue baby ’ 

14. Under ordinary circumstances, which of the following blood 
eomponents is of no physiologieal signifieanee? (a) biearbonate 
ions, (b) earbaminohemoglobin, (e) nitrogen, (d) ehloride. 

15. Damage to which of the following would most likely result in 
eessation ofbreathing? (a) the pontine respiratory group, (b) the 
ventral respiratory group of the medulla, (e) the streteh reeeptors 
in the lungs, (d) the dorsal respiratory group of the medulla. 

16. Tbe bulk of earbon dioxide is earried (a) ehemieally eombined 
with the amino aeids of hemoglobin as earbaminohemoglobin in 
the red blood eells, (b) as the ion HC0 3 _ in the plasma after first 
entering the red blood eell, (e) as earbonie aeid in the plasma, 

(d) ehemieally eombined with the heme portion of Hb. 


Short Ansvver Essay Questions 

17. Traee the route of air from the nares to an alveohis. Name 
subdivisions of organs where applieable, and differentiate 
between conducting and respiratory zone structures. 

18. (a) Why is it important that the traehea is reinforeed with 
eartilage rings? (b) Why is it advantageous that the rings are 
ineomplete posteriorly? 

19. Briefly explain the anatomieal “reason ’ why most men have 
deeper voiees than boys or women. 

20. The lungs are mostly passageways and elastie tissue. (a) What is 
the role of the elastie tissue? (b) Of the passageways? 

21. Deseribe the fimetional relationships between volume ehanges 
and gas flow into and out of the lungs. 

22. Discuss how airway resistanee, hmg eomplianee, and alveolar 
surface tension influence pulmonary ventilation. 

23. (a) Differentiate elearly between minute respiratory volume and 
alveolar ventilation rate. (b) Which provides a more accurate 
measure of ventilatory effieieney, and why? 

24. State Daltons law of partial pressures and Henry s law. 

25. (a) Define hyperventilation. (b) If you hyperventilate, do you 
retain or expel more earbon dioxide? (e) What effeet does 
hyperventilation have on blood pH? 

26. Deseribe age-related ehanges in respiratory fimetion. 


Critical Thinking and dinieal Applieation Questions 

1. Harry, the swimmer with the fastest time on the Springfield 
College swim team, routinely hyperventilates before a meet, as 
he says, “to soek some more oxygen into my hmgs so I ean swim 
longer without having to breathe.” First of all, what basie faet 
about oxygen loading has Harry forgotten (a lapse leading to false 
thinking)? Seeond, how is Harry jeopardizing not only his time 
but his life? 

2. A member of the “Blues” gang was rushed into an emergeney 
room after reeeiving a knife wound in the left side of his thorax. 
Tbe diagnosis was pneumothorax and a eollapsed lung. Explain 
exactly (a) why the lung eollapsed, and (b) why only one hmg 
(not both) eollapsed. 

3. A surgeon removed three adjaeent bronchopulmonary segments 
from the left hmg of a patient with TB. Almost half of the hmg 
was removed, yet there was no severe bleeding, and relatively 
few blood vessels had to be cauterized (elosed off). Why was the 
surgery so easy to perform? 

4. After a week of scuba diving in the Bahamas, Mary Ann boards 
an airplane. During her flight home, she develops aehing joints, 
nausea, and dyspnea, which resolve upon landing. During the 
flight, the eabin pressure was equivalent to an altitude of 8000 
feet. Explain her problems. 
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Related eiinieal Terms 

Adenoideetomy (adenotonsilleetomy) Surgical removal of an 
infeeted pharyngeal tonsil (adenoids). 

Adult respiratory distress syndrome (ARDS) A dangerous lung 
eondition that ean develop after severe illness or injury to the 
body. Neutrophils leave the body s eapillaries in large numbers 
and then seerete ehemieals that inerease eapillary permeability. 
Tbe eapillary-rieh lungs are heavily affeeted. As the lungs fill with 


fluid, the patient suffocates. Even with meehanieal ventilation, 
ARDS is hard to eontrol and often lethal. 

Aspiration (as"pì-ra'shun) (1) Inhaling or drawing something into 
the lungs or respiratory passages. Pathologieal aspiration— 
drawing vomit or excessive mucus into the hrngs—may occur 
when a person is unconscious or anesthetized; turning the head 
to one side is preventive. (2) Withdrawing fluid by suction (use 
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Related ClinicalTerms (continued) 

of an aspirator); done during surgery to keep an area free of 
blood or other body fluids; mucus is aspirated from the traehea 
of traeheotomy patients. 

Bronehoseopy (.seopy = viewing) Use of a viewing tube inserted through 
the nose or mouth to examine the internal surface of the main 
bronehi in the lung. Foreeps attaehed to the tip of the tube ean 
remove trapped objeets or take samples of mucus for examination. 

Cheyne-Stokes breathing (ehàn'stóks) Abnormal breathing pattern 
sometimes seen just before death (the “death rattle”) and in 
people with eombined neurological and eardiae disorders. It 
eonsists of brnsts of tidal volume breaths (inereasing and then 
deereasing in depth) alternating with periods of apnea. Trauma 
and hypoxia of the brain stem eenters, as well as P co? imbalanees 
between arterial blood and brain, may be causative faetors. 

Deviated septum Condition in which the nasal septum takes a more 
lateral course than usual and may obstruct breathing; often 
manifests in old age or from nose tramna. 

Endotraeheal tube A thin plastie tube threaded into the traehea 
through the nose or mouth; used to deliver oxygen to patients 
who are breathing inadequately, in a eoma, or under anesthesia. 

Epistaxis (ep"ì-stak'sis; epistazo = to bleed at the nose) Nosebleed; 
eommonly follows trauma to the nose or excessive nose blowing. 
Most nasal bleeding is from the highly vascularized anterior 
septum and ean be stopped by pinehing the nostrils elosed or 
paeking them with eotton. 

Nasal polyps Mushroomlike benign growths of the nasal mucosa; 
sometimes caused by infeetions, but most often cause is 
unknown. May bloek air flow. 

Orthopnea (or"thop-ne'ah; ortho = straight, upright) Inability to 
breathe in the horizontal (lying down) position. 

Otorhinolaryngology (o"to-ri"no-lar"in-gol'o-je; oto = ear; rhino = 
nose) Braneh of medieine that deals with diagnosis and treatment 
of diseases of the ears, nose, and throat. 


Pneumonia Infectious inflammation of the hrngs, in which flmd 
accumulates in the alveoli; the eighth most eommon cause of 
death in the United States. Most of the more than 50 varieties of 
pneumonia are viral or baeterial. 

Pulmonary embolism Obstmetion of the pulmonary artery or one 
of its branehes by an embolus (most often a blood elot that has 
been earried from the lower limbs and through the right side of 
the heart into the pulmonary circulation). Symptoms are ehest 
pain, productive bloody cough, taehyeardia, and rapid, shallow 
breathing. Can cause sudden death unless treated quickly; usual 
treatment is oxygen by mask, pain relievers, and anticoagulant 
dmgs. Severe eases may also require elot busters (thrombolytie 
dmgs). 

Stuttering A problem of voiee production in which the first syllable 
of words is repeated in “machine-gun ’ fashion. Primarily a 
problem with neural eontrol of the larynx and other voiee- 
producing structures. Many stutterers beeome fluent when 
whispering or singing, both of which involve a ehange in the 
manner of voealization. 

Sudden infant death syndrome (SIDS) Unexpected death of an 
apparently healthy infant during sleep. Commonly ealled erib 
death, SIDS is one of the most frequent causes of death in infants 
under 1 year old. Believed to be a problem of immaturity of the 
respiratory eontrol eenters. Most eases occur in infants plaeed 
in a prone position (on their abdomen) to sleep—a position 
that may result in hypoxia and hypereapnia due to rebreathing 
exhaled (C0 2 -rich) air. Sinee 1992, a eampaign reeommending 
plaeing infants on their baek to sleep has lowered the ineidenee 
of SIDS in the U.S. by 40% or more. 

Traeheotomy (tra"ke-ot'o-me) Surgical opening of the traehea; done 
to provide an alternate route for air to reaeh the lungs when 
more superior respiratory passageways are obstmeted (as by 
food or a emshed larynx). 



Case Study 


Respiratory System 


Barbara Joley was in the bus that was 
hit broadside. When she was freed 
from the wreckage, she was deeply 
eyanotie and her respiration had 
stopped. Her heart was still beating, but her pulse was fast and 
thready. The emergeney medieal teehnieian reported that when 
Barbara was found 7 her head was eoeked at a peculiar angle and 
it looked like she had a fracture at the level of the C 2 vertebra. The 
following questions refer to these observations. 


4. Assuming that Barbara survives, how will her aeeident affeet her 
lifestyle in the future? 

Barbara survived transport to the hospital and notes reeorded at 
admission included the following observations. 

■ Right thorax eompressed; ribs 7 to 9 fractured 

■ Right lung ateleetasis 

Relative to these notes: 


1. How might the "peculiar" head position explain Barbara's 
eessation of breathing? 


5. What is ateleetasis and why is only the right lung affeeted? 

6 . How do the reeorded injuries relate to the ateleetasis? 


2. What procedures (do you think) the emergeney personnel 
should have initiated immediately? 


7. What treatment will be done to reverse the ateleetasis? What is 
the rationale for this treatment? 


3. Why is Barbara eyanotie? Explain eyanosis. 


(Ansvvers in Appendix H) 













part i Overview of the 
Digestive System 

Digestive Proeesses (pp. 851-852) 

Basie Functional Concepts (p. 852) 

Digestive System Organs: 
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part 2 Functional Anatomy 
of the Digestive System 

The Mouth and Assoeiated Organs 

(pp. 856-861) 

The Pharynx (pp. 861-862) 

The Esophagus (pp. 862-863) 

Digestive Proeesses: Mouth to 
Esophagus (pp. 863-864) 

The Stomaeh (pp. 864-874) 

The Small Intestine and Assoeiated 
Structures (pp. 874-887) 

The Large Intestine (pp. 887-892) 


part 3 Physiology of Digestion 
and Absorption 

Digestion (pp. 892-895) 

Absorption (pp. 895-898) 

Developmental Aspeets of the Digestive 
System (pp. 898-901) 


e hildren are faseinated by the vvorkings of the digestive system. 

They relish emnehing a potato ehip, delight in making a mustaches” with milk, 
and giggle when their stomaeh c growls.” As adults, we know that a healthy diges- 
tive system is essential to life, because it eonverts foods into the raw materials that build 
and fuel our body s eells. Speeifieally, the digestive system takes in food, breaks it down 
into nutrient molecules, absorbs these molecules into the bloodstream, and then rids the 
body of the indigestible remains. 
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Mouth (oral eavity) 


Tongiie 


Esophagus 


Liver 


Gallbladder 


Small intestine 


Parotid gland 

Sublingual gland 
Submandibular 


Anus 



Transverse 

eolon 

Deseending 

eolon 

Aseending 

eolon 

Cecum 

Sigmoid eolon 

Rectum 

Appendix 


Anal eanal 


Salivary glands* 


Pharynx 


Stomaeh 

Panereas* 

(Spleen) 


Large intestine 


P gure 23.1 Alimentary eanal and related aeeessory digestive organs. Organs vvith 
asterisks are aeeessory organs. Those without asterisks are alimentary eanal organs (except the 
spleen, a part of the lymphatie system). (For a related image, see A BriefAtlas ofthe Human 
Body, Figure 64a.) 


PART 1 

Overvievv of the Digestive 
System 

Deseribe the fiinetion of the digestive system # and 
differentiate between organs of the alimentary eanal and 
aeeessory digestive organs. 

The organs of the digestive system fall into two main groups: (1) 
those of the alimentary eanal (ar'ì-men'tar-e; aliment = nour- 
ish) and (2) aeeessory digestive organs Figure 23.1 . 


The alimentary eanal, also ealled the gastrointestinal (GI) 
traet or gut, is the continuous muscular tube that winds through 
the body from the mouth to the anus. It digests food—breaks it 
down into smaller fragments ( digest = dissolve)—and absorbs 
the digested fragments through its lining into the blood. 

The organs of the alimentary eanal are the mouth , pharynx , 
esophagus , stomaeh , small intestine , and large intestine. The large 
intestine leads to the terminal opening, or anus. In a eadaver, the 
alimentary eanal is approximately 9 m (about 30 ft) long, but in a 
living person, it is eonsiderably shorter because of its muscle tone. 
Food material in this tube is teehnieally outside the body because 
the eanal is open to the external environment at both ends. 
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Ingestion 


Food 


Meehanieal 

breakdown 


Chewing (mouth) 
Churning (stomaeh) 
Segmentation 
(small intestine) 


Digestion | 


Pharynx 

Esophagus 


Propulsion 


Swallowing 

(oropharynx) 

Peristalsis 
(esophagus, 
stomaeh, 
small intestine, 
large intestine) 


Stomaeh 


Absorption 


Small 
intestine 


Large 
intestine 


Mainly H 9 0 


Blood 

vessel 


Defeeation 


Anus 


gure 23.2 Gastrointestinal traet aetivities. Note that sites of 
digestion produce enzymes or reeeive enzymes or other seeretions 
made by aeeessory organs outside the alimentary eanal. 


The aeeessory digestive organs are the teeth, tongue y gall- 
bladder , and a niimber of large digestive glands—the salivary 
glands , liver , and panereas. The teeth and tongue are in the 
mouth, or oral eavity, while the digestive glands and gallbladder 
lie outside the GI traet and eonneet to it by ducts. The aeeessory 
digestive glands produce a variety of seeretions that help break 
down foodstuffs. 


Digestive Proeesses 

List and define the major proeesses occurring during 
digestive system aetivity. 

We ean view the digestive traet as a “disassembly line” in which 
food beeomes less complex at eaeh step of proeessing and its nu- 
trients beeome available to the body. The proeessing of food by 
the digestive system involves six essential aetivities 1gure 23.2) : 


From 

mouth 



(a) Peristalsis: Adjaeent segments of alimentary 
traet organs alternately eontraet and relax, 
moving food along the traet distally. 



(b) Segmentation: Nonadjaeent segments of 
alimentary traet organs alternately eontraet and 
relax, moving food forward then backward. 

Food mixing and slow food propulsion occur. 



gure 23.3 Peristalsis and segmentation. 


1. Ingestion is simply taking food into the digestive traet, 
usually via the mouth. 

2. Propulsion, which moves food through the alimentary ea- 
nal, includes swallowing , which is initiated voluntarily, and 
peristalsis (per'ì-stal'sis), an invohmtary proeess. Peristalsis 
(peri = around; stalsis = eonstrietion), the major means of 
propulsion, involves alternating waves of eontraetion and 
relaxation of muscles in the organ walls Figure 23.3a . Its 
main effeet is to squeeze food along the traet, but some mix- 
ing occurs as well. In faet, peristaltie waves are so powerful 
that, onee swallowed, food and fluids will reaeh your stom- 
aeh even if you stand on your head. 

3. Meehanieal breakdown inereases the surface area of 
ingested food, physieally preparing it for digestion by 
enzymes. Meehanieal proeesses include chewing, mix- 
ing food with saliva by the tongue, churning food in the 
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stomaeh, and segmentation, or rhythmie loeal eonstrie- 
tions of the small intestine (Figure 23.3b). Segmentation 
mixes food with digestive juices and makes absorption 
more effieient by repeatedly moving different parts of the 
food mass over the intestinal wall. Although meehanieal 
breakdown is sometimes referred to as meehanieal diges- 
tion , historieally the term digestion applies only to ehemi- 
eal breakdown proeesses that utilize enzymes. 

4. Digestion involves a series of eatabolie steps in which en- 
zymes seereted into the lrnnen (eavity) of the alimentary 
eanal break down complex food molecules to their ehemi- 
eal bmlding bloeks. 

5. Absorption is the passage of digested end products (plus 
vitamins, minerals, and water) from the lumen of the GI 
traet through the mucosal eells by aetive or passive trans- 
port into the blood or lymph. 

6. Defeeation eliminates indigestible substances from the 
body via the anus in the form of feees. 

Some of these proeesses are the job of a single organ. For 
example, only the mouth ingests and only the large intestine 
defeeates. But most digestive system aetivities require the eo- 
operation of several organs and occur bit by bit as food moves 
along the traet as deseribed later. 



Check Your Understanding 


1. Name one organ of the alimentary eanal found in the thorax. 
Name three organs loeated in the abdominal eavity. 

2. VVhat is the usual site of ingestion? 

3. VVhieh digestive system aetivity actually moves nutrients from 
the outside to the inside of the body? 

_ For ansvvers, see Appendix H. 


I Basie Functional Concepts 

Deseribe stimuli and eontrols of digestive aetivity. 



A theme we have stressed in this book is the body s efforts to 
maintain a eonstant internal environment. Most organ systems 
respond to ehanges in that environment either by attempting to 
restore some plasma variable to its former levels or by ehanging 
their own ffinetion. 

The digestive system, however, ereates an optimal environ- 
ment for its ffinetioning in the lrnnen of the GI traet, an area that 
is actually outside the body. Essentially all digestive traet regula- 
tory meehanisms eontrol luminal eonditions so that food break- 
down and absorption ean occur there as effeetively as possible. 

Two faets apply to these regulatory meehanisms: 


■ Digestive aetivity is provoked by a range of meehanieal and 
ehemieal stimuli. Sensors involved in eontrolling GI traet 
aetivity are loeated in the walls of the traet organs. These 
sensors respond to several stimuli, most importantly streteh- 
ing of the organ by food in the lrnnen, osmolarity (solute 
eoneentration) and pH of the eontents, and the presenee 
of substrates and end products of digestion. When stimu- 
lated, these reeeptors initiate reflexes that (1) aetivate or in- 
hibit glands that seerete digestive juices into the lumen or 


hormones into the blood or (2) stimulate smooth muscle of 
the GI traet walls to mix lumen eontents and move them 
along the traet. 

■ Controls of digestive aetivity are both intrinsie and extrin- 
sie. Many of the eontrolling systems of the digestive traet are 
intrinsie — a in-house” nerve plexuses and hormone-producing 
eells. The so-ealled gut brain eonsisting of enterie nerve plex- 
uses spreads like ehieken wire along the entire length of the GI 
traet and regulates digestive aetivity all along the traet. 

Two kinds of reflex aetivity occur, short and long. Short 
reflexes are mediated entirely by the loeal enterie or cc gut” 
plexuses in response to stimuli arising in the GI traet. Long 
reflexes are initiated by stimuli arising inside or outside the GI 
traet and involve CNS eenters and extrinsic autonomic nerves 
(Figure 23.4). 

The stomaeh and small intestine also eontain hormone- 
producing eells. When stimulated, these eells release their 
products to the interstitial fluid in the extracellular spaee. 
Blood and interstitial fluid distribute these hormones to their 
target eells in the same or different digestive traet organs, 
which they induce to seerete or eontraet. 



Check Your Understanding 


4. When sensors in the Gl traet are stimulated 7 they respond 
via reflexes. What types of digestive aetivity may be put into 
motion via those reflexes? 

5. The term "gut brain" does not really mean there is a brain in 
the digestive system. What does it refer to? 

_ For ansvvers, see Appendix H. 


Digestive System Organs: 
Relationships 

Relationship of the Digestive Organs 
to the Peritoneum 

Deseribe the loeation and function of the peritoneum. 

Define retroperitoneal and namethe retroperitoneal 
organs of the digestive system. 

Most digestive system organs reside in the abdominopel- 
vie eavity. Reeall from Chapter 1 that all ventral body eavities 
eontain slippery serous membranes. The peritoneum of the ab- 
dominopelvie eavity is the most extensive of these membranes 
gure 23.5a . The viseeral peritoneum eovers the external 
surfaces of most digestive organs and is continuous with the pa- 
rietal peritoneum that lines the body wall (see Figure 23.30d, 
p. 889). Between the two peritoneums is the peritoneal eavity, 
a slitlike potential spaee eontaining a slippery fluid seereted by 
the serous membranes. The serous fluid lubricates the mobile 
digestive organs, allowing them to glide easily aeross one an- 
other and along the body wall as they earry out their aetivities. 

A mesentery (mes'en-ter"e) is a double layer of peritoneum— 
a sheet of two serous membranes fused baek to baek—that ex- 
tends to the digestive organs from the body wall. Mesenteries 
provide routes for blood vessels, lymphaties, and nerves to reaeh 









ehapter 23 The Digestive System 


853 


External stimuli 
(sight, smell, taste, 
thought of food) 


Central nervous system 


Viseeral afferents 




Long reflexes 


♦ 




Extrinsic viseeral (autonomic) 
efferents 


Internal 
(Gl traet) 
stimuli 


ehemoreeeptors, 
osmoreeeptors, or 
meehanoreeeptors 





Loeal (intrinsie) 
nerve plexus 
(“gut brain”) 




Short reflexes 


Gastrointestinal 
wall (site of short 
reflexes) 


alimentary eanal 




Effeetors: 

Smooth muscle 
or glands 



Response: 

Change in 
eontraetile or 
seeretory aetivity 




gure 23.4 Neural reflex pathways initiated by stimuli inside or outside the 
gastrointestinal traet. 


the digestive viseera; hold organs in plaee; and store fat. In most 
plaees the mesentery is dorsal and attaehes to the posterior ab- 
dominal wall, but there are ventral mesenteries too, such as the 
one that extends from the liver to the anterior abdominal wall 
(Figure 23.5a). Some digestive organ mesenteries have speeifie 
names (such as the omenta ), or are ealled “ligaments” (even 
though these peritoneal folds are nothing like the fibrous liga- 
ments that eonneet bones). 

Not all alimentary eanal organs are suspended by a mesentery. 
For example, during development, some regions of the small in- 
testine adhere to the dorsal abdominal wall (Figure 23.5b). In so 
doing, they lose their mesentery and eome to lie posterior to the 
peritoneum. These organs, which inehide most of the panereas 


and duodenum (the first part of the small intestine), and parts 
of the large intestine, are ealled retroperitoneal organs ([retro 
— behind). By eontrast, digestive organs (like the stomaeh) that 
keep their mesentery and remain in the peritoneal eavity are 
ealled intraperitoneal or peritoneal organs. 



Homeostatie imbalanee 23.1 


Peritonitis is inflammation of the peritoneum. It ean arise from 
a piereing abdominal wound, a perforating ulcer that leaks 
stomaeh juices into the peritoneal eavity, or poor sterile teeh- M 
nique during abdominal surgery. However, most eommonly it I 
results from a burst appendix that sprays baeteria-eontaining I 



Parietal 


peritoneum 


Viseeral 
peritoneum 


Peritoneal 

eavity 


Abdominopelvie 

eavity 


Vertebra 



Alimentary 
eanal organ 


Liver 


Mesentery 

resorbed 
and lost 


Dorsal 

mesentery 


Ventral 

mesentery 





Alimentary 
eanal organ 


Alimentary eanal organ in 
a retroperitoneal position 



(a) Two sehematie eross seetions of abdominal eavity illiistrate 
the peritoneums and mesenteries. 


(b) Some organs lose their mesentery and move, 
beeoming retroperitoneal, during development. 


gure 23.5 The peritoneum and the peritoneal eavity. Note that the peritoneal eavity is 
much smaller than depieted here. 
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intrinsie nerve plexuses 

• Myenterie nerve plexus 

• Submucosal nerve plexus 







Mesentery 



Nerve 


Gland in mucosa 


Lymphatie vessel 


Duct of gland outside 
alimentary eanal 


Glands in submucosa 


Mucosa 

• Epithelium 

• Lamina propria 

• Muscularis mucosae 

Submucosa 

Muscularis externa 

• Longitudinal muscle 

• Circular muscle 

Serosa 

• Epithelium (mesothelium) 

• Connective tissue 

Lumen 

Mucosa-associated 
lymphoid tissue 


gure 23.6 Basie structure of the alimentary eanal. Its four basie layers are the mucosa, 
submucosa 7 muscularis externa, and serosa. 



feees all over the peritoneum. In peritonitis, the peritoneal eov- 
erings tend to stiek together around the infeetion site. This lo- 
ealizes the infeetion, providing time for maerophages to prevent 
the inflammation from spreading. 

If peritonitis beeomes widespread within the peritoneal eav- 
ity, it is dangerous and often lethal. Treatment includes remov- 
ing as much infectious debris as possible and administering 
megadoses of antibioties. + 


f Blood Snpply: The Splanehnie Circulatíon 


✓ Define splanehnie circulation. 


indieate the ímportanee of the hepatie portal system. 


The splanehnie circulation includes those arteries that braneh 
off the abdominal aorta to serve the digestive organs and the 
hepatie portal circulation. The arterial supply—the branehes 
of the eeliae trunk that serve the spleen, liver, and stomaeh, 
and the mesenterie arteries that serve the small and large intes- 
tines (see pp. 875 and 887)—normally reeeives one-quarter of 
the eardiae output. This pereentage inereases after a meal. The 
hepatie portal circulation (pp. 742-743) eolleets nutrient-rich 
venous blood draining from the digestive viseera and delivers 
it to the liver. 



Check Your Understanding 


6. Hovv does the loeation of the viseeral peritoneum differ from 
that of the parietal peritoneum? 

7. Of the follovving organs, vvhieh is/are retroperitoneal? 
Stomaeh, panereas, liver. 

8. What name is given to the venous portion of the splanehnie 
circulation? 


For ansvvers, see Appendix H. 


Histology of the Alimentary Canal 

✓ Deseribe the tissue eomposition and general function of 
eaeh of the four layers of the alimentary eanal. 

Eaeh digestive organ has only a share of the work of digestion. 
Consequently, it helps to eonsider structural eharaeteristies that 
promote similar functions in all parts of the alimentary eanal be- 
fore we eonsider the functional anatomy of eaeh digestive organ. 

From the esophagus to the anal eanal, the walls of the alimen- 
tary eanal have the same four basie layers, or tunics — nrneosa, 
submucosa , muscularis externa , and serosa :Figure 23.6' . Eaeh 
layer eontains a predominant tissue type that plays a speeifìe role 
in food breakdown. 
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The Mucosa 


The Serosa 


The mucosa, or mucous membrane —the innermost layer—is 
a moist epithelial membrane that lines the alimentary eanal lu- 
men from mouth to anus. Its major functions are to: 

■ Seerete mucus, digestive enzymes, and hormones 

■ Absorb the end products of digestion into the blood 

■ Proteet against infectious disease 

The mucosa in a particular region of the GI traet may perform 
one or all three of these functions. 

More complex than most other mucosae in the body, the 
typieal digestive mucosa eonsists of three sublayers: (1) a lin- 
ing epithelium, (2) a lamina propria, and (3) a muscularis 
mucosae. Except for that of the mouth, esophagus, and anus 
where it is stratified squamous, the epithelium of the mu- 
eosa is a simple eoliimnar epithelium rieh in mucus-secreting 
eells. The slippery mucus it produces proteets eertain diges- 
tive organs from being digested by enzymes working within 
their eavities and eases food passage along the traet. In the 
stomaeh and small intestine, the mucosa also eontains both 
enzyme-synthesizing and hormone-seereting eells. In such 
sites, the mucosa is a diffuse kind of endoerine organ as well 
as part of the digestive organ. 

The lamina propria ( proprius = ones own), which underlies 
the epithelium, is loose areolar eonneetive tissue. Its eapillaries 
nourish the epithelium and absorb digested nutrients. Its iso- 
lated lymphoid follieles, part of MALT (the mucosa-associated 
lymphoid tissue deseribed on p. 759), help defend us against 
baeteria and other pathogens, which have rather free aeeess to 
our digestive traet. Particularly large eolleetions of lymphoid 
follieles occur within the pharynx (as the tonsils) and in the 
appendix. 

External to the lamina propria is the muscularis mucosae, 
a seant layer of smooth muscle eells that produces loeal move- 
ments of the mucosa. In the small intestine, this muscle layer s 
tone throws the mucosa into a series of small folds that im- 
mensely inerease its surface area. 

The Submucosa 

The submucosa, just external to the mucosa, is areolar eon- 
neetive tissue eontaining a rieh supply of blood and lymphatie 
vessels, lymphoid follieles, and nerve fibers which supply the 
surrounding tissues of the GI traet wall. Its abundant elastie 
fibers enable the stomaeh to regain its normal shape after tem- 
porarily storing a large meal. 

The Muscularis Externa 


The serosa, the outermost layer of the intraperitoneal organs, 
is the viseeral peritoneum. In most alimentary eanal organs, it is 
formed of areolar eonneetive tissue eovered with mesothelium , 
a single layer of squamous epithelial eells (see Figures 4.8a and 
4.3a, respeetively). 

In the esophagus, which is loeated in the thoraeie instead 
of the abdominopelvie eavity, the serosa is replaeed by an 
adventitia (ad"ven-tish'e-ah), ordinary fibrous eonneetive 
tissue that binds the esophagus to surrounding structures. 
Retroperitoneal organs have both a serosa (on the side faeing 
the peritoneal eavity) and an adventitia (on the side abutting 
the dorsal body wall). 


Enterie Nervous System 
of the Alimentary Canal 


As we noted earlier, the alimentary eanal has its own in-house 
nerve supply, staffed by the so-ealled enterie neurons ( enter = 
gut), which communicate widely with one another to regulate 
digestive system aetivity. These semiautonomous enterie neu- 
rons constitute the bulk of the two major intrinsie nerve plexuses 
(ganglia intereonneeted by unmyelinated fiber traets) found in 
the walls of the alimentary eanal: the submucosal and myenterie 
nerve plexuses (Figure 23.6). 

The submucosal nerve plexus occupies the submucosa 
whereas the large myenterie nerve plexus (mi-en-ter'ik; “intes- 
tinal muscle”) lies between the circular and longitudinal mus- 
ele layers of the muscularis externa. Enterie neurons of these 
plexuses provide the major nerve supply to the GI traet wall 
and eontrol GI traet motility (motion). Control of the patterns 
of segmentation and peristalsis is largely automatic, involving 
paeemaker eells and loeal reflex ares between enterie neurons in 
the same or different organs. 

The enterie nervous system is also linked to the eentral ner- 
vous system by (1) afferent viseeral fibers and (2) sympathetie 
and parasympathetie branehes (motor fibers) of the autonomic 
nervous system that enter the intestinal wall and synapse with 
neurons in the intrinsie plexuses. Henee, extrinsic eontrols— 
exerted by autonomic fibers via long reflex ares—also regulate 
digestive aetivity (see Figure 23.4). Generally speaking, para- 
sympathetie inputs enhanee digestive aetivities, whereas sym- 
pathetie impulses inhibit them. 

But the largely independent enterie ganglia are much more 
than just way stations for the autonomic nervous system. In- 
deed, the enterie nervous system eontains over 100 million neu- 
rons, more than the entire spinal eord. 
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Surrounding the submucosa is the muscularis externa, also 
simply ealled the muscularis. This layer is responsible for 
segmentation and peristalsis. It typieally has an inner circu- 
lar layer and an outer longitudinal layer of smooth muscle 
eells (see Figures 4.9c and 23.6). In several plaees along the 
traet, the circular layer thiekens, forming sphineters that aet 
as valves to eontrol food passage from one organ to the next 
and prevent backflow. 



Check Your Understanding 


9. Name the layers of the alimentary eanal from the inside out. 
10. Jerry has been given a drug that inhibits parasympathetie 
stimulation of his digestive traet. Should he "eat hearty" or 
temporarily refrain from eating, and vvhy? 

_ For ansvvers, see Appendix H. 
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(a) Sagittal seetion of the oral eavity and pharynx 


(b) Anterior view 


Figure 23.7 Anatomy of the oral eavity (mouth) 



PART 2 

Functional Anatomy 
of the Dig'estive System 

Now that we have summarized some points that unify the di- 
gestive system organs, lets eonsider the speeial structural and 
functional eapabilities of eaeh organ of this system. Figure 23.1 
shows most of these organs in their normal body positions, so 
you may find it helpful to refer baek to that illustration from 
time to time as you read the following seetions. 


w The Moiith and Assoeiated 
Organs 


Deseribe the gross and mieroseopie anatomy and the basie 
functions of the mouth # pharynx # and esophagus. 

Deseribe the eomposition and functions of saliva # and 
explain hovv salivation is regulated. 

Explain the dental formula and differentiate elearly 
betvveen deciduous and permanent teeth. 


The mouth is the only part of the alimentary eanal involved in 
ingestion. However, most digestive functions assoeiated with 
the mouth refleet the aetivity of the related aeeessory organs, 
such as teeth, salivary glands, and tongue. In the mouth we 


chew food and mix it with saliva eontaining enzymes that begin 
the proeess of digestion. The mouth also begins the propulsive 
proeess of swallowing, which earries food through the pharynx 
and esophagus to the stomaeh. 

The Mouth 

The mouth is also ealled the oral eavity, or biieeal eavity (buk' 
al). Its boundaries are the lips anteriorly, eheeks laterally, pal- 
ate superiorly, and tongue inferiorly Figure 23.Ì . Its anterior 
opening is the oral orifiee. Posteriorly, the oral eavity is eon- 
tinuous with the oropharynx. 

The walls of the mouth are lined with a thiek stratified squa- 
mous epithelium (see Figure 4.3e) which withstands eonsiderable 
frietion. The epithelium on the gums, hard palate, and dorsum of 
the tongue is slightly keratinized for extra proteetion against abra- 
sion during eating. Like all moist surface linings, the oral mucosa 
responds to injury by producing antimierobial peptides ealled de- 
fensins , which helps to explain how the mouth—a site teeming 
with disease-causing mierobes—remains so remarkably healthy. 

The Lips and Cheeks 

The lips (labia) and the eheeks, which help keep food between 
the teeth when we chew, are eomposed of a eore of skeletal mus- 
ele eovered externally by skin. The orbicularis oris muscle forms 
the fleshy lips; the eheeks are formed largely by the buccina- 
tors. The reeess bounded externally by the lips and eheeks and 
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internally by the gums and teeth is the oral vestibule (“poreh”). 
The area that lies within the teeth and gums is the oral eavity 
proper. The labial frenulum (fren'u-lum) is a median fold that 
joins the internal aspeet of eaeh lip to the gum (Figure 23.7b). 

The Palate 

The palate, forming the roof of the mouth, has two distinet 
parts: the hard palate anteriorly and the soft palate posteriorly 
(Figure 23.7). The hard palate is underlain by the palatine bones 
and the palatine proeesses of the maxillae, and it forms a rigid 
surface against which the tongue forees food during chewing. 
The mucosa on either side of its raphe (ra'fe), a midline ridge, is 
slightly eormgated, which helps ereate frietion. 

The soft palate is a mobile fold formed mostly of skeletal muscle 
that rises reflexively to elose oíf the nasopharynx when we swallow. 

■ To demonstrate this aetion, try to breathe and swallow at the 

same time. 

Laterally, the soft palate is anehored to the tongue by the pal- 
atoglossal arehes and to the wall of the oropharynx by the more 
posterior palatopharyngeal arehes. These two paired folds 
form the boundaries of the fauces (faw'sèz ;fauc = throat), the 
arehed area of the oropharynx that eontains the palatine tonsils. 
Projeeting downward from the free edge of the soft palate is the 
fingerlike uvula (u'vu-lah). 

TheTongue 

The tongue occupies the floor of the mouth (Figure 23.7). The 
tongue is eomposed of interlaeing bundles of skeletal muscle 
fibers, and during chewing, it grips the food and eonstantly 
repositions it between the teeth. The tongue also mixes food 
with saliva forming it into a eompaet mass ealled a bolus (bo' 
lus; “a lump”), and then initiates swallowing by pushing the bo- 
lus posteriorly into the pharynx. The versatile tongue also helps 
us form eonsonants (k, d, t, and so on) when we speak. 

The tongue has both intrinsie and extrinsic skeletal muscle 
fibers. The intrinsie muscles are eonfined in the tongue and are 
not attaehed to bone. Their muscle fibers, which run in several 
diíferent planes, allow the tongue to ehange its shape (but not 
its position), beeoming thieker, thinner, longer, or shorter as 
needed for speeeh and swallowing. 

The extrinsic muscles extend to the tongue from their points 
of origin on bones of the skull or the soft palate, as deseribed in 
Chapter 10 (see Table 10.2 and Figure 10.8). The extrinsic muscles 
alter the tongues position. They protmde it, retraet it, and move 
it from side to side. The tongue has a median septum of eonnee- 
tive tissue, and eaeh half eontains identieal muscle groups. A fold 
of mucosa ealled the lingual frenulum secures the tongue to the 
floor of the mouth and limits its posterior movements. 



Homeostatie imbalanee 23.2 


ehildren born with an extremely short lingual frenulum are often 
referred to as “tongue-tied” because restrieted tongue movement 
distorts speeeh. This eongenital eondition, ealled ankyloglossia 
(“fhsed tongue”), is eorreeted smgieally by snipping the frenulum. + 
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gure 23.8 Dorsal surface of the tongue, and the tonsils. 


The superior tongue surface bears papillae, peglike projee- 
tions of the underlying mucosa Figure 23.8’ . The eonieal 
filiform papillae roughen the tongue surface, helping us liek 
semisolid foods (such as iee eream) and providing frietion for 
manipulating foods. These papillae, the smallest and most nu- 
merous type, align in parallel rows on the tongue dorsum. They 
eontain keratin, which stiífens them and gives the tongue its 
whitish appearanee. The mushroom-shaped fungiform papil- 
lae are seattered widely over the tongue surface. Eaeh has a vas- 
cular eore that gives it a reddish hue. Ten to twelve large vallate 
papillae are loeated in a V-shaped row at the baek of the tongue. 
They resemble the fungiform papillae but have an additional 
surrounding furrow. Pleatlike foliate papillae are loeated on the 
lateral aspeets of the posterior tongue. 

The fungiform, vallate, and foliate papillae house taste buds, 
but those on the foliate papillae function in taste primarily in 
infaney and early ehildhood. Serous eells just beneath the foliate 
and vallate papillae seerete lingual lipase, a fat-digesting enzyme 
that operates in the aeid environment of the stomaeh. 

Immediately posterior to the vallate papillae is the terminal 
sulcus, a groove that distinguishes the portion of the tongue 
that lies in the oral eavity (its body) from its posterior portion in 
the oropharynx (its root). The mucosa eovering the root of the 
tongue laeks papillae, but it is still bumpy because of the nodular 
lingual tonsil , which lies just deep to its mucosa (Figure 23.8). 
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Check Your LPnderstanding 


11. How does the oral vestibule differ from the oral eavity proper? 

12. VVhieh structure forms the roof of the mouth? 

13. Besides preparing food for swallowing, the tongue has 
another role. VVhat is it? 


For ansvvers, see Appendix Fi. 
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gure 23.9 The salivary glands. (a) The parotid, submandibular, and sublingual glands 
assoeiated with the left aspeet of the oral eavity. (b) Photomierograph of the sublingual gland 
(150x), which is a mixed salivary gland. Mucus-producing eells stain light blue and serous- 
seereting units stain purple. The serous eells sometimes form demilunes around the bases of the 
mucous eells. 


The Salivary Glands 


A number of glands assoeiated with the oral eavity seerete sa- 
liva. Saliva: 

■ Cleanses the mouth 



Dissolves food ehemieals so they ean be tasted 

Moistens food and helps eompaet it into a bolus 

Contains enzymes that begin the ehemieal breakdown of 
starehy foods 


Most saliva is produced by the major or extrinsic salivary 
glands that lie outside the oral eavity and empty their seeretions 
into it. Minor or intrinsie salivary glands (buccal glands and 
others) seattered throughout the oral eavity mucosa augment 
the output slightly. 

The major salivary glands are paired compound tubuloal- 
veolar glands that develop from the oral mucosa and remain 
eonneeted to it by ducts Figure 23.9a ). The large, roughly tri- 
angular parotid gland (pah-rot'id ;par = near, otid = the ear) 
lies anterior to the ear between the masseter muscle and the 
skin. Its prominent duct parallels the zygomatie areh, pierees 
the buccinator muscle, and opens into the vestibule next to the 
seeond upper molar. 

Branehes of the faeial nerve mn through the parotid gland 
on their way to the muscles of faeial expression. For this reason, 
surgery on this gland ean result in faeial paralysis. 



Homeostatie imbalanee 23.3 


Mumps , a eommon ehildrens disease, is an inflammation of the 
parotid glands caused by the mumps virus ( myxovirus ), which 
spreads from person to person in saliva. If you eheek the loea- 
tion of the parotid glands in Figure 23.9a, you ean understand 
why people with mumps eomplain that it hurts to open their 
mouth or chew. Other signs and symptoms include moderate 
fever and pain when swallowing aeid foods (piekles, grapefmit 
juice, ete.). Mumps in adult males earries a 25% risk of infeeting 
the testes too, leading to sterility. + 


About the size of a walnut, the submandibular gland lies 
along the medial aspeet of the mandibular body. Its duct runs 
beneath the mucosa of the oral eavity floor and opens at the 
base of the lingual frenulum (see Figure 23.7b). The small, 
almond-shaped sublingual gland lies anterior to the sub- 
mandibular gland under the tongue and opens via 10-20 ducts 
into the floor of the mouth (Figure 23.9a). 

The salivary glands are eomposed of two types of seeretory 
eells: serous and mucous (Figure 23.9b). Serous eells produce 
a watery seeretion eontaining enzymes, ions, and a tiny bit of 
mucin, whereas mucous eells produce mucus, a stringy, viscous 
sohition. The parotid and submandibular glands eontain mostly 
serous eells. Buccal glands have approximately equal mimbers 
of serous and mucous eells. The sublingual glands eontain 
mostly mucous eells. 
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Composition of Saliva 

Saliva is largely water—97 to 99.5%—and therefore is hypo- 
osmotie. Its osmolarity depends on the speeifìe glands that are 
aetive and the stimulus for salivation. As a rale, saliva is slightly 
aeidie (pH 6.75 to 7.00), but its pH may vary. Its solutes include 
eleetrolytes (Na + , K + , Cl - , P0 4 3- , and HC0 3 _ ); the digestive 
enzymes salivary amylase and lingual lipase (both optimally ae- 
tive at an aeid pH); the proteins mucin, lysozyme, and IgA; and 
metabolie wastes (urea and uric aeid). When dissolved in water, 
the glyeoprotein mucin forms thiek mucus that lubricates the 
oral eavity and hydrates foodstuffs. 

Saliva proteets against mieroorganisms because it eon- 
tains (1) IgA antibodies ; (2) lysozyme , a baeterieidal enzyme 
that inhibits baeterial growth in the mouth and may help 
prevent tooth deeay; and (3) defensins (see p. 641). Besides 
aeting as a loeal antibiotie, defensins function as eytokines to 
eall defensive eells (lymphoeytes, neutrophils, ete.) into the 
mouth for battle. 

In addition to these three proteetors, the friendly baeteria 
that live on the baek of the tongue promote the eonversion of 
food-derived nitrates in saliva into nitrie oxide (NO) in an aeid 
environment. This transformation occurs around the gums, 
where acid-producing baeteria tend to cluster, and in the hy- 
droehlorie aeid-rieh seeretions of the stomaeh. The highly toxic 
nitrie oxide is believed to be baeterieidal in these loeations. 

Control of Salivation 

The minor salivary glands seerete saliva continuously in 
amounts just sufficient to keep the mouth moist. But when food 
enters the mouth, the major glands are aetivated and copious 
amounts of saliva pour out. The average output of saliva is about 
1500 ml per day, but ean be much higher when salivary glands 
are appropriately stimulated. 

Salivation is eontrolled primarily by the parasympathetie di- 
vision of the autonomic nervous system. When we ingest food, 
ehemoreeeptors and meehanoreeeptors in the mouth send sig- 
nals to the salivatory nuclei in the brain stem (pons and me- 
dulla). As a result, parasympathetie nervous system aetivity 
inereases. Impulses sent via motor fibers in th efaeial (VII) and 
glossopharyngeal (IX) nerves dramatieally inerease the output of 
watery (serous), enzyme-rieh saliva. 

The ehemoreeeptors are aetivated most strongly by aeidie 
substances such as vinegar and eitras juice. The meehanoreeep- 
tors are aetivated by virtually any meehanieal stimulus in the 
mouth—even chewing rabber bands. 

Sometimes just the sight or smell of food is enough to get the 
juices flowing. The mere thought of hot fudge sauce on pepper- 
mint iee eream will make many a mouth water! Irritation of the 
lower GI traet by baeterial toxins, spiey foods, or hyperaeidity 
also inereases salivation. This response may help wash away or 
neutralize the irritants. 

In eontrast to parasympathetie eontrols, the sympathetie 
division (speeifieally fibers in T^-T^) causes release of a thiek, 
mucin-rich saliva. Strong aetivation of the sympathetie divi- 
sion eonstriets blood vessels serving the salivary glands and 
almost eompletely inhibits saliva release, causing a dry mouth 


(. xerostomia ; xero = dry). Dehydration also inhibits salivation 
because low blood volume reduces filtration pressure at eapil- 
lary beds. 



Homeostatie imbalanee 23.4 


Anything that inhibits saliva seeretion promotes tooth deeay 
and makes it difficult to talk and eat. Deeomposing food par- 
tieles accumulate and baeteria flourish, resulting in halitosis 
(hal"ì-to'sis; cc bad breath”). The odor is caused mainly by the 
metabolie aetivity of anaerobie protein-digesting baeteria at 
the baek of the tongue that yields hydrogen sulfide (rotten egg 
smell), and methyl mereaptan (also in feees), eadaverine (as- 
soeiated with rotting eorpses), and other smelly ehemieals. + 



Check Your IJnderstanding 


14. What is the importanee of the serous portion of saliva? 

15. Name three antimierobial substances found in saliva. 

_ For ansvvers, see Appendix Fi. 


TheTeeth 

The teeth lie in soekets (alveoli) in the gum-covered margins of 
the mandible and maxilla. The role of the teeth in food proeess- 
ing needs little introduction. We mastieate , or chew, by opening 
and elosing our jaws and moving them from side to side while 
using our tongue to move the food between our teeth. In the 
proeess, the teeth tear and grind the food, physieally breaking it 
down into smaller fragments. 


Dentition and the Dental Formula 


Ordinarily by age 21, two sets of teeth, the primary and per- 
manent dentitions, have formed Figure 23.10] . The primary 
dentition eonsists of the deciduous teeth (de-sid'u-us; deeid = 
falling off), also ealled milk or baby teeth. The first teeth to ap- 
pear, at about age 6 months, are the lower eentral ineisors. Ad- 
ditional pairs of teeth erapt at one- to two-month intervals until 
about 24 months, when all 20 milk teeth have emerged. 

As the deep-lying permanent teeth enlarge and develop, the 
roots of the milk teeth are resorbed from below, causing them to 
loosen and fall out between ages 6 and 12. Generally, all the perma- 
nent teeth but the third molars have erapted by the end of adoles- 
eenee. The third molars, also ealled wisdom teeth , emerge between 
ages 17 and 25. There are usually 32 permanent teeth in a fiill set, but 
sometimes the wisdom teeth never erapt or are eompletely absent. 
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Homeostatie imbalanee 23.5 


When a tooth remains embedded in the jawbone, it is said to be 
impaeted. impaeted teeth ean cause a good deal of pressure and 
pain and must be removed surgically. Wisdom teeth are most 
eommonly involved. + 


Teeth are elassified aeeording to their shape and ffinetion 
as ineisors, eanines, premolars, and molars (Figure 23.10). The 
ehisel-shaped ineisors are adapted for cutting or nipping off 
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Figure 23.11 Longitudinal seetion of a eanine tooth vvithin 
its bony soeket (alveolus). 


I Figure 23.10 Human dentition. Teeth of the lovver jaw: the 
deciduous and permanent sets. Approximate age at vvhieh tooth 
erupts is shovvn in parentheses. The shapes of individual teeth are 
shovvn on the right. 
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I pieees of food. The eonieal or fanglike eanines (cuspids or eye- 
teeth) tear and pieree. The premolars (bicuspids) and molars 
have broad crowns with rounded cusps (tips) best suited for 
grinding or emshing. The molars, with four or five cusps, are 
the best grinders. During chewing, the upper and lower molars 
repeatedly loek together, an aetion that generates tremendous 
crushing forees. 

The dental formula is a shorthand way of indieating the 
numbers and relative positions of the different types of teeth. 
This formula is written as a ratio, uppers over lowers, for one- 
half of the mouth. Sinee the other side is a mirror image, we 
obtain total dentition by multiplying the dental formula by 2. 

The primary dentition eonsists of two ineisors (I), one eanine 
(C), and two molars (M) on eaeh side of eaeh jaw, and its dental 
formula is written as 


21, 1C, 2M (upper jaw) 
21, 1C, 2M (lower jaw) 


(20 teeth) 


Similarly, the permanent dentition [two ineisors, one eanine, 
two premolars (PM), and three molars] is 


21, 1C, 2PM, 3M 
21, 1C, 2PM, 3M 


(32 teeth) 


Tooth Structure 

Eaeh tooth has two major regions: the crown and the root 
(Figure 23.11 . The enamel-eovered crown is the exposed part 
of the tooth above the gingiva (jin'jì-vah), or gum, which sur- 
rounds the tooth like a tight eollar. Enamel, a brittle eeramie- 
like material thiek as a dime, direetly bears the foree of chewing. 
The hardest substance in the body, it is heavily mineralized with 
calcium salts, and its densely paeked hydroxyapatite (mineral) 
erystals are oriented in foree-resisting columns perpendicular 
to the tooths surface. The eells that produce enamel degenerate 
when the tooth empts; consequently, deeayed or eraeked areas 
of enamel will not heal and must be artifieially filled. 

The root is the portion of the tooth embedded in the jaw- 
bone. Canine teeth, ineisors, and premolars have one root, 
although the first upper premolars eommonly have two. The 
first two upper molars have three roots, while the eorrespond- 
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ing lower molars have two. The root pattern of the third molar 
varies, but a fused single root is most eommon. 

A eonstrieted tooth region ealled the neek eonneets the 
crown and root. Cement, a ealeified eonneetive tissue, eovers 
the outer surface of the root and attaehes the tooth to the thin 
periodontal ligament (per"e-o-don'tal; “around the tooth”). 
This ligament anehors the tooth in the bony soeket (alveolus) 
of the jaw, forming a fibrous joint ealled a gomphosis. Where the 
gingiva borders on a tooth, it dips downward to form a shallow 
groove ealled the gingival sulcus. 

In youth, the gingiva adheres tenaciously to the enamel eov- 
ering the crown. But as the gums reeede with age, the gingiva 
adheres to the more sensitive eement eovering the superior re- 
gion of the root. As a result, teeth appear to get longer in old 
age—henee the expression “long in the tooth.” 

Dentin, a protein-rieh bonelike material, underlies the 
enamel eap and forms the bulk of a tooth. More resilient than 
enamel, dentin aets as a shoek absorber during biting and 
chewing. Dentin surrounds a eentral pulp eavity eontaining a 
number of soft tissue structures (eonneetive tissue, blood ves- 
sels, and nerve fibers) eolleetively ealled pulp. Pulp supplies nu- 
trients to the tooth tissues and provides tooth sensation. Where 
the pulp eavity extends into the root, it beeomes the root eanal. 
At the proximal end of eaeh root eanal is an apieal foramen 
that allows blood vessels, nerves, and other structures to enter 
the pulp eavity. 

The teeth are served by the superior and inferior alveolar 
nerves, branehes of the trigeminal nerve (see Table 13.2, p. 496). 
The superior and inferior alveolar arteries, branehes of the max- 
illary artery (see Figure 19.22b, p. 727), supply blood. 

Dentin eontains unique radial striations ealled dentinal tu- 
bules (Figure 23.11). Eaeh tubule eontains an elongated proeess 
of an odontoblast (o-don'to-blast; “tooth former”), the eell type 
that seeretes and maintains the dentin. The odontoblasts line 
the pulp eavity just deep to the dentin. Dentin forms through- 
out adult life and gradually eneroaehes on the pulp eavity. New 
dentin ean also be laid down fairly rapidly to eompensate for 
tooth damage or deeay. 

Enamel, dentin, and eement are all ealeified and resemble 
bone (to differing extents), but they differ from bone because 
they are avascular. Enamel differs from eement and dentin be- 
cause it laeks eollagen and is almost entirely mineral. 



Homeostatie imbalanee 23.6 


A blow to the jaw ean result in death of a tooths nerve. If loeal 
swelling pinehes off the blood supply to the tooth, the nerve dies 
and the tooth darkens. Typieally, baeteria infeet the pulp some- 
time later and must be removed by root eanal therapy. After the 
eavity is sterilized and filled with inert material, the tooth is 
eapped (eovered with an artifieial crown). + 


Tooth and Gum Disease 

Dental earies (kàr'éz; “rottenness”), or eavities, result from 
baeterial aetion that gradually demineralizes enamel and un- 
derlying dentin. Deeay begins when dental plaque (a film of 
sugar, baeteria, and other mouth debris) adheres to the teeth. 


Baeterial metabolism of the trapped sugars produces aeids, 
which dissolve the calcium salts of the teeth. Onee the salts are 
leaehed out, enzymes released by the baeteria readily digest the 
remaining organie matrix of the tooth. Frequent bmshing and 
daily flossing help prevent earies by removing plaque. 

More serious than tooth deeay is the effeet of unremoved 
plaque on the gums. As dental plaque accumulates, it ealeifies, 
forming calculus (kal'ku-lus; “stone”) or tartar. These stony- 
hard deposits dismpt the seal between gingivae and teeth, deep- 
ening the sulcus and putting the gums at risk for infeetion by 
pathogenie anaerobie baeteria. In the early stages of such an 
infeetion, ealled gingivitis (jin"jí-vi'tis), the gums are red, sore, 
swollen, and may bleed. 

Gingivitis is reversible if the calculus is removed, but if it is ne- 
gleeted the baeteria eventually form poekets of infeetion which 
beeome inflamed. Neutrophils and immune system eells attaek 
not only the intmders but also body tissues, earving deep poekets 
around the teeth, destroying the periodontal ligament, and aeti- 
vating osteoelasts which dissolve the bone. This serious eondition, 
periodontal disease or periodontitis, affeets up to 95% of all peo- 
ple over age 35 and accounts for 80-90% of tooth loss in adults. 

Tooth loss from periodontitis is not inevitable. Even ad- 
vaneed periodontitis ean be treated by seraping the teeth, 
eleaning the infeeted poekets, cutting the gums to shrink the 
poekets, and following up with anti-inflammatory and antibi- 
otie therapy. These treatments alleviate the baeterial infestations 
and encourage the surrounding tissues to reattaeh to the teeth 
and bone. Clinical treatment is followed up by a home regimen 
of eonsistent bmshing, flossing, and hydrogen peroxide rinses. 

Periodontal disease may jeopardize more than just teeth. Some 
eontend that it inereases the risk of heart disease and stroke in at 
least two ways: (1) the ehronie inflammation promotes athero- 
selerotie plaque, and (2) baeteria entering the blood from infeeted 
gums stimulate the formation of elots that elog eoronary and ee- 
rebral arteries. Risk faetors for periodontal disease include smok- 
ing, diabetes mellitus, and oral (tongue or lip) piereing. 




16. Seven-year-old Tina ran to her daddy to shovv him her lovver || 

eentral ineisor vvhieh she had vviggled until it "fell out." Is I 

this a primary or permanent tooth? What name is given to ;| 

teeth that (aeeording to Tina) fall out? * 

17. Which tooth substance is harder than bone? Which tooth 
region includes nervous tissue and blood vessels? 

18. Which teeth are the "grinders"? 

_ For ansvvers, see Appendix H. 


The Phai , ynx 

From the mouth, food passes posteriorly into the oropharynx 
and then the laryngopharynx (see Figure 23.7a), both eommon 
passageways for food, fluids, and air. (The nasopharynx has no 
digestive role.) 

The histology of the pharyngeal wall resembles that of the 
oral eavity. The mucosa eontains a frietion-resistant stratified 
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Figure 23.12 Mieroseopie structure of the esophagus. (a) Cross-sectional vievv of the 
esophagus taken from the region elose to the stomaeh junction (10x). The muscularis is 
eomposed of smooth muscle. (b) Longitudinal seetion through the esophagus-stomach junction 
(130x). Notiee the abrupt transition from the stratified squamous epithelium of the esophagus 
(top) to the simple columnar epithelium of the stomaeh (bottom). 


I squamous epithelmm well supplied with mucus-producing 
glands. The external muscle layer eonsists of two skeletal nrnsele 
layers. The eells of the inner layer mn longitudinally. Those of 
the outer layer, the pharyngeal eonstrietor nmseles, eneirele the 
wall like three staeked fists (see Figure 10.9c). Contractions of 
these muscles propel food into the esophagus below. 

The Esophagus 

The esophagus (é-sof'ah-gus; “earry food”) is a muscular tube 
about 25 em (10 inehes) long and is eollapsed when not involved 
in food propulsion Figure 23.12’ . After food moves through 
the laryngopharynx, it is routed into the esophagus posteriorly 
as the epiglottis eloses off the larynx to ineoming food. 

As shown in Figure 23.1, the esophagus takes a fairly straight 
course through the mediastinum of the thorax. It pierees the 
diaphragm at the esophageal hiatus (hi-a'tus; “gap”) to enter 


the abdomen. It joins the stomaeh at the eardial orifiee within 
the abdominal eavity. The eardial orifiee is surrounded by the 
gastroesophageal or eardiae sphineter (gas'tro-é-sof'ah-je'al), 
which is a physiologieal sphineter (see Figure 23.13). That is, 
it aets as a sphineter, but the only structural evidenee of this 
sphineter is a slight thiekening of the circular smooth muscle 
at that point. The muscular diaphragm, which surrounds this 
sphineter, helps keep it elosed when food is not being swal- 
lowed. Mucous eells on both sides of the sphineter help proteet 
the esophagus from reflux of stomaeh aeid. 



Homeostatie imbalanee 23.7 


Heartburn, the first symptom of gastroesophageal reflux disease 
( GERD ), is the burning, radiating substernal pain that occurs 
when stomaeh aeid regurgitates into the esophagus. Symptoms 
are so similar to those of a heart attaek that many first-time suffer- 
ers of heartburn are mshed to the emergeney room. Heartburn 
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is most likely when a person has eaten or drank to excess, and in 
eonditions that foree abdominal eontents superiorly, such as ex- 
treme obesity, pregnaney, and ranning, which splashes stomaeh 
eontents upward with eaeh step (runner s reflux). 

Heartburn is also eommon in those with a hiatal hernia, a 
structural abnormality (most often due to abnormal relaxation 
or weakening of the gastroesophageal sphineter) in which the 
superior part of the stomaeh protrudes slightly above the dia- 
phragm. Sinee the diaphragm no longer reinforees the sphine- 
ter, gastrie juice may enter the esophagus, particularly when 
lying down. If the episodes are frequent and prolonged, esoph- 
agitis (inflammation of the esophagus) and esophageal ulcers 
may result. An even more threatening sequel is esophageal ean- 
eer. These consequences ean usually be prevented or managed 
by avoiding late-night snaeks and using antaeid preparations. + 

Unlike the mouth and pharynx, the esophagus wall has all 
four of the basie alimentary eanal layers deseribed earlier. Some 
features of interest: 

■ The esophageal mucosa eontains a nonkeratinized stratified 
squamous epithelium. At the esophagus-stomach junction, 
that abrasion-resistant epithelium ehanges abraptly to the 
simple columnar epithelium of the stomaeh, which is spe- 
eialized for seeretion (Figure 23.12b). 

■ When the esophagus is empty, its mucosa and submucosa are 
thrown into longitudinal folds (Figure 23.12a). When food is 
in transit in the esophagus, these folds flatten out. 

■ The submucosa eontains mucus-secreting esophageal glands. 
As a bolus moves through the esophagus, it eompresses these 
glands, causing them to seerete mucus that “greases” the 
esophageal walls and aids food passage. 

■ The muscularis externa is skeletal muscle in its superior 
third, a mixture of skeletal and smooth muscle in its middle 
third, and entirely smooth muscle in its inferior third. 

■ Instead of a serosa, the esophagus has a fibrous adventitia 
eomposed entirely of eonneetive tissue, which blends with 
surrounding structures along its route. 



Check Your IJnderstanding 


19. To vvhieh tvvo organ systems does the pharynx belong? 

20. Hovv is the muscularis externa of the esophagus unique in 
the body? 

21. What is the functional signifieanee of the epithelial ehange 
seen at the esophagus-stomach junction? 

_ For ansvvers, see Appendix H. 


Digestive Proeesses: 

Mouth to Esophagns 

s Deseribe the meehanisms of ehevving and svvallovving. 

The mouth and its aeeessory digestive organs are involved in 
most digestive proeesses. The mouth (1) ingests, (2) begins 
meehanieal breakdown by chewing, (3) initiates propulsion by 


swallowing, and (4) starts the ehemieal breakdown (digestion) 
of polysaeeharides. 

Except for a few drags that are absorbed through the oral 
mucosa (for example, nitroglyeerine used to alleviate the pain of 
angina), essentially no absorption occurs in the mouth. 

In eontrast to the multifunctional mouth, the pharynx and 
esophagus merely serve as conduits to pass food from the 
mouth to the stomaeh. Their single digestive system function is 
food propulsion, aeeomplished by swallowing. 

Sinee we eover digestion in a speeial physiology seetion later 
in the ehapter, we will discuss only the meehanieal proeesses of 
chewing and swallowing food here. 

Mastieation (Chewíng) 

As food enters the mouth, its meehanieal breakdown begins 
with mastieation, or chewing. The eheeks and elosed lips hold 
food between the teeth, the tongue mixes food with saliva to 
soften it, and the teeth cut and grind solid foods into smaller 
morsels. 

Mastieation is partly voluntary and partly reflexive. We vol- 
untarily put food into our mouths and eontraet the muscles 
that elose our jaws. The pattern and rhythm of continued jaw 
movements are eontrolled mainly by streteh reflexes and in re- 
sponse to pressure inputs from reeeptors in the eheeks, gums, 
and tongue, but they ean also be vohmtary if desired. 


Degliitition (Swallowing) 


To send food on its way from the mouth, it is first eompaeted 
by the tongue into a bolus and is then swallowed. Deglutition 
(deg"loo-tish'un), or swallowing, is a eomplieated proeess 
that involves eoordinated aetivity of over 22 separate mus- 
ele groups. It has two major phases, the buccal and the 
pharyngeal-esophageal. 

The buccal phase occurs in the mouth and is vohmtary. In 
the buccal phase, we plaee the tip of the tongue against the hard 
palate, and then eontraet the tongue to foree the bolus into the 
oropharynx ( igure 23.13 (T)). As food enters the pharynx 
and stimulates taetile reeeptors there, it passes out of our eontrol 
and into the realm of invohmtary reflex aetivity. 

Triggered by that “bit of saliva ’ or food reaehing reeeptors in 
the posterior pharynx, the involuntary pharyngeal-esophageal 
phase of swallowing is eontrolled by the swallowing eenter lo- 
eated in the brain stem (medulla and lower pons). Various era- 
nial nerves, most importantly the vagus nerves, transmit motor 
impulses from the swallowing eenter to the muscles of the phar- 
ynx and esophagus. Onee food enters the pharynx, respiration 
is momentarily inhibited and all routes except the desired one 
into the digestive traet are bloeked oflF (Figure 23.13 (2 ): The 
tongue bloeks oflF the mouth. The soft palate rises to elose off 
the nasopharynx. The larynx rises so that the epiglottis eov- 
ers its opening into the respiratory passageways, and the upper 
esophageal sphineter relaxes. 

Wavelike peristaltie eontraetions ereate pressure waves that 
propel food through the pharynx and into the esophagus (Fig- 
ure 23.13 (3)-©). Solid fbods pass ffom the oropharynx to the 
stomaeh in about 8 seeonds, and flmds, aided by gravity, pass 
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(J) During the buccal phase, the upper 
esophageal sphineter is eontraeted. The 
tongue presses against the hard palate, 
foreing the food bolus into the 
oropharynx. 




Uvula 


Bolus 


Epiglottis 


Esophagus 


@ The pharyngeal-esophageal phase begins 
as the uvula and larynx rise to prevent food 
from entering respiratory passagevvays. The 
tongue bloeks off the mouth. The upper 
esophageal sphineter relaxes, allovving food 
to enter the esophagus. 




esophageal 

sphineter 


Bolus 


© Jhe eonstrietor muscles of the 
pharynx eontraet, foreing food into 
the esophagus inferiorly. The upper 
esophageal sphineter eontraets 
(eloses) after food enters. 
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© The gastroesophageal 
sphineter surrounding the 
eardial orifaee opens, and 
food enters the stomaeh. 


Gastroesophageal 
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gure 23.13 Deglutition (swallowìng). The proeess of svvallovving eonsists of a voluntary 
(buccal) phase (step (T) and an involuntary (pharyngeal-esophageal) phase (steps ©-©). 


in 1 to 2 seeonds. Just before the peristaltie wave (and food) 
reaehes the end of the esophagus, the gastroesophageal sphine- 
ter relaxes reflexively to allow food to enter the stomaeh. After 
food entry, that sphineter eloses, preventing regurgitation. 

If we talk or inhale while swallowing, the various proteetive 
meehanisms may be short-circuited and food may enter the res- 
piratory passageways instead. This event typieally triggers the 
cough reflex to expel the food. 



Check Your Llnderstanding 


The Stomaeh 

/ Identify structural modifieations of the wall of the stomaeh 
that enhanee the digestive proeess. 

s Name the eell types responsible for seereting the various 
eomponents of gastrie juice and indieate the importanee of 
eaeh eomponent in stomaeh aetivity. 

s Deseribe stomaeh structure and indieate ehanges in the 
basie alimentary eanal structure that aid its digestive 
function. 


22. What role does the tongue play in swallowing? 

23. How are the respiratory passages bloeked during 
swallowing? 

_ For ansvvers, see Appendix Fi. 


Below the esophagus, the GI traet expands to form the stomaeh 
(see Figure 23.1), a temporary “storage tank” where ehemieal 
breakdown of proteins begins and food is eonverted to a ereamy 
paste ealled ehyme (klm; “juice”). The stomaeh lies in the upper 
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Figure 23.14 Anatomy of the stomaeh. (a) Gross internal anatomy (frontal seetion). ^ 

(b) Photograph of external aspeet of stomaeh. (For a related image, see/\ BriefAtlas ofthe 
Human Body, Figure 69a.) 


left quadrant of the peritoneal eavity, nearly hidden by the liver 
and diaphragm. Though relatively fixed at both ends, the stom- 
aeh is quite movable in between. It tends to lie high and mn hori- 
zontally in short, stout people (a steer-horn stomaeh) and is oft en 
elongated vertieally in tall, thin people (a J-shaped stomaeh). 

Gross Anatomy 

The adult stomaeh varies from 15 to 25 em (6 to 10 inehes) 
long, but its diameter and volume depend on how much food 
it eontains. An empty stomaeh has a volrnne of about 50 ml 


and a eross-seetional diameter only slightly larger than the large 
intestine, but when it is really distended it ean hold about 4 L 
(1 gallon) of food and may extend nearly to the pelvis! When 
empty, the stomaeh eollapses inward, throwing its mucosa (and 
submucosa) into large, longitudinal folds ealled rugae (roo'ge; 
ruga = wrinkle, fold). 

Figure 23.14a shows the major regions of the stomaeh. The 
small eardial part, or eardia (“near the heart”), surrounds the 
eardial orifiee through which food enters the stomaeh from 
the esophagus. The fundus is the stomaehs dome-shaped part, 
tucked beneath the diaphragm, that bulges superolaterally to 
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the eardia. The body, or the midportion of the stomaeh, is eon- 
tinuous inferiorly with the funnel-shaped pylorie part. The 
wider and more superior area of the pylorie part, the pylorie 
antrum ( antrum — eave) narrows to form the pylorie eanal, 
which terminates at the pylorns. The pyloms is continuous with 
the duodenum through the pylorie sphineter or valve, which 
eontrols stomaeh emptying ( pylorns = gatekeeper). 

The convex lateral surface of the stomaeh is its greater cur- 
vature, and its eoneave medial surface is the lesser curvature. 
Extending from these curvatures are two mesenteries, ealled 
omenta (o-men'tah), that help tether the stomaeh to other 
digestive organs and the body wall (see Figure 23.30, p. 889). 
The lesser omentum runs from the liver to the lesser curva- 
ture of the stomaeh, where it beeomes continuous with the vis- 
eeral peritoneum eovering the stomaeh. The greater omentum 
drapes inferiorly from the greater curvature of the stomaeh to 
eover the eoils of the small intestine. It then runs dorsally and 
superiorly, wrapping the spleen and the transverse portion of 
the large intestine before blending with the mesoeolon , a dorsal 
mesentery that secures the large intestine to the parietal perito- 
neum of the posterior abdominal wall. 

The greater omentum is riddled with fat deposits ( oment = 
fatty skin) that give it the appearanee of a laey apron. It also eon- 
tains large eolleetions of lymph nodes. The immune eells and 
maerophages in these nodes “poliee” the peritoneal eavity and 
intraperitoneal organs. 

The stomaeh is served by the autonomic nervous system. 
Sympathetie fibers from thoraeie splanehnie nerves are relayed 
through the eeliae plexus. Parasympathetie fibers are supplied 
by the vagus nerve. The arterial supply of the stomaeh is pro- 
vided by branehes (gastrie and splenie) of the eeliae tmnk (see 
Figure 19.24). The eorresponding veins are part of the hepatie 
portal system and ultimately drain into the hepatie portal vein 
k (see Figure 19.29c). 


Mieroseopie Anatomy 



The stomaeh wall eontains the four tunics typieal of most of the 
alimentary eanal, but its muscularis and mucosa are modified for 
the speeial roles of the stomaeh. Besides the usual circular and 
longitudinal layers of smooth muscle, the muscularis externa has 
an ineomplete innermost layer of smooth muscle fibrils that runs 
obliquely (Figure 23.14a and gure 23.15a). This arrangement al- 
lows the stomaeh not only to mix, churn, and move food along the 
traet (the job of the circular and longitudinal muscle layers), but 
also to pummel the food, physieally breaking it down into smaller 
fragments and ramming it into the small intestine. (The oblique 
fibers aeeomplish the ramming by jaekknifing the stomaeh into a 
V shape, which provides a propulsive aetion in the pylorie part.) 

The lining epithelium of the stomaeh mucosa is a simple 
columnar epithelium eomposed entirely of mucous eells. They 
produce a cloudy, proteetive two-layer eoat of alkaline mucus in 
which the surface layer eonsists of viscous, insoluble mucus that 
traps a layer of biearbonate-rieh fluid beneath it. This otherwise 
smooth lining is dotted with millions of deep gastrie pits, which 
lead into tubular gastrie glands that produce the stomaeh seere- 
tion ealled gastrie juice (Figure 23.15). 


The eells forming the walls of the gastrie pits are primarily 
mucous eells, but those eomposing the gastrie glands vary in 
different stomaeh regions. For example, the eells in the glands 
of the eardia and pyloms primarily seerete mucus, whereas eells 
of the pylorie antram produce mucus and several hormones 
including most of the stimulatory hormone ealled gastrin. 

Types of Gland Cells 

Glands of the stomaeh fundus and body, where most digestion 
occurs, are substantially larger and produce the majority of the 
stomaeh seeretions. The glands in these regions eontain a va- 
riety of seeretory eells, including mucous neek, parietal, ehief, 
and enteroendoerine eells. 

Mucous Neek Cells Mucous neek eells, seattered in the “neek” 
and more basal regions of the glands, produce a thin, sohible 
mucus quite different from that seereted by the mucous eells of 
the surface epithelium (Figure 23.15b). It is not yet understood 
what speeial fimetion this aeidie mucus performs. 

Parietal Cells Parietal eells, found mainly in the more apieal 
region of the glands seattered among the ehief eells (deseribed 
next), simultaneously seerete hydroehlorie aeid (HCl ) and in- 
trinsie faetor (Figure 23.15b, e). Although parietal eells appear 
oval when viewed with a light mieroseope, they actually have 
three prongs that bear dense mierovilli (they look like fuzzy 
pitehforks!). This structure provides a huge surface area for se- 
ereting H + and Cl _ into the stomaeh lumen. 

HC1 makes the stomaeh eontents extremely aeidie (pH 1.5- 
3.5), a eondition neeessary for aetivation and optimal aetivity of 
protein-digesting enzyme pepsin. The aeidity also helps digest 
food by denaturing proteins and breaking down eell walls of 
plant foods, and is harsh enough to kill many of the baeteria 
ingested with foods. intrinsie faetor is a glyeoprotein required 
for vitamin B 12 absorption in the small intestine. 

Chief Cells Chief eells occur mainly in the basal regions of 
the gastrie glands. The cuboidal ehief eells produce pepsinogen 
(pep-sin'o-jen), the inaetive form of the pepsin. When these 
eells are stimulated, the first pepsinogen molecules they release 
are aetivated by HC1 encountered in the apieal region of the 
gland (Figure 23.15c). But onee pepsin is present, it also eata- 
lyzes the eonversion of pepsinogen to pepsin. The aetivation 
proeess involves removing a small peptide fragment from pep- 
sinogen, causing it to ehange shape and expose its aetive site. 
This positive feedbaek proeess is limited only by the amount of 
pepsinogen present. 

Chief eells also seerete lipases (fat-digesting enzymes). For- 
merly thought to be insignifieant in fat digestion, these gas- 
trie lipases now appear to account for about 15% of overall GI 
lipolysis. 

Enteroendoerine Cells Enteroendoerine eells (en' ter-o-en'do- 
krin; “gut endoerine”), typieally loeated deep in the gastrie glands 
(Figure 23.15b, e), release a variety of ehemieal messengers direetly 
into the interstitial fluid of the lamina propria. Some of these, for 
example histamine and serotonin, aet loeally as paraerines. Oth- 
ers, such as somatostatin, aet both as paraerines loeally and as 
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(a) Layers of the stomaeh wall 


Figure 23.1 Mieroseopie anatomy of the stomaeh. 


Chief eell 


hormones that diíftise into the blood eapillaries to influence sev- 
eral digestive system target organs (Table 23.1, p. 868). Gastrin, a 
hormone, plays essential roles in regulating stomaeh seeretion and 
motility, as we will deseribe shortly. 


Enteroendoerine 

eell 



The Mucosal Barrier 

The stomaeh mucosa is exposed to some of the harshest eondi- 
tions in the entire digestive traet. Gastrie juice is eorrosively 
aeidie (the H + eoneentration in the stomaeh ean be 100,000 
times that found in blood), and its protein-digesting enzymes 
ean digest the stomaeh itself. 

However, the stomaeh is not a passive vietim of its formida- 
ble environment. It mounts an aggressive counterattack to pro- 
teet itself, producing the mucosal barrier. Three faetors ereate 
this barrier: 


(e) Loeation of the HCI-producing parietal eells 
and pepsin-seereting ehief eells in a gastrie 
gland 

■ A thiek eoating of biearbonate-rieh mucus builds up on the 
stomaeh wall. 

■ The epithelial eells of the mucosa are joined together by tight 
junctions that prevent gastrie juice from leaking into under- 
lying tissue layers. 

■ Damaged epithelial mucosal eells are shed and quickly replaeed 
by division of undifferentiated stem eells that reside where the 
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Table 23.1 Hormones and Paraerines That Aet in Digestion* 


SITE OF 

STIMULUS FOR 



HORMONE 

PRODUCTION 

PRODUCTION 

TARGET ORGAN 

ACTIVITY 

eholeeystokinin (CCK) 

Duodenal 

Fatty ehyme (also partially 

Stomaeh 

■ Inhibits stomaeh's seeretory aetivity 


mucosa 

digested proteins) 

Liver/panereas 

■ Potentiates seeretin's aetions on these 
organs 




Panereas 

■ Inereases output of enzyme-rieh panereatie 





juice 




Gallbladder 

■ Stimulates organ to eontraet and expel 
stored bile 




Hepatopanereatie 

■ Relaxes sphineter to allow entry of bile and 




sphineter 

panereatie juice into duodenum 

Gastrie inhibitory 

Duodenal 

Fatty ehyme 

Stomaeh 

■ Inhibits HCI production (minor effeet) 

peptide (GIP) (or 
glucose-dependent 
insulinotropic peptide) 

mucosa 


Panereas (beta 
eells) 

■ Stimulates insulin release 

Gastrin 

Stomaeh 

Food (particularly 

Stomaeh (parietal 

■ inereases HCI seeretion 


mucosa 

(G eells) 

partially digested 
proteins) in stomaeh 

eells) 

■ Stimulates gastrie emptying (minor effeet) 



(ehemieal stimulation); 

Small intestine 

■ Stimulates eontraetion of intestinal muscle 



aeetyleholine released by 
nerve fibers 

lleoeeeal valve 

■ Relaxes ileoeeeal valve 




Large intestine 

■ Stimulates mass movements 

Histamine 

Stomaeh 

Food in stomaeh 

Stomaeh 

■ Aetivates parietal eells to release HCI 


mucosa 




Intestinal gastrin 

Duodenal 

Aeidie and partially 

Stomaeh 

■ Stimulates gastrie glands and motility 


mucosa 

digested foods in 
duodenum 



Motilin 

Duodenal 

Fasting; periodie release 

Proximal 

■ Stimulates migrating motor complex 


mucosa 

every 114-2 hours by 
neural stimuli 

duodenum 


Seeretin 

Duodenal 

Aeidie ehyme (also 

Stomaeh 

■ Inhibits gastrie gland seeretion and gastrie 


mucosa 

partially digested proteins 

\ e ■ \ 


motility during gastrie phase of seeretion 



and fats) 

Panereas 

■ inereases output of panereatie juice rieh in 
biearbonate ions; potentiates CCK's aetion 




Liver 

■ Inereases bile output 

Serotonin 

Stomaeh 

Food in stomaeh 

Stomaeh 

■ Causes eontraetion of stomaeh muscle 


mucosa 




Somatostatin 

Stomaeh 

Food in stomaeh; 

Stomaeh 

■ Inhibits gastrie seeretion of all products 


mucosa; 

stimulation by 

Panereas 

■ Inhibits seeretion 


duodenal 

sympathetie nerve fibers 


mucosa 


Small intestine 

■ Inhibits Gl blood flow; thus inhibits 
intestinal absorption 




Gallbladder and 
liver 

■ Inhibits eontraetion and bile release 

Vasoaetive intestinal 

Enterie 

Chyme eontaining 

Small intestine 

■ Stimulates buffer seeretion 

peptide (VIP) 

neurons 

partially digested foods 


■ Dilates intestinal eapillaries 





■ Relaxes intestinal smooth muscle 




Panereas 

■ inereases seeretion 




Stomaeh 

■ Inhibits aeid seeretion 


*Except for somatostatin, all of these polypeptides also stimiilate the growth (particularly of the mucosa) of the organs they affeet. 
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(a) A gastrie ulcer lesion 



Baeteria 


Mucosa 
layer of 
stomaeh 


(b) H. pylori baeteria 


gure 23.16 Photographs of a gastrie ulcer and the H. pylori 
baeteria that most eommonly cause it. 


danger posed by ulcers is perforation of the stomaeh wall, lead- 
ing to peritonitis and, perhaps, massive hemorrhage. 

For years, ulcers were blamed on faetors that inereased 
HC1 production or reduced mucus seeretion, including aspi- 
rin and nonsteroidal anti-inflammatory dmgs (NSAIDs such 
as ibuprofen), smoking, spiey food, aleohol, eoífee, and stress. 
Although aeid eonditions are neeessary for ulcers to form, aeid- 
ity in itself is not suíhcient to cause them. Ninety pereent of 
recurrent ulcers are the work of a eertain strain of aeid-resistant, 
corkscrew-shaped Helieobaeter pylori baeteria (Figure 23.16b), 
which burrow like a drill bit through the mucus and destroy 
the proteetive mucosal layer, leaving denuded areas. Even more 
troubling are studies that link this bacterium to some stomaeh 
eaneers. 

More than half of the population harbors H. pylori , but these 
pathologieal eífeets occur in only 10-20% of infeeted individu- 
als. The antimierobial aetivity of gastrie mucin appears to pro- 
teet most of us from H. pylorís invasive attaeks. 

A breath test ean easily deteet the presenee of H. pylori. A 
simple two-week-long course of antibioties kills the embedded 
baeteria, promotes healing of the ulcers, and prevents recur- 
renee. For aetive ulcers, a bloeker for H 2 (histamine) reeeptors 
may also help because it inhibits HC1 seeretion by bloeking his- 
tamines eífeets. 

The relatively few peptie ulcers not caused by H. pylori gener- 
ally result from long-term use of NSAIDs. In such noninfectious 
eases, H 2 -receptor bloeker drugs such as eimetidine (Tagamet) 
and ranitidine (Zantae) are the therapy of ehoiee. + 



Check Your IJnderstanding 


24. What structural modifieation of the stomaeh vvall underlies 
the stomaeh's ability to meehanieally break dovvn food? 

25. Tvvo substances seereted by eells of the gastrie glands are 
needed to produce the aetive protein-digesting enzyme 
pepsin. What are these substances and vvhieh eells seerete 
them? 

26. Which proteetive substances or aetivities make up the so- 
ealled mucosal barrier? 



For ansvvers, see Appendix H. 


gastrie pits join the gastrie glands. The stomaeh surface epi- 
thelium of mucous eells is eompletely renewed every three to 
six days, but the more sheltered glandular eells deep within 
the gastrie glands have a much longer life span. 


Digestive Proeesses in the Stomaeh 

S Explain how gastrie seeretion and stomaeh motility are 
regulated. 

Define and account for the alkaline tide. 



Homeostatie imbalanee 23.8 


Anything that breaehes the gel-like mucosal barrier causes in- 
flammation of the stomaeh wall, a eondition ealled gastritis. 
Persistent damage to the underlying tissues ean promote peptie 
ulcers, speeifìeally ealled gastrie ulcers when they are erosions 
of the stomaeh wall ure 23.16a]. The most distressing 
symptom of gastrie ulcers is gnawing epigastrie pain that seems 
to bore through to your baek. The pain typieally occurs 1-3 
hours after eating and is often relieved by eating again. The 


Except for ingestion and defeeation, the stomaeh is involved 
in the whole “menu” of digestive aetivities. Besides serving as 
a holding area for ingested food, the stomaeh continues the 
demolition job begun in the oral eavity by further degrading 
food both physieally and ehemieally. It then delivers ehyme, the 
product of its aetivity, into the small intestine. 

Protein digestion begins in the stomaeh and is the main type 
of enzymatie breakdown that occurs there. HC1 produced by 
stomaeh glands denatures dietary proteins in preparation for 
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enzymatie digestion. (The unfolded amino aeid ehain is more 
aeeessible to the enzymes.) 

The most important protein-digesting enzyme produced by 
the gastrie mucosa is pepsin. In infants, however, the stomaeh 
glands also seerete rennin, an enzyme that aets on milk pro- 
tein (easein), eonverting it to a curdy substance that looks like 
soured milk. Additionally, lingual lipase released by the minor 
salivary glands may digest some triglyeerides in the stomaeh for 
a short time before the lipase itself is digested. 

Two eommon lipid-soluble substances—aleohol and aspirin— 
pass easily through the stomaeh mucosa into the blood. Aleohol 
and aspirin may cause gastrie bleeding, so these substances should 
be avoided by people with gastrie ulcers. 

Despite the obvious benefits of preparing food to enter the 
intestine, the only stomaeh fimetion essential to life is seere- 
tion of intrinsie faetor. intrinsie faetor is required for intestinal 
absorption of vitamin B 12 , needed to produce mature erythro- 
eytes. In its absenee, pernicious anemia results. However, if vi- 
tamin B 12 is administered by injeetion, individuals ean survive 
with minimal digestive problems even after total gastreetomy 
(stomaeh removal). Table 23.2 (p. 885) summarizes the stom- 
aehs aetivities. 

Sinee we deseribe digestion and absorption later, here we will 
focus on events that regulate (1) seeretory aetivity of the gastrie 
glands and (2) stomaeh motility and emptying. 


Regulation of Gastrie Seeretion 




23 




Both neural and hormonal meehanisms eontrol gastrie seere- 
tion. Under normal eonditions the gastrie mucosa pours out 
as much as 3 L of gastrie juice—an aeid brew so potent it ean 
dissolve nails—every day. 

Both long (vagus nerve-mediated) and short (loeal enterie) 
nerve reflexes provide nervous eontrol (see Figure 23.4, p. 853). 
When the vagus nerves stimulate the stomaeh, seeretory aetiv- 
ity of virtually all of its glands inereases. (By eontrast, aetivation 
of sympathetie nerves depresses seeretory aetivity.) Hormonal 
eontrol of gastrie seeretion is largely the provinee of gastrin, 
which stimulates seeretion of enzymes and HC1, and of hor- 
mones produced by the small intestine, which are mostly gas- 
trin antagonists. 

Stimuli aeting at three distinet sites—the head, stomaeh, and 
small intestine—provoke or inhibit gastrie seeretions. Aeeord- 
ingly, the three phases of gastrie seeretion are ealled the eephalie, 
gastrie , and intestinal phases ure 23.1 . The effeetor site 

is the stomaeh in all eases and, onee initiated, one or all three 
phases may be occurring at the same time. 


Phase 1: Cephalic (Reflex) 

The eephalie, or reflex, phase of gastrie seeretion occurs be- 
fore food enters the stomaeh (Figure 23.17). Only a few min- 
utes long, this phase is triggered by the aroma, taste, sight, or 
thought of food, and it gets the stomaeh ready for its upcoming 
digestive ehore. 

Sensory inputs from olfaetory reeeptors and taste buds are 
relayed to the hypothalamus. The hypothalamus, in turn, stimu- 
lates the vagal nuclei of the medulla oblongata, which transmits 


motor impulses via the vagus nerves to parasympathetie enterie 
ganglia. Enterie ganglionie neurons then stimulate the stomaeh 
glands. 

The enhaneed seeretory aetivity that results when we see or 
think of food is a eonditioned reflex and occurs only when we 
like or want the food. If we are depressed or have no appetite, 
this part of the eephalie reflex is suppressed. 

Phase 2: Gastrie 

Onee food reaehes the stomaeh, loeal neural and hormonal 
meehanisms initiate the gastrie phase (Figure 23.17). This 
phase lasts three to four hours and provides about two-thirds of 
the gastrie juice released. 

Stimuli and Inhibitors The most important stiimili are dis- 
tension, peptides, and low aeidity. Stomaeh distension aetivates 
streteh reeeptors and initiates both loeal (myenterie) reflexes 
and long (vagovagal) reflexes. In the long type of reflex, impulses 
travel to the medulla and then baek to the stomaeh via vagal fi- 
bers. Both types of reflexes lead to aeetyleholine (ACh) release, 
which in turn stimulates the output of more gastrie juice. 

Though neural influences initiated by stomaeh distension are 
important, the hormone gastrin probably plays a greater role in 
stiimilating stomaeh gland seeretion during the gastrie phase. 
Chemical stiimili provided by partially digested proteins, eaf- 
feine, and rising pH direetly aetivate gastrin-seereting entero- 
endoerine eells ealled G eells in the stomaeh antmrn. Gastrin 
stiimilates the release of enzymes, but its main target is the HC1- 
seereting parietal eells, which it prods to spew out even more 
HC1. Highly aeidie (pH below 2) gastrie eontents inhibit gastrin 
seeretion—a situation that eommonly occurs between meals. 

When protein foods are in the stomaeh, the pH of the gastrie 
eontents generally rises because proteins aet as buffers to tie 
up H + . The rise in pH stiimilates gastrin seeretion and subse- 
quently HC1 release, which in turn provides the aeidie eondi- 
tions needed to digest proteins. The more protein in the meal, 
the greater the amount of gastrin and HC1 released. As proteins 
are digested, the gastrie eontents gradually beeome more aeidie, 
which again inhibits the gastrin-seereting eells. This negative 
feedbaek meehanism helps maintain optimal pH and working 
eonditions for gastrie enzymes. 

The neural reflexes already deseribed also aetivate G eells. 
Stress, fear, anxiety, or anything that triggers the fight-or-flight re- 
sponse inhibits gastrie seeretion because the sympathetie division 
overrides parasympathetie eontrols of digestion (Figure 23.17). 

Control of the HCl-secreting parietal eells is multifaceted. It 
is stiimilated by three ehemieals, all of which bind to G protein- 
coupled reeeptors on the parietal eells membrane and work 
through seeond-messenger systems. ACh released by parasympa- 
thetie nerve fibers and gastrin seereted by G eells bring about their 
effeets by inereasing intracellular Ca 2+ levels. Histamine , released 
by the so-ealled enteroehromaffin-like (ECL) eells mainly in re- 
sponse to gastrin, aets through eyelie AMP (eAMP). 

When only one of the three ehemieals binds to parietal eells, 
HC1 seeretion is seanty, but when all three bind, HC1 pours 
forth. As we noted earlier, antihistamines, such as eimetidine, 
which bind to and bloek the H 2 (histamine) reeeptors of parietal 
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gure 23.1 Neural and hormonal meehanisms that regulate release of gastrie juice. 

Stimulatory faetors are shovvn on the left; inhibitory faetors are shovvn on the right. 


eells, are used to treat gastrie ulcers due to hyperaeidity. So, as 
you might guess, histamine is the major player here. 

HCI Formation The proeess of HC1 formation within the pari- 
etal eells is eomplieated, but it appears to go something like this 
gure 23.18 : When parietal eells are appropriately stimu- 
lated, H + is aetively pumped into the stomaeh lumen against a 
tremendous eoneentration gradient by H + -K + ATPases in ex- 
ehange for K + ions that move into the eell. K + then eyeles baek 
into the lumen via K + ehannels. Chloride ions (Cl _ ) follow H + 
into the lumen to maintain an eleetrieal balanee in the stomaeh, 
eompleting the proeess of HC1 seeretion. The C1 is obtained 
from blood plasma, while H + eomes from the breakdown of 
earbonie aeid (formed by the eombination of earbon dioxide 
and water) within the parietal eell: 

co 2 + h 2 o -> h 2 co 3 -> H + + hco 3 ~ 


As H + is pumped from the eell and HC0 3 _ (biearbonate ion) 
accumulates within the eell, HC0 3 - is ejeeted through the baso- 
lateral eell membrane into the eapillary blood. As a result, blood 
draining from the stomaeh is more alkaline than the blood serv- 
ing it. This phenomenon is ealled the alkaline tide. Notiee that 
a HC0 3 _ -C1 _ antiporter in the basolateral membrane moves 
HC0 3 _ and Cl _ in opposite direetions, and this is how the Cl _ 
moves into the lrnnen as the ehloride part of the HC1 product. 
K + and Cl _ move into the stomaeh lumen by diffusing through 
membrane ehannels. 

Phase 3: Intestinal 

The intestinal phase of gastrie seeretion has two eomponents— 
stimulatory and inhibitory (see Figure 23.17). The excitatory 
aspeet is set into motion as partially digested food fills the 
initial part (duodenum) of the small intestine. This stimulates 
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gure 23.18 Meehanism of HCI seeretion by parietal eells. H + and HC0 3 (biearbonate 
ions) are generated from the dissoeiation of earbonie aeid (H 2 C0 3 ) within the parietal eell. As 
H + -K + ATPase pumps H + into the lumen, K + enters the eell. Meanwhile, the HC0 3 “-Cr antiporter 
transports HC0 3 “ into the interstitial spaee in exchange for ehloride ions (Cl“), establishing the 
alkaline tide. Cl“ and K + then diffuse into the lumen through membrane ehannels. 


intestinal mucosal eells to release intestinal (enterie) gastrin, 
a hormone that encourages the gastrie glands to continue their 
seeretory aetivity. This stimulatory effeet is brief because as 
the intestine distends with ehyme eontaining large amounts of 
H + , fats, partially digested proteins, and various irritating sub- 
stanees, the inhibitory eomponent is triggered in the form of the 
enterogastrie reflex. 

The enterogastrie reflex is actually a trio of reflexes that (1) 
inhibit the vagal nuclei in the medulla, (2) inhibit loeal re- 
flexes, and (3) aetivate sympathetie fibers that cause the pylorie 
sphineter to tighten and prevent further food entry into the 
small intestine. As a result, gastrie seeretory aetivity deelines. 
These “brakes” on gastrie aetivity proteet the small intestine 


from excessive aeidity and mateh the small intestines proeess- 
ing abilities to the amount of ehyme entering it. 

If pushed beyond its eapaeity to aeeept ehyme, the small in- 
testines refusal is quick and reeognizable—nausea and vom- 
iting. This phenomenon, ealled the dumping syndrome , is an 
unpleasant experience in many who have had their stomaeh 
volume reduced in order to lose weight (see p. 943). 

In addition, the faetors we just named trigger the release 
of several intestinal hormones, eolleetively ealled enterogas- 
trones. They include seeretin (se-kre'tin), eholeeystokinin 
(CCK) (ko"le-sis"to-ki'nin), and vasoaetive intestinal peptide 
(VIP). All of these hormones inhibit gastrie seeretion when the 
stomaeh is very aetive and also play other roles (see Table 23.1). 
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® Propulsion: Peristaltie waves move 
from the fundus toward the pyloms. 



©Grinding: The most vigorous 
peristalsis and mixing aetion 
occur elose to the pylorus. 



© Retropulsion: The pylorie end of the 
stomaeh aets as a pump that delivers small 
amounts of ehyme into the duodenum, 
simultaneously foreing most of its eontained 
material backward into the stomaeh. 


gure 23.19 Peristaltie vvaves in the stomaeh. 


Regulation of Gastrie Motility 
and Emptying 

Stomaeh eontraetions not only aeeommodate its filling and 
cause its emptying, but they also eompress, knead, and mix 
the food with gastrie juice to produce ehyme. The proeesses of 
meehanieal breakdown and propulsion are inseparable in the 
stomaeh due to a unique type of peristalsis. 

Response of the Stomaeh to Fìlling 

The stomaeh stretehes to aeeommodate ineoming food, but 
internal stomaeh pressure remains eonstant until about 1.5 L 
of food have been ingested. Thereafter, the pressure rises. The 
relatively unchanging pressure in a filling stomaeh is due to two 
faetors: 

■ Reeeptive relaxation of smooth muscle in the stomaeh fun- 
dus and body which occurs both in antieipation of and in 
response to food moving through the esophagus and into 
the stomaeh. The swallowing eenter of the brain stem eoor- 
dinates this proeess, which is mediated by the vagus nerves 
aeting on serotonin- and NO-releasing enterie neurons. 

■ Gastrie aeeommodation, which is an example of smooth 
muscle plastieity. It is the intrinsie ability of viseeral smooth 
muscle to exhibit the stress-relaxation response , in other 
words, it ean streteh without greatly inereasing its tension 
and eontraeting expulsively. As we deseribed in Ohapter 9, 
this eapability is very important in hollow organs, like the 
stomaeh, that must serve as temporary reservoirs. 

Gastrie Contractile Aetivity 

As in the esophagus, the stomaeh exhibits peristalsis. After a 
meal, peristalsis begins near the gastroesophageal sphineter, 
where it produces gentle rippling movements of the thin stom- 
aeh wall. But as the eontraetions approaeh the pyloras, where 


the stomaeh musculature is thieker, they beeome much more 
powerful. Consequently, the eontents of the fundus and body 
(food storage area) remain relatively undisturbed, while food- 
stuífs in and around the pylorie antram reeeive a traly lively 
pummeling and mixing. 

The pylorie part of the stomaeh, which holds about 30 ml of 
ehyme, aets as a dynamie filter that allows only liquids and small 
partieles to pass through the barely open pylorie valve. Nor- 
mally, eaeh peristaltie wave reaehing the pylorie muscle squirts 
3 ml or less of ehyme into the small intestine. Because the eon- 
traetion also eloses the valve, which is normally partially relaxed, 
the rest (about 27 ml) is propelled backward into the stomaeh, 
where it is mixed fiirther Figure 23.19). This baek-and-forth 
pumping aetion (retropulsion) efiFeetively breaks up solids in the 
gastrie eontents. 

Although the intensity of the stomaehs peristaltie waves ean 
be modified, their rate is eonstant—always around three per 
minute. This eontraetile rhythm is set by enterie paeemaker eells , 
muscle-like noneontraetile eells formerly ealled interstitial eells 
of Cajal (kà-hal'). Loeated in the longitudinal smooth muscle 
layer, the paeemaker eells depolarize and repolarize spontane- 
ously three times eaeh minute, establishing the so-ealled eyelie 
slow waves of the stomaeh, or its basie eleetrieal rhythm (BER). 
Sinee gap junctions couple the paeemakers eleetrieally to the 
rest of the smooth muscle sheet, their c< beat” is transmitted ef- 
fieiently and quickly to the entire muscularis. 

The paeemakers set the maximum frequency of eontrae- 
tion, but they do not initiate the eontraetions or regulate their 
foree. Instead, they generate subthreshold depolarization waves, 
which are then “ignited” (enhaneed by fiirther depolarization 
and brought to threshold) by neural and hormonal faetors. 

The same faetors that inerease the strength of stomaeh eon- 
traetions also enhanee gastrie seeretions. Distension of the 
stomaeh wall by food aetivates streteh reeeptors and gastrin- 
seereting eells, both of which ultimately stimulate gastrie 


r 
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| gure 23.20 Neural and hormonal faetors that inhibit 
gastrie emptying. These eontrols ensure that the food is vvell 
liquefied in the stomaeh and prevent the small intestine from being 
overvvhelmed. 


23 


smooth muscle and inerease gastrie motility. For this reason, 
the more food there is in the stomaeh, the more vigorous the 
stomaeh mixing and emptying movements will be—within eer- 
tain limits—as we deseribe next. 


enterogastrie reflex and the hormonal (enterogastrone) meeha- 
nisms that inhibit aeid and pepsin seeretion as we deseribed 
earlier. These meehanisms inhibit gastrie seeretion and prevent 
further duodenal fìlling by reducing the foree of pylorie eon- 
traetions (Figure 23.20). 

A earbohydrate-rieh meal moves through the duodenum 
rapidly, but fats form an oily layer at the top of the ehyme and 
are digested more slowly by enzymes aeting in the intestine. 
For this reason, when ehyme entering the duodenum is fatty, 
reflexes slow stomaeh emptying, and food may remain in the 
stomaeh six hours or more. 



Homeostatie imbalanee 23.9 


Vomiting, or emesis, is an unpleasant experience that emp- 
ties the stomaeh by a different route. Many faetors signal the 
stomaeh to C launch lunch,” but the most eommon are extreme 
stretehing of the stomaeh or intestine or irritants such as baete- 
rial toxins, excessive aleohol, spiey foods, and eertain dmgs. 

Bloodborne molecules and sensory impulses stream from 
the irritated sites to the emetie eenter (e-met'ik) of the medulla 
where they initiate a number of motor responses. Before vomit- 
ing, an individual typieally feels nauseated, is pale, and salivates 
excessively. A deep inspiration direetly preeedes vomiting. The 
diaphragm and abdominal wall muscles eontraet, inereasing 
intra-abdominal pressure, the gastroesophageal sphineter re- 
laxes, and the soft palate rises to elose off the nasal passages. As a 
result, the stomaeh (and perhaps duodenal) eontents are foreed 
upward through the esophagus and pharynx and out the mouth. 

Excessive vomiting ean cause dehydration and severely dis- 
mpt the bodys eleetrolyte and aeid-base balanee. Sinee large 
amounts of HC1 are lost in vomitus, the blood beeomes alkaline 
as the stomaeh attempts to replaee its lost aeid. + 



Check Your Understanding 


27. Name the three phases of gastrie seeretion. 

28. Hovv does the presenee of food in the small intestine inhibit 
gastrie seeretion and motility? 

29. Hovv does the pH of venous blood leaving the stomaeh 
ehange during a meal? 

_ For ansvvers, see Appendix Fi. 


Regiilation of Gastrie Emptying 

The stomaeh usually empties eompletely within four hours after 
a meal. However, the larger the meal (the greater the stomaeh 
distension) and the more liquid its eontents, the faster the stom- 
aeh empties. Fluids pass quickly through the stomaeh. Solids 
linger, remaining until they are well mixed with gastrie juice and 
eonverted to the liquid state. 

The rate of gastrie emptying also depends as much—and 
perhaps more—on the eontents of the duodenum as on what 
is happening in the stomaeh. The stomaeh and duodenum aet 
in tandem like a c coupled meter” that functions at less than 
full eapaeity. As ehyme enters the duodenum, reeeptors in its 
wall respond to ehemieal signals and to streteh, initiating the 


The Small Intestine 
and Assoeiated Structures 

/ Identify and deseribe structural modifieations of the vvall of 
the small intestine that enhanee the digestive proeess. 

Differentiate betvveen the roles of the various eell types of 
the intestinal mucosa. 

s Deseribe the function of intestinal hormones and 
paraerines. 

In the small intestine, usable food is finally prepared for its jour- 
ney into the eells of the body. However, this vital function ean- 
not happen without the aid of seeretions from the liver (bile) 
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Figure 23.21 The duodenum of the small intestine, and related organs. Ducts from the 
panereas, gallbladder, and liver empty into the duodenum. 


and panereas (digestive enzymes). We will also eonsider these 
aeeessory organs in this seetion. 

The Small Intestine 

The small intestine is the body s major digestive organ. Within 
its twisted passageways, digestion is eompleted and virtually all 
absorption occurs. 

Gross Anatomy 

The small intestine is a convoluted tube extending from the py- 
lorie sphineter to the ileoeeeal valve (sphineter) (il"e-o-se'kal) 
where it joins the large intestine. It is the longest part of the 
alimentary eanal, but is only about half the diameter of the large 
intestine, ranging from 2.5 to 4 em (1-1.6 inehes). Although 6-7 
m long (approximately 20 ft, the height of a two-story building) 
in a eadaver, the small intestine is only 2-4 m (7-13 ft) long dur- 
ing life because of muscle tone. 

The small intestine has three subdivisions: the duodenum, 
which is mostly retroperitoneal, and the jejunum and ileum, both 
intraperitoneal organs (see Figure 23.1). The relatively immovable 
duodenum (du"o-de'num; “twelve finger widths long”), which 
curves around the head of the panereas, is about 25 em (10 inehes) 
long gure 23.21 . Although it is the shortest intestinal subdivi- 
sion, the duodenum has the most features of interest. 


The bile duct, delivering bile from the liver, and the main 
panereatie duct, earrying panereatie juice from the panereas, 
unite in the wall of the duodenum in a bulblike point ealled the 
hepatopanereatie ampulla (hep"ah-to-pan"kre-at'ik am-pul' 
ah; ampulla = flask). The ampulla opens into the duodenum via 
the voleano-shaped major duodenal papilla. A smooth muscle 
valve ealled the hepatopanereatie sphineter eontrols the entry 
of bile and panereatie juice. 

The jejunum (jé-joo'num; c empty”), about 2.5 m (8 ft) long, 
extends from the duodenum to the ileum. The ileum (il'e-um; 
cc twisted”), approximately 3.6 m (12 ft) in length, joins the large 
intestine at the ileoeeeal valve. The jejunum and ileum hang in 
sausagelike eoils in the eentral and lower part of the abdominal 
eavity, suspended from the posterior abdominal wall by the fan- 
shaped mesentery (see Figure 23.30). The large intestine eneir- 
eles these more distal parts of the small intestine. 

Nerve fibers serving the small intestine include parasym- 
patheties from the vagus and sympatheties from the thoraeie 
splanehnie nerves, both relayed through the superior mesen- 
terie (and eeliae) plexus. 

The arterial supply is primarily from the superior mesenterie 
artery (pp. 732-733). The veins parallel the arteries and typi- 
eally drain into the superior mesenterie vein. From there, the 
nutrient-rich venous blood from the small intestine drains into 
the hepatie portal vein, which earries it to the liver. 
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Figure 23.22 Structural modifieations of the small intestine 
that inerease its surface area for digestion and absorption. 

(a) Enlargement of a fevv circular folds, shovving assoeiated 
fingerlike villi (muscularis and serosa layers not indieated). 

(b) Structure of a villus. Enlargement shovvs one and part of tvvo 
other absorptive eells that exhibit mierovilli on their free (apieal) 
surface. (e) Photomierograph of the mucosa 7 shovving villi (250x). 
(For a related image, see A BriefAtlas ofthe Human Body, 

Figure 69b.) 
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Mieroseopie Anatomy 

Modifieations for Absorption The small intestine is highly 
adapted for absorbing nutrients. Its length alone provides a huge 
surface area, and its wall has three structural modifieations— 
circular folds, villi, and mierovilli—that amplify its absorptive 
surface enormously (by a faetor of more than 600 times). In faet, 
the intestinal surface area is about equal to 200 square meters, 
the size of a singles tennis court! Most absorption occurs in the 


proximal part of the small intestine, so these speeializations de- 
erease in number toward its distal end. 

The circular folds are deep, permanent folds of the mucosa 
and submucosa Fìgure 23.22a . Nearly 1 em tall, these folds 
foree ehyme to spiral through the himen, slowing its movement 
and allowing time for full nutrient absorption. 

Villi (vil'i; Cí tufts of hair”) are fingerlike projeetions of the mu- 
eosa, over 1 mm high, that give it a velvety texture, much like the 
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soft nap of a towel (Figure 23.22). The villi are large and leaflike 
in the duodenum (the intestinal site of most aetive absorption) 
and gradually narrow and shorten along the length of the small 
intestine. The epithelial eells of the villi (ealled enteroeytes) are 
ehiefly absorptive columnar eells. In the eore of eaeh villus is 
a dense eapillary bed and a wide lymphatie eapillary ealled a 
laeteal (lak'te-al). Digested foodstuffs are absorbed through the 
epithelial eells into both the eapillary blood and the laeteal. 

The exceptionally long, densely paeked mierovilli of the ab- 
sorptive eells of the mucosa give the mucosal surface a fuzzy ap- 
pearanee ealled the brush border (Figure 23.22b enlargement and 
Figiire 23.23). The plasma membranes of the mierovilli bear en- 
zymes referred to as brush border enzymes, which eomplete the 
digestion of earbohydrates and proteins in the small intestine. 

Histology of the Small Intestine Wall Externally the subdivi- 
sions of the small intestine appear to be nearly identieal, but 
their internal and mieroseopie anatomies reveal some impor- 
tant differenees. The four tunics typieal of the GI traet are also 
seen here, but the mucosa and submucosa are modified to re- 
fleet the intestines functions in the digestive pathway. 

The epithelium of the villus mucosa is largely simple colum- 
nar absorptive eells bound by tight junctions and riehly endowed 
with mierovilli. These eells bear the primary responsibility for 
absorbing nutrients and eleetrolytes. The epithelium also has 
many mucus-secreting goblet eells. Between the villi, the mucosa 
is studded with pits that lead into tubular glands ealled intesti- 
nal erypts (see Figure 23.22b, e). 

Crypt epithelial eells are primarily seeretory eells that seerete 
intestinal juice , a watery mixture that eontains mucus and serves 
as a earrier fluid for absorbing nutrients from ehyme. Seattered 
through the erypt epithelium are enteroendoerine eells , the source 
of the enterogastrones—seeretin and eholeeystokinin to name 
two—and T eells ealled intraepithelial lymphoeytes (IELs ), which 
represent an important imimmologieal defensive eomponent. 

Deep in the erypts are speeialized seeretory eells ealled 
Paneth eells , which fortify the small intestines defenses by re- 
leasing antimierobial agents such as defensins and lysozyme , an 
antibaeterial enzyme. These seeretions destroy eertain baeteria 
and help to determine which baeteria eolonize the intestinal 
lumen. The erypts deerease in number along the length of the 
small intestine, but the goblet eells beeome more abundant. 

The various epithelial eells arise from continuously dividing 
stem eells at the base of the erypts. As the daughter eells gradu- 
ally migrate up the villi, they differentiate, beeoming speeialized 
eell types—absorptive eells, goblet eells, and enteroendoerine 
eells. The fourth differentiated eell type is the Paneth eells, 
which remain at the base of the erypts. The other three types 
undergo apoptosis and are shed from the villus tips, renewing 
the villus epithelium every two to four days. 



Homeostatie imbalanee 23.10 


Treatments for eaneer, such as radiation therapy and ehemo- 
therapy, preferentially target rapidly dividing eells. They kill 
eaneer eells, but also nearly obliterate the rapidly dividing GI 
traet epithelium. Many patients suffer nausea, vomiting, and 
diarrhea after eaeh treatment. + 
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gure 23.23 Mierovilli of the small intestine. False-eolor 
eleetron mierograph. Mierovilli (28,000x) of absorptive eells appear 
as red projeetions from the surface of the absorptive eell. Yellovv 
granules are mucus granules. 


The mucosa eontains both individual follieles and aggregated 
lymphoid nodules , the latter ealled Peyer’s patehes (pi'erz). Peyer s 
patehes are primarily loeated in the lamina propria but oeeasion- 
ally protmde into the submucosa below. Their inereasing abun- 
danee toward the distal end of the small intestine refleets the faet 
that this region of the small intestine eontains huge numbers of 
baeteria that must be prevented from entering the bloodstream. 

The lymphoid tissue of the mucosa also eontains proliferat- 
ing B lymphoeytes that leave the intestine, enter the blood, and 
then home in on the intestinal lamina propria. There, in their 
new home, they release imimmoglobin A (IgA), which helps 
proteet against intestinal pathogens (see p. 783). 

The submucosa is typieal areolar eonneetive tissue. Elabo- 
rate mucus-secreting duodenal glands in the submucosa of 
the duodenum produce an alkaline (biearbonate-rieh) mucus 
that helps neutralize aeidie ehyme moving in from the stomaeh. 
When this proteetive mucus barrier is inadequate, the intestinal 
wall erodes and duodenal ulcers result. 

The muscularis is typieal and bilayered. Except for the bulk 
of the duodenum, which is retroperitoneal and has an adventi- 
tia, viseeral peritoneum (serosa) eovers the external intestinal 
surface. 
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Intestinal Juice: Composition and Control 

The intestinal glands normally seerete 1 to 2 L of intestinal juice 
daily. The major stimulus for its production eomes from hyper- 
tonie or aeidie ehyme, which cause distension or irritation of the 
intestinal mucosa. 

Normally, intestinal juice is slightly alkaline (7.4-7.8), and 
isotonie with blood plasma. Intestinal juice is largely water but 
also eontains some mucus, which is seereted both by the duo- 
denal glands and by goblet eells of the mucosa. Intestinal juice 
is enzyme-poor because intestinal enzymes are limited to the 
bound enzymes of the brush border. 
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Check Your IJnderstanding 


30. What eommon advantage do circular folds, villi, and 
mierovilli provide to the digestive proeess? Which of these 
modifieations causes ehyme to spiral through the lumen and 
slovvs its passage? 

31. What are brush border enzymes? 

32. What is a laeteal and vvhat is its function? 

33. Name three seeretory products that help proteet the 
intestinal mucosa from baeterial damage. 

_ For ansvvers, see Appendix Fi. 


The Liver and Gallbladder 

Deseribe the histologie anatomy of the liver. 
s State the role of bile in digestion. 
s Deseribe the role of the gallbladder. 


The liver and gallbladder are aeeessory organs assoeiated with 
the small intestine. The liver, one of the body s most important 
organs, has many metabolie and regulatory roles. However, its 
digestive system function is to produce bile for export to the 
duodenum. Bile is a fat eimilsifìer that breaks down fats into 
tiny partieles to make them more readily digestible. We will de- 
seribe this proeess when we discuss the digestion and absorp- 
tion of fats later in the ehapter. Although the liver also proeesses 
nutrient-laden venous blood delivered to it from the digestive 
organs, this is a metabolie rather than a digestive role (see Chap- 
ter 24.) The gallbladder is ehiefly a storage organ for bile. 
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Gross Anatomy of the Liver 

The ruddy, blood-rieh liver is the largest gland in the body, 
weighing about 1.4 kg (3 lb) in the average adult. Shaped like a 
wedge, it occupies most of the right hypoehondriae and epigas- 
trie regions (see Figure 1.12), extending farther to the right of 
the body midline than to the left. Loeated under the diaphragm, 
the liver lies almost entirely within the rib eage, which provides 
some proteetion (see Figure 23.1 and i |ure 23.24). 

The liver has four primary lobes. The largest, the right lobe , 
is visible on all liver surfaces and separated from the smaller 
left lobe by a deep fìssure (Figure 23.24a). The posteriormost 
caudate lobe and the quadrate lobe , which lies inferior to the left 
lobe, are visible in an inferior view of the liver (Figure 23.24b). 

A mesentery, the faleiform ligament, separates the right and left 
lobes anteriorly and suspends the liver from the diaphragm and an- 
terior abdominal wall. Running along the inferior edge of the falei- 
form ligament is the round ligament, or ligamentum teres (te' rèz; 
c round”), a fibrous remnant of the fetal umbilical vein. Except for 
the superiormost liver area (the bare area ), which touches the dia- 
phragm, the entire liver is enelosed by the viseeral peritoneum. 

As we mentioned earlier, a ventral mesentery, the lesser 
omentum, anehors the liver to the lesser curvature of the stom- 
aeh (see Figure 23.30b). The hepatie artery and the hepatie 
portal vein, which enter the liver at the porta hepatis ( c gateway 
to the liver”), and the eommon hepatie duct, which runs infe- 
riorly from the liver, all travel through the lesser omentum to 


reaeh their destinations. The gallbladder rests in a reeess on the 
inferior surface of the right liver lobe (Figure 23.24b). 

The traditional seheme of defining liver lobes (outlined 
above) has been eritieized because it is based on superficial fea- 
tures of the liver. Hepatie surgeons prefer to discuss the liver in 
terms of eight segments based on its internal anatomy relative 
to its vascular and biliary supply. This system permits them to 
remove seetions while encountering the fewest major vascular 
structures and the lowest risk. 

Bile leaves the liver through several bile ducts that ultimately 
fuse to form the large eommon hepatie duct, which travels 
downward toward the duodenum. Along its course, that duct 
fuses with the eystie duct draining the gallbladder to form the 
bile duct (see Figure 23.21). 

Mieroseopie Anatomy of the Liver 

The liver is eomposed of sesame seed-sized structural and 
fimetional units ealled liver lobules. Eaeh lobule is a roughly 
hexagonal (six-sided) structure eonsisting of plates of liver eells , 
or hepatoeytes (hep'ah-to-slts), organized like brieks in a gar- 
den wall (Figure 23.25). The hepatoeyte plates radiate outward 
from a eentral vein ranning in the longitudinal axis of the lob- 
ule. To make a rough model of a liver lobule, open a thiek pa- 
perbaek book until its two eovers meet: The pages represent the 
plates of hepatoeytes and the hollow eylinder formed by the 
rolled spine represents the eentral vein. 

If you keep in mind that the liver s main fimetion is to filter 
and proeess the nutrient-rich blood delivered to it, its histology 
makes a lot of sense. At eaeh of the six eorners of a lobule is a 
portal triad ( portal traet region), so named because it eontains 
three basie structures (Figure 23.25c): 

■ A braneh of the hepatie artery (supplying oxygen-rich arte- 
rial blood to the liver) 

■ A braneh of the hepatie portal vein (earrying venous blood 
laden with nutrients from the digestive viseera) 

■ A bile duct 

Between the hepatoeyte plates are enlarged, heavily fenestrated 
liver sinusoids. Blood from both the hepatie portal vein and the 
hepatie artery pereolates from the triad regions through these si- 
nusoids and empties into the eentral vein. From the eentral veins 
blood eventually enters the hepatie veins, which drain the liver, 
and empties into the inferior vena eava. Forming part of the sinu- 
soid walls are star-shaped stellate maerophages, also ealled he- 
patie maerophages (Figure 23.25c). They remove debris such as 
baeteria and worn-out blood eells from the blood as it flows past. 

The versatile hepatoeytes have large amounts of both rough 
and smooth ER, Golgi apparatus, peroxisomes, and mitoehon- 
dria. Equipped in this way, the hepatoeytes ean seerete or gener- 
ate some 900 ml of bile daily. The hepatoeytes also: 

■ Proeess bloodborne nutrients in various ways (e.g., they store 
ghieose as glyeogen and use amino aeids to make plasma 
proteins) 

■ Store fat-soluble vitamins 

■ Play important roles in detoxification, such as ridding the 
blood of ammonia by eonverting it to urea (Chapter 24) 
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gure 23.24 Gross anatomy of the human liver. (a) Anterior vievv of the liver. 

(b) Posteroinferior aspeet of the liver. In this vievv a group of fissures separate the four liver 
lobes. The porta hepatis is a deep fissure that eontains the hepatie portal vein, hepatie artery, 
eommon hepatie duct, and lymphaties. (For related images, see A BriefAtlas ofthe Human 
Body, Figures 64 and 65.) 
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Figure 23.25 Mieroseopie anatomy of the liver. (a) Classic lobular pattern of a pig liver. 
(b) Enlarged vievv of one liver lobule. (e) Three-dimensional representation of a small portion of 
one liver lobule, shovving the structure of sinusoids. Arrovvs indieate the direetion of blood flovv 
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Thanks to these varioiis jobs, blood leaving the liver eontains 
fewer nutrients and waste materials than the blood that entered it. 

The regenerative eapaeity of the liver is exceptional. It ean 
regenerate to its former size in 6-12 months even after surgical 
removal or loss of 80% of its mass. When the liver is injured, 
hepatoeytes seerete growth faetors that prompt endothelial eells 
lining the sinusoids to proliferate and release other growth fae- 
tors. These, in turn, prompt the hepatoeytes to multiply and 
replaee dead and dying liver tissue. 

Seereted bile flows through tiny eanals, ealled bile eana- 
liculi (kan"ah-lik'u-li; “little canals”)> that mn between adjaeent 
hepatoeytes toward the bile duct branehes in the portal triads 
(Figure 23.25c). Although most illustrations show the eana- 
liculi as diserete tubular structures (shown here in green), their 
walls are actually formed by the apieal membranes of adjoining 
hepatoeytes. Notiee that blood and bile flow in opposite diree- 
tions in the liver lobule. Bile entering the bile ducts eventually 
leaves the liver via the eommon hepatie duct to travel toward 
the duodenum. 

Homeostatie imbalanees of the Liver 

Hepatitis (hep"ah-ti'tis), or inflammation of the liver, is most 
often due to viral infeetion. So far six hepatitis-causing vi- 
mses have been identified, from A to F. Two of these (HVA 
and HVE) are transmitted enterieally (acquired through eating 
eontaminated food), and the infeetions they cause tend to be 
self-limiting. Those transmitted via blood—most importantly 
HVB and HVC—are linked to ehronie hepatitis and liver eir- 
rhosis (see discussion below). HVD is a mutated virus that 
needs HVB to be infectious. So far, little is known about HVF. 
Nonviral causes of acute hepatitis include drug toxicity and 
wild mushroom poisoning. 

In the United States, over 40% of hepatitis eases are due to 
HVB, which is transmitted via blood transfusions, eontami- 
nated needles, or sexual eontaet. A serious problem in its own 
right, hepatitis B earries with it a greater menaee—an elevated 
risk of liver eaneer. However, ehildhood immunization using 
vaeeines produced in baeteria is sweeping the feet out from un- 
der HVB, and the ineidenee of acute hepatitis from this strain 
has fallen dramatieally sinee its peak in 1985. 

Hepatitis A, eommonly ealled infectious hepatitis and ae- 
counting for about 32% of eases, is a more benign form fre- 
quently observed in day-eare eenters. It is transmitted via 
sewage-contaminated food, raw shellfish, water, and by the 
feces-mouth route, which explains why it is important for res- 
taurant employees to scrub their hands after using the wash- 
room. The highly successful HepA vaeeine helps prevent 
hepatitis A infeetion and shedding of the virus in feees. 

Hepatitis E is transmitted in a way similar to hepatitis A. It 
causes waterborne epidemies, largely in developing countries, 
and is a major cause of death (up to 25%) in pregnant women. It 
is relatively insignifieant in the United States. 

Hepatitis C has emerged as the most important liver disease 
in the United States because it produces persistent or ehronie 
liver infeetions (as opposed to acute infeetions). More than 4 
million Amerieans are infeeted and over 10,000 die annually 
due to sequels of HVC infeetion. However, the life-threatening 


C form of hepatitis is now being successfully treated by eom- 
bination dmg therapy entailing weekly injeetions of interferon 
and ribavirin (Rebetol), an oral antiviral dmg. 

Cirrhosis (sìr-ro'sis; “orange eolored”) is a progressive 
ehronie inflammation of the liver that typieally results from 
severe ehronie hepatitis or ehronie aleoholism. The damaged 
hepatoeytes regenerate, but the liver s eonneetive (sear) tissue 
regenerates faster. As a result, the liver beeomes fatty and fi- 
brous, depressing its aetivity. The sear tissue obstructs blood 
flow throughout the hepatie portal system, causing portal 
hypertension. 

Some veins of the portal system anastomose with veins that 
drain into the venae eavae ( portal-eaval anastomoses). However, 
these eonneeting veins are small and tend to burst when foreed 
to earry large volumes of blood. Signs of their failure inehide 
vomiting blood, and a snakelike network of distended veins 
surrounding the navel. This network is ealled caput medusae 
(kap'ut mé-du'se; cc medusa head”) after a monster in Greek my- 
thology whose hair was made of writhing snakes. Other eompli- 
eations due to portal hypertension include esophageal variees 
(swollen veins in the esophagus) and aseites (accumulated flmd 
in the peritoneal eavity.) 

Liver transplants are the only elinieally proven effeetive treat- 
ment for patients with end-stage liver disease. The one- and 
five-year smvival rate of such transplants is approximately 90% 
and 75%, respeetively. However, donor organs are searee and 
many patients die while waiting for a suitable organ. 


Composition of Bile 


Bile is a yellow-green, alkaline solution eontaining bile salts, 
bile pigments, eholesterol, triglyeerides, phospholipids (leeithin 
and others), and a variety of eleetrolytes. Of these, only bile salts 
and phospholipids aid the digestive proeess. 

Bile salts, primarily eholie and chenodeoxycholic aeids, 
are eholesterol derivatives. Their role is to emulsify fats—break 
them down into smaller pieees and distribute them throughout 
the watery intestinal eontents, just as a dish detergent breaks 
up a pool of fat drippings in a roasting pan. Bile salts physieally 
separate large fat globules entering the small intestine into mil- 
lions of smaller, more aeeessible fatty droplets that provide large 
surface areas for the fat-digesting enzymes to work on. Bile salts 
also faeilitate fat and eholesterol absorption (discussed later). In 
addition, they help sohibilize eholesterol, both that eontained in 
bile and that entering the small intestine in food. 

Many substances seereted in bile leave the body in feees, but 
bile salts are not among them. Instead, a reeyeling meehanism 
ealled the enterohepatie circulation eonserves bile salts. In this 
proeess, bile salts are (1) reabsorbed into the blood by the ileum, 

(2) retmned to the liver via the hepatie portal blood, and then 

(3) reseereted in newly formed bile. This pool of bile salts reeir- 
culates two or three times for a single meal. 

The ehief bile pigment is bilimbin (bil"í-roo'bin), a waste prod- 
uct of the heme of hemoglobin formed drning the breakdown of 
worn-out erythroeytes (see Chapter 17). The globin and iron parts 
of hemoglobin are saved and reeyeled, but bilirubin is absorbed 
from the blood by liver eells, excreted into bile, and metabolized 
in the small intestine by resident baeteria. One of its breakdown 


r 


23 


L 





882 


UNIT 4 Maintenanee of the Body 
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Figure 23.26 Structure of the enzyme-producing tissue of 
the panereas. (a) Sehematie vievv of one acinus (a seeretory unit). 
The aeinar eells eontain abundant zymogen (enzyme-eontaining) 
granules and dark-staining rough ER (typieal of gland eells producing 
large amounts of protein for export). (b) Photomierograph of 
panereatie aeinar tissue (155x). 


products, stereobilin (ster'ko-bi'lin), gives feees a brown eolor. In 
the absenee of bile, feees are gray-white and have fatty streaks be- 
cause essentially no fats are digested or absorbed. 

The Gallbladder 

The gallbladder is a thin-walled green muscular sae about 10 em 
(4 inehes) long. The size of a kiwi fruit, it snuggles in a shallow 
fossa on the inferior surface of the liver (see Figures 23.1 and 
23.24) from which its rounded fundus protrudes. 

The gallbladder stores bile that is not immediately needed 
for digestion and eoneentrates it by absorbing some of its water 
and ions. When empty, its mucosa is thrown into honeyeomb- 
like folds (see Figure 23.21) that, like the rugae of the stomaeh, 
allow the organ to expand as it fills. Its muscular wall eontraets 


to expel bile into the eystie duct. From there bile flows into the 
bile duct. The gallbladder, like most of the liver, is eovered by 
viseeral peritoneum. 



Homeostatie imbalanee 23.11 


Bile is the major vehiele for excreting eholesterol from the body, 
and bile salts keep the eholesterol dissolved within bile. Too much 
eholesterol or too few bile salts allows the eholesterol to erystal- 
lize, forming gallstones or biliary calculi (bil'e-a"re kal'ku-li), 
which obstruct the flow of bile from the gallbladder. When the 
gallbladder or its duct eontraets, the sharp erystals cause agoniz- 
ing pain that radiates to the right thoraeie region. 

Gallstones are easy to diagnose because they show up well 
with ultrasound imaging. Treatments for gallstones include 
dissolving the erystals with dmgs, pulverizing them with ul- 
trasound vibrations (lithotripsy), vaporizing them with lasers, 
and the elassieal treatment, surgically removing the gallbladder. 
When the gallbladder is removed, the bile duct enlarges to as- 
sume the bile-storing role. 

Bile duct bloekage prevents both bile salts and bile pigments 
from entering the intestine. As a result, yellow bile pigments 
accumulate in blood and eventually are deposited in the skin, 
causing it to beeome yellow, or jaundiced. Jaundice caused by 
bloeked ducts is ealled obstmetive jaundice , but jaundice may 
also refleet liver disease (in which the liver is unable to earry out 
its normal metabolie duties). + 



Check Your IJnderstanding 


34. What is a portal triad? 

35. What is the importanee of the enterohepatie circulation? 

36. What is the role of the stellate maerophages of the liver? 

_ For ansvvers, see Appendix Fi. 


The Panereas 

State the role of panereatie juice in digestion. 

The panereas (pan'kre-as; pan — all, ereas — flesh, meat) is 
a soft, tadpole-shaped gland that extends aeross the abdomen 
from its tail (abutting the spleen) to its head , which is eneireled 
by the C-shaped duodenum (see Figures 23.1 and 23.21). Most 
of the panereas is retroperitoneal and lies deep to the greater 
curvature of the stomaeh. 

An aeeessory digestive organ, the panereas is important to 
the digestive proeess because it produces enzymes that break 
down all eategories of foodstuffs. This exocrine product, ealled 
panereatie juice, drains from the panereas into the duodendum 
via the eentrally loeated main panereatie duct. The panereatie 
duct generally fuses with the bile duct just as it enters the duo- 
denum (at the hepatopanereatie ampulla). A smaller aeeessory 
panereatie duct empties direetly into the duodenum just proxi- 
mal to the main duct. 

Within the panereas are the aeini (as'ì-ni; singular: acinus), clus- 
ters of seeretory aeinar eells surrounding ducts igure 23.26a . 
These eells are full of rough endoplasmie reticulum and exhibit 
deeply staining zymogen granules (zi'mo-jen; “fermenting”) 
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eontaining the inaetive digestive enzymes (proenzymes) they 
manufacture. 

Seattered amid the aeini are the lightly staining panereatie is- 
lets. These mini-endoerine glands release insulin and ghieagon, 
hormones that play an important role in earbohydrate metabo- 
lism (see Chapter 16). 


Composition of Panereatie Juice 

Approximately 1200 to 1500 ml of elear panereatie juice is pro- 
duced daily. It eonsists mainly of water, and eontains enzymes 
and eleetrolytes (primarily biearbonate ions). The aeinar eells 
produce the enzyme-rieh eomponent of panereatie juice. The 
epithelial eells lining the smallest panereatie ducts release the 
biearbonate ions that make it alkaline (about pH 8). 

Normally, the amount of HC1 produced in the stomaeh is ex- 
aetly balaneed by the amount of biearbonate (HC0 3 _ ) seereted 
by the panereas, and as HC0 3 _ is seereted into the panereatie 
juice, H + enters the blood. Consequently, the pH of venous 
blood returning to the heart remains relatively unchanged be- 
cause aeidie blood draining from the panereas neutralizes the 
alkaline blood draining from the stomaeh. 

The high pH of panereatie fluid helps neutralize aeid ehyme 
entering the duodenum and provides the optimal environ- 
ment for intestinal and panereatie enzymes. Like pepsin of the 
stomaeh, panereatie proteases (protein-digesting enzymes) are 
produced and released in inaetive forms, which are aetivated 
in the duodenum, where they do their work. This proteets the 
panereas from digesting itself. 

For example, within the duodenum, enteropeptidase (for- 
merly ealled enterokinase) , an intestinal brush border protease, 
aetivates trypsinogen to trypsin. Trypsin, in turn, aetivates 
more trypsinogen and two other panereatie proteases ( pro- 
carboxypeptidase and ehymotrypsinogen ) to their aetive forms, 
carboxypeptidase (kar-bok"se-pep'tì-dàs) and ehymotrypsin 
(ky / 'mo-trip'sin), respeetively gure 23.2Í . 

Other panereatie enzymes— amylase, lipases, and nucleases— 
are seereted in aetive form, but require that ions or bile be present 
in the intestinal lumen for optimal aetivity. 



Check Your Llnderstanding' 


37. What do zymogen granules eontain? 

38. What is the functional differenee betvveen panereatie aeini 
and islets? 

_ For ansvvers, see Appendix H. 


Regulation of Bile and Panereatie 
Seeretion and Entry into 
the Small Intestine 

Deseribe how bile and panereatie juice seeretion into the 
small intestine are regulated. 

The same faetors—hormones and neural stimuli—that regu- 
late the seeretion of bile and panereatie juice also regulate their 
release to the small intestine. There they “do their business” 



Stomaeh 


Panereas 


Epithelial 

eells 


(inaetive) 



Trypsin 


Chymotrypsinogen 
(inaetive) 

Procarboxypeptidase 
inaetive) 





Chymotrypsin 





hm 



xypeptidase 


gure 23.27 Aetivation of panereatie proteases in the small 
intestine. Panereatie proteases are seereted in an inaetive form and 
are aetivated in the duodenum. 


in food digestion. The hormones include eholeeystokinin and 
seeretin. 

Bile salts themselves are the major stimulus for enhaneed bile 
seeretion gure 23.28 . After a fatty meal, when the entero- 
hepatie circulation is returning large amounts of bile salts to the 
liver, its output of bile rises dramatieally. Seeretin , released by 
intestinal eells exposed to fatty ehyme, also stimulates liver eells 
to seerete bile. 

When no digestion is occurring, the hepatopanereatie 
sphineter (guarding the entry of bile and panereatie juice into 
the duodenum) is elosed and the released bile baeks up the 
eystie duct into the gallbladder, where it is stored until needed. 
Although the liver makes bile continuously, bile does not usu- 
ally enter the small intestine until the gallbladder eontraets. 

The major stimulus for gallbladder eontraetion is eholeeysto- 
kinin , which is released to the blood when aeidie, fatty ehyme 
enters the duodenum (Figure 23.28). Besides causing the gall- 
bladder to eontraet, CCK (1) stimulates seeretion of panereatie 
juice and (2) relaxes the hepatopanereatie sphineter so that bile 
and panereatie juice ean enter the duodenum. 

Both seeretin and eholeeystokinin prompt the panereas to 
seerete its juice. Seeretin, released in response to the presenee 
of HC1 in the intestine, mainly targets the panereatie duct eells, 
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(T) Chyme entering 
duodenum causes duodenal 
enteroendoerine eells to 
release eholeeystokinin 
(CCK) and seeretin. 


©CCK (red dots) and 
seeretin (yellovv dots) enter 
the bloodstream. 


CCK induces seeretion of 
enzyme-rieh panereatie juice. 
Seeretin causes seeretion of 
HC0 3 “-rich panereatie juice. 



Bile salts and, to a lesser 
extent, seeretin transported 
via bloodstream stimulate 
liver to produce bile more 
rapidly. 


©CCK (via bloodstream) 
causes gallbladder to eontraet 
and hepatopanereatie 
sphineterto relax. Bile enters 
duodenum. 


During eephalie and 
gastrie phases, vagal nerve 
stimulates gallbladder to 
eontraet vveakly. 


í • CCK seeretion 
o°® Seeretin seeretion 


Figure 23.28 Meehanisms promoting 
seeretion and release of bile and 
panereatie juice. When digestion is not 
occurring, bile is stored and eoneentrated 
in the gallbladder. Aeidie fatty ehyme 


entering the small intestine initiates 
several meehanisms that aeeelerate the 
output of panereatie juice and bile, and 
cause the gallbladder to eontraet and the 
hepatopanereatie sphineter to relax. This 


allovvs bile and panereatie juice to enter the 
small intestine. The single most important 
stimulus for bile seeretion is an inereased level 
of bile salts in the enterohepatie circulation. 
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resulting in a watery biearbonate-rieh panereatie juice. CCK, re- 
leased in response to proteins and fats in ehyme, stimulates the 
aeini to release enzyme-rieh panereatie juice, and potentiates 
the effeet of seeretin. Table 23.1 summarizes CCK and the other 
digestive hormones and paraerines (p. 868). 

Parasympathetie impulses delivered by vagus nerve fibers are 
a minor stimulus for gallbladder eontraetion. Vagal stimulation 
also prompts the release of panereatie juice, mainly during the 
eephalie and gastrie phases of gastrie seeretion. 



Check Your IJnderstanding 


39. What is the makeup of the fluid in the panereatie duct? In 
the eystie duct? In the bile duct? 

40. What stimulates CCK release and vvhat are its effeets on the 
digestive proeess? 

_ For ansvvers, see Appendix H. 


Digestive Proeesses in the Small Intestine 

By the time food reaehes the small intestine it is unrecognizable, 
but still far from being digested. Carbohydrates and proteins are 
partially degraded, but fat digestion has only begun. The pro- 
eess of digestion aeeelerates during the ehymes tortuous 


three- to six-hour journey through the small intestine, and it 
is here that most of the water and virtually all nutrients are ab- 
sorbed. Like the stomaeh, the small intestine plays no part in 
ingestion or defeeation. 

Requìrements for Optimal Intestinal 
Digestive Aetivity 

Although a primary fimetion of the small intestine is to break 
down ehyme ehemieally, intestinal juice provides little of what 
is needed to perform this fimetion. Most of the substances re- 
quired for digestion—bile, digestive enzymes (except for the 
bmsh border enzymes), and biearbonate ions (to provide the 
proper pH for enzymatie eatalysis)—are imported from the liver 
and panereas. Henee, anything that impairs liver or panereatie 
fimetion or delivery of their juices to the small intestine severely 
hinders our ability to digest food and absorb nutrients. The 
other primary fimetion of the small intestine—absorption—is 
eífieiently aeeomplished by its absorptive eells with their rieh 
erop of apieal mierovilli. 

Optimal digestive aetivity in the small intestine also depends 
on a slow, measured delivery of ehyme from the stomaeh. Why 
is this so? Entering ehyme is usually hypertonie. For this reason, 
if large amounts of ehyme were rnshed into the small intestine, 
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Table 23.2 Overview of the Functions of the Gastrointestinal Organs 


ORGAN MAJOR FUNCTIONS* COMMENTS/ADDITIONAL FUNCTIONS 


Mouth and 
assoeiated 
aeeessory organs 


Pharynx and 
esophagus 


Stomaeh 


Small intestine 
and assoeiated 
aeeessory organs 
(liver, gallbladder, 
panereas) 


Large intestine 



Ingestion: food is voluntarily plaeed into 
oral eavity 

Propulsion: voluntary (buccal) phase of 
deglutition (svvallovving) initiated by 
tongue; propels food into pharynx 

Meehanieal breakdovvn: mastieation 
(ehevving) by teeth and mixing movements 
by tongue 


Digestion: salivary amylase in saliva, 
produced by salivary glands, begins 
ehemieal breakdovvn of stareh 


Propulsion: peristaltie vvaves move food 
bolus to stomaeh, thus aeeomplishing invol- 
untary (pharyngeal-esophageal) phase of 
deglutition 


Meehanieal breakdovvn and propulsion: 
peristaltie vvaves mix food vvith gastrie juice 
and propel it into the duodenum 

Digestion: pepsin begins the digestion of 
proteins 

Absorption: absorbs a fevv fat-soluble 
substances (aspirin, aleohol, some drugs) 


Meehanieal breakdovvn and propulsion: 
segmentation by smooth muscle of the 
small intestine continually mixes eontents 
vvith digestive juices and, along vvith short- 
distanee peristaltie vvaves, moves food 
along traet, allovving sufficient time for 
digestion and absorption 

Digestion: digestive enzymes delivered 
from panereas and brush border enzymes 
attaehed to mierovilli membranes eomplete 
digestion of all elasses of foods 

Absorption: breakdovvn products of 
earbohydrate, protein, fat, and nucleic aeid 
digestion, plus vitamins, eleetrolytes, and 
vvater, are absorbed by aetive and passive 
meehanisms 


Digestion: some remaining food 
residues are digested by enterie baeteria 
(vvhieh also produce vitamin K and some 
B vitamins) 

Absorption: absorbs most remaining vvater, 
eleetrolytes (largely NaCI), and vitamins 
produced by baeteria 

Propulsion: propels feees tovvard rectum by 
haustral churning and mass movements 


Defeeation: reflex triggered by reetal 
distension; eliminates feees from body 


Mouth serves as a reeeptaele; most functions 
performed by assoeiated aeeessory organs. 
Mucus in saliva helps dissolve foods so they 
ean be tasted and moistens food so that 
tongue ean eompaet it into a bolus that ean 
be svvallovved. Saliva eleanses and lubricates 
oral eavity and teeth. 


Primarily food chutes; mucus produced helps 
to lubricate food passagevvays. 


Also stores food until it ean be moved into 
the duodenum. Hydroehlorie aeid produced 
is a baeteriostatie agent and aetivates 
protein-digesting enzymes. Mucus produced 
helps lubricate and proteet stomaeh from 
self-digestion. intrinsie faetor produced is 
required for intestinal absorption of vitamin 

Bi 2 . 


Small intestine is highly modified for 
digestion and absorption (circular folds, villi, 
and mierovilli). Alkaline mucus produced 
by intestinal glands and biearbonate- 
rieh juice ducted in from panereas help 
neutralize aeidie ehyme and provide proper 
environment for enzymatie aetivity. Bile 
produced by liver emulsifies fats and 
enhanees (1) fat digestion and (2) absorption 
of fatty aeids, monoglyeerides, eholesterol, 
phospholipids, and fat-soluble vitamins. 
Gallbladder stores and eoneentrates bile, 
releasing it to small intestine in response to 
hormonal signals. 


Temporarily stores and eoneentrates residues 
until defeeation ean occur. Copious mucus 
produced by goblet eells eases passage of 
feees through eolon. 


*The eolored boxes beside the functions eorrespond to the eolor eoding of digestive functions (gastrointestinal traet aetivities) illustrated in Figure 23.2. 
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Table 23.3 Control of Small Intestinal Motility 


PHASE STIMULUS MECHANISM EFFECT ON MOTILITY 


Gastrie 



T Gastrie motility 
and emptying 


Intestinal 



Distension of 
small intestine 

Reduced intestinal 
volume; fasting 


Long neural reflexes (gastroileal 
reflex) 

Gastrin 


Long and short 
neural reflexes 

Long and short 
neural reflexes; 
initiated by T 
blood levels of 
motilin 


T Aetivity in ileum 

T Segmenting movements 
in ileum; relaxes 
ileoeeeal sphineter 

T Strength of segmentation 

Initiates migrating motor eom- 
plex (peristalsis); repeats until 
next meal 


the osmotie water loss from the blood into the intestinal lumen 
would result in dangerously low blood vohime. Additionally, 
the low pH of entering ehyme must be adjusted upward and the 
ehyme must be well mixed with bile and panereatie juice for diges- 
tion to continue. These modifieations take time, and the pumping 
aetion of the stomaeh pyloras earefiilly eontrols food movement 
into the small intestine (see pp. 873-874 and Figure 23.19) to pre- 
vent the duodenum from being overwhelmed. 

Sinee we eover the actual ehemistry of digestion and absorp- 
tion in detail later, here we will examine how the motility of the 
small intestine mixes and propels food and how this motility is 
regulated. 
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Motility of the Small Intestine 

Intestinal smooth muscle mixes ehyme thoroughly with bile 
and panereatie and intestinal juices, and moves food residues 
through the ileoeeeal valve into the large intestine. In eontrast 
to the peristaltie waves of the stomaeh, segmentation is the most 
eommon motion of the small intestine. 

Segmentation If we examine the small intestine with X- 
ray fluoroscopy after it is “loaded” with a meal, it looks like 
the intestinal eontents are being massaged—alternately eon- 
traeting and relaxing rings of smooth muscle simply move 
the ehyme backward and forward a few eentimeters at a time 
(see Figure 23.3b). As with stomaeh peristalsis, intrinsie 
paeemaker eells in the circular smooth muscle layer initiate 
these segmenting movements. However, unlike the stomaeh 
paeemakers, which have only one rhythm, the paeemakers in 
the duodenum depolarize more frequently than those in the 
ileum. As a result, segmentation also moves intestinal eon- 
tents slowly and steadily toward the ileoeeeal valve at a rate 
that allows ample time to eomplete digestion and absorption. 

The intensity of segmentation is altered by long and short 
reflexes, which parasympathetie aetivity enhanees and sympa- 
thetie aetivity deereases, and by hormones (Table 23.3). The 
more intense the eontraetions, the greater the mixing, but the 
basie eontraetile rhythms of the various intestinal regions re- 
main unchanged. 


Migrating Motor Compíex Trae peristalsis occurs late in the 
intestinal phase only after most nutrients have been absorbed. 
At this point, segmenting movements wane and the duodenal 
mucosa begins to release the hormone motilin. 

As motilin blood levels rise, peristaltie waves are initiated 
in the proximal duodenum every 90 to 120 minutes and sweep 
slowly along the intestine, moving 50-70 em (about 2 ft) before 
dying out. Eaeh successive wave begins a bit more distally, a 
pattern of peristaltie aetivity ealled the migrating motor eom- 
plex (MMC). A eomplete £C trip” from duodenum to ileum takes 
about two hours. The proeess then repeats itself, sweeping the 
last remnants of the meal plus baeteria, sloughed-oíf mucosal 
eells, and other debris into the large intestine. 

This £C housekeeping” function prevents baeteria in the large 
intestine from entering the small intestine. As food again en- 
ters the stomaeh with the next meal, segmentation replaees 
peristalsis. 

The loeal enterie neurons of the GI traet wall eoordinate 
these intestinal motility patterns and a variety of effeets occur 
depending on which neurons are aetivated or inhibited. For ex- 
ample, an ACh-releasing (eholinergie) sensory neuron in the 
small intestine, onee aetivated, may simultaneously send mes- 
sages to several different interneurons in the myenterie plexus 
that regulate peristalsis. As a result, the proximal area eonstriets 
and forees ehyme along the traet, as the lumen of the distal part 
of the intestine enlarges to reeeive it. 

lleoeeeal Control Most of the time, the ileoeeeal sphineter is 
elosed. However, two meehanisms—one neural and the other 
hormonal—cause it to relax and allow food residues to enter the 
cecum when ileal motility inereases: 

■ The gastroileal reflex (gas"tro-il'e-ul), a long reflex triggered 
by stomaeh aetivity, inereases the foree of segmentation in 
the ileum and relaxes the sphineter. 

■ Gastrin released by the stomaeh inereases the motility of the 
ileum and relaxes the ileoeeeal sphineter. 

Onee the ehyme has passed through, it exerts backward pres- 
sure that eloses the valves flaps, preventing regurgitation into 
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the ileum. This reflex sweeps the eontents of the previous meal 
eompletely out of the stomaeh and small intestine as the next 
meal is eaten. 



Check Your Understanding 


41. Distension of the stomaeh and duodenal vvalls have different 
effeets on stomaeh seeretory aetivity. What are these effeets? 

42. Which is more important in moving food along the small 
intestine—peristalsis or segmentation? 

43. What is the MMC and vvhy is it important? 

_ For ansvvers, see Appendix H. 


The Large Intestine 

List the major functions of the large intestine. 

Deseribe the regulation of defeeation. 

The large intestine frames the small intestine on three sides and 
extends from the ileoeeeal valve to the anus (see Figure 23.1). 
Its diameter, at about 7 em, is greater than that of the small 
intestine (henee, large intestine), but it is much shorter (1.5 m 
versus 6 m). Its major digestive functions are to absorb most of 
the remaining water from indigestible food residues (delivered 
to it in a fluid state), store the residues temporarily, and then 
eliminate them from the body as semisolid feees (fe'sèz). It also 
absorbs metabolites produced by resident baeteria as they av- 
idly ferment earbohydrates not absorbed in the small intestine. 

Gross Anatomy 

The large intestine exhibits three features not seen elsewhere— 
teniae eoli, haustra, and epiploie appendages. Except for its 
terminal end, the longitudinal muscle layer of its muscularis is 
mostly reduced to three bands of smooth muscle ealled teniae 
eoli (ten'ne-e ko'li; c ribbons of the eolon”). Their tone puckers 
the wall of the large intestine into poeketlike saes ealled haustra 
(haw'strah; cc to draw up”; singular: haustrum). Another obvious 
feature of the large intestine is its epiploie appendages (ep"ì- 
plo'ik; cc membrane eovered”), which are small fat-fìlled pouches 
of viseeral peritoneum that hang from the surface of the large 
intestine i iure 23.29a . Their signifieanee is not known. 

Siibdivisions of the Large Intestine 

The large intestine has the following subdivisions: cecum, appen- 
dix, eolon, rectum, and anal eanal. The saelike cecum (se'kum; 
cc blind pouch”), which lies below the ileoeeeal valve in the right 
iliae fossa, is the first part of the large intestine (Figure 23.29a). 

Attaehed to the posteromedial surface of the cecum is the 
blind, wormlike appendix. The appendix eontains masses of lym- 
phoid tissue, and as part of MALT (see p. 759) it plays an impor- 
tant role in body immunity. Additionally, it serves as a storehouse 
of baeteria and reeolonizes the gut when needed. However, the 
appendix has an important structural shorteoming—its twisted 
structure provides an ideal loeation for enterie baeteria to accu- 
mulate and multiply. 
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Acute inflammation of the appendix, or appendieitis, results 
from a bloekage (often by feees) that traps infectious baeteria 
in its lumen. Unable to empty its eontents, the appendix swells, 
squeezing off venous drainage, which may lead to isehemia and 
neerosis (death and deeay) of the appendix. If the appendix mp- 
tures, feees eontaining baeteria spray over the abdominal eon- 
tents, causing peritonitis. 

The symptoms of appendieitis vary, but the first symptom 
is usually pain in the umbilical region. Loss of appetite, nausea 
and vomiting, and pain reloealization to the lower right abdom- 
inal quadrant follow. Immediate surgical removal of the appen- 
dix (appendeetomy) is the aeeepted treatment. Appendieitis is 
most eommon during adoleseenee, when the entranee to the 
appendix is at its widest. + 


The eolon has several distinet regions. Proximally, as the as- 
eending eolon, it travels up the right side of the abdominal eav- 
ity to the level of the right kidney. Here it makes a right-angle 
turn—the right eolie (hepatie) flexure —and travels aeross the 
abdominal eavity as the transverse eolon. Direetly anterior to 
the spleen, it bends acutely at the left eolie (splenie) flexure and 
deseends down the left side of the posterior abdominal wall as 
the deseending eolon. Inferiorly, it enters the pelvis, where it 
beeomes the S-shaped sigmoid eolon. 

The eolon is retroperitoneal, except for its transverse and sig- 
moid parts. These parts are intraperitoneal and anehored to the 
posterior abdominal wall by mesentery sheets ealled mesoeo- 
lons (Figure 23.30c, d). 

In the pelvis, at the level of the third saeral vertebra, the 
sigmoid eolon joins the rectum, which runs posteroinferiorly 
just in front of the saeram. The position of the rectum allows 
a number of pelvie organs (e.g., the prostate of males) to be ex- 
amined digitally (with a finger) through the anterior reetal wall. 
This is ealled a reetal exam. 

Despite its name (rectum — straight), the rectum has three 
lateral curves or bends, represented internally as three trans- 
verse folds ealled reetal valves (Figure 23.29b). These valves 
stop feees from being passed along with gas (flatus). 

The anal eanal, the last segment of the large intestine, lies in 
the perineum, entirely external to the abdominopelvie eavity. 
About 3 em long, it begins where the rectum penetrates the leva- 
tor ani muscle of the pelvie floor and opens to the body exterior 
at the anus. The anal eanal has two sphineters, an invohmtary 
internal anal sphineter eomposed of smooth muscle (part of 
the muscularis), and a vohmtary external anal sphineter eom- 
posed of skeletal muscle. The sphineters, which aet rather like 
purse strings to open and elose the anus, are ordinarily elosed 
except during defeeation. 
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Mieroseopie Anatomy 

The wall of the large intestine difiFers in several ways from that 
of the small intestine. The large intestine mucosa is simple eo- 
lumnar epithelium except in the anal eanal. Because most food 
is absorbed before reaehing the large intestine, there are no eir- 
cular folds, no villi, and virtually no eells that seerete digestive 
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Left eolie 
(splenie) flexure 

Transverse mesoeolon 
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Right eolie 
(hepatie) flexure 


Transverse eolon 


Superior 
mesenterie 
artery 


Haustrum 


Cecum 


Appendix 
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Aseending eolon 


lleum 


lleoeeeal valve 


External anal sphineter 


Epiploie appendages 


Deseending eolon 


Cut edge of mesentery 


Tenia eoli 


Sigmoid eolon 


Reetal valve- 

Rectum- 

Hemorrhoidal- 

veins 

Levator ani muscle 
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External anal- 
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Internal anal- 

sphineter 

Anal columns- 

Peetinate line- 

Anal sinuses- 

Anus- 




giire 23.29 Gross anatomy of the large intestine. 

(a) Diagrammatie vievv. (b) Structure of the anal eanal. 


enzymes. However, its mucosa is thieker, its abimdant erypts are 
deeper, and the erypts eontain tremendous numbers of goblet 
eells. Mucus produced by goblet eells eases the passage of feees 
and proteets the intestinal wall from irritating aeids and gases 
released by resident baeteria. 

The mucosa of the anal eanal, a stratified squamous epithe- 
lium, merges with the true skin surrounding the anus and is quite 
different from the mucosa in the rest of the eolon, refleeting the 
greater abrasion that this region reeeives. Superiorly, it hangs in 
long ridges or folds ealled anal columns. Anal sinuses, reeesses 
between the anal columns, exude mucus when eompressed by 
feees, which aids in emptying the anal eanal (Figure 23.29b). 

The horizontal, tooth-shaped line that parallels the inferior 
margins of the anal sinuses is ealled the peetinate line. Superior 
to this line, viseeral sensory fibers innervate the mucosa, which 
is relatively insensitive to pain. The area inferior to the peetinate 
line is very sensitive to pain, a refleetion of the somatie sensory 
fibers serving it. 

Two superficial venous plexuses are assoeiated with the anal 
eanal, one with the anal columns and the other with the anus 
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Faleiform ligament 
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Spleen 

Stomaeh 


Duodenum 
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Transverse eolon 


Greater omentum 
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Greater omentum 

Transverse eolon 
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mesoeolon 

Deseending eolon 

Jejunum 

Mesentery 
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Sigmoid eolon 
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gure 23.30 Mesenteries of the 
abdominal digestive organs. (a) The 

greater omentum, a dorsal mesentery, 
is shovvn in its normal position eovering 
the abdominal viseera. (b) The liver and 


gallbladder have been refleeted superiorly 
to reveal the lesser omentum, a ventral 
mesentery attaehing the liver to the lesser 
curvature of the stomaeh. (e) The greater 
omentum has been refleeted superiorly to 


reveal the mesentery attaehments of the 
small and large intestine. (d) Sagittal seetion 
of the abdominopelvie eavity of a male. 
Mesentery labels appear in eolored boxes. 
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itself. If these (hemorrhoidal) veins beeome inflamed, itehy var- 
ieosities ealled hemorrhoids result. 

The rectum and anal eanal laek teniae eoli and haustra. How- 
ever, the rectums muscularis muscle layers are eomplete and 
well developed, eonsistent with its role in generating strong eon- 
traetions to expel feees. 


Baeterial Flora 


Although most baeteria entering the cecum from the small 
intestine are dead (killed by lysozyme, defensins, HC1, and 
protein-digesting enzymes), some are still “alive and kieking.” 
Together with baeteria that enter the GI traet via the anus, these 
constitute the baeterial flora of the large intestine, an astonish- 
ing 10 million diserete types. These baeteria: 

■ Colonize the eolon 

■ Synthesize B complex vitamins and some of the vitamin K 
the liver needs to produce several elotting proteins 

■ Metabolize some host-derived molecules (mucin, heparin, 
and hyaluronic aeid) 

■ Ferment some of the indigestible earbohydrates (eelhilose, 
xylan, and others), releasing irritating aeids and a mixture of 
gases (including dimethyl sulfide, H 2 , N 2 , CH 4 , and C0 2 ) 
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Some of these gases, such as dimethyl sulfide, are quite odor- 
ous (smelly). About 500 ml of gas (flatus) is produced eaeh day, 
much more when we eat eertain earbohydrate-rieh foods (such 
as beans). 

Although the huge intestinal population of baeteria would 
seem to be enough inhabitants, the feees also have others, in- 
cluding vimses and protozoans. Of these, at least 20 are known 
pathogens. 

Most enterie baeteria coexist peaeefhlly with their host as long 
as they remain in the gut lumen. An elegant system keeps the bae- 
teria from breaehing the mucosal barrier. The epithelial eells of the 
gut mucosa respond to speeifie baeterial eomponents by releasing 
ehemieals that reemit immune eells, particularly dendritie eells, into 
the mucosa. The dendritie eells pry open tight junctions between 
the epithelial eells and send extensions into the lumen to sample the 
mierobial antigens. They then migrate to the nearby lymphoid folli- 
eles (MALT) within the gut mucosa where they present the antigens 
to T eells. As a result, an IgA antibody-mediated response restrieted 
to the gut lumen is triggered that prevents the baeteria from stray- 
ing into tissues deep to the mucosa where they might elieit a much 
more widespread systemie response. 

Though benefieial in most ways, the coexistence of enterie 
baeteria with our immune system does sometimes fail. When 
that happens, the painfiil and debilitating eonditions known as 
inflammatory bowel disease (see Related Clinical Terms, p. 905) 
may result. 


Digestive Proeesses in the Large Intestine 

What is finally delivered to the large intestine eontains few 
nutrients, but it still has 12 to 24 hours more to spend there. 
Except for a small amount of digestion of that residue by the 


enterie baeteria, no further food breakdown occurs in the large 
intestine. 

The large intestine harvests vitamins made by the baeterial 
flora and reelaims most of the remaining water and some of 
the eleetrolytes (particularly sodium and ehloride). However, 
nutrient absorption is not its major fimetion. As mentioned, the 
primary eoneerns of the large intestine are propulsive aetivities 
that foree feeal material toward the anus and eliminate it from 
the body (defeeation). 
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The large intestine is important for our eomfort, but it is not es- 
sential for life. If the eolon is removed, as may be neeessitated by 
eolon eaneer, the terminal ileum is brought out to the abdomi- 
nal wall in a procedure ealled an ileostomy (il"e-os'to-me). From 
there food residues are eliminated into a sae attaehed to the 
abdominal wall. Another surgical technique, ileoanal juncture, 
links the ileum direetly to the anal eanal. + 


Motility of the Large Intestine 

The large intestine musculature is inaetive much of the time, but 
pressure in the ileum terminus opens the ileoeeal sphineter and 
then eloses it, preventing backward movement of the ehyme. 
When presented with food residue the eolon beeomes motile, 
but its eontraetions are sfiiggish or short-lived. The movements 
most seen in the eolon are haustral eontraetions, slow seg- 
menting movements lasting about one minute that occur every 
30 mimites or so. 

These eontraetions, which occur mainly in the aseending 
and transverse eolon, refleet loeal eontrols of smooth muscle 
within the walls of the individual haustra. As a haustrum fills 
with food residue, the distension stimulates its muscle to eon- 
traet, which propels the luminal eontents into the next haus- 
trum. These movements also mix the residue, which aids in 
water absorption. 

Mass movements (also ealled mass peristalsis) are long, 
slow-moving, but powerful eontraetile waves that move over 
large areas of the eolon three or four times daily and foree the 
eontents toward the rectum. Typieally, they occur during or just 
after eating, which indieates that the presenee of food in the 
stomaeh aetivates the gastroileal reflex in the small intestine and 
the propulsive gastroeolie reflex in the eolon. 

Segmenting movements in the deseending and sigmoid eo- 
lon promote the final desieeation (drying out) of the feees. This 
part of the eolon also stores feees until mass movements propel 
the feees into the rectum. Bulk, or fiber, in the diet strengthens 
eolon eontraetions and softens the feees, allowing the eolon to 
aet like a well-oiled maehine. 
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When the diet laeks bulk and the volume of residues in the 
eolon is small, the eolon narrows and its eontraetions beeome 
more powerful, inereasing the pressure on its walls. This pro- 
motes formation of diverticula (di"ver-tik'u-lah), small hernia- 
tions of the mucosa through the eolon walls. 
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Impiilses from 
eerebral cortex 
(eonseioiis 
eontrol) 


Voluntary motor 
nerve to external 
anal sphineter 


External anal 
sphineter 
(skeletal muscle) 




Feees move into and 
distend the rectum, 
stimulating streteh 
reeeptors there. The 
reeeptors transmit signals 
along afferent fibers to 
spinal eord neurons. 


Streteh reeeptors in wall 

(2) A spinal reflex is initiated in vvhieh 
parasympathetie motor (efferent) fibers 
stimulate eontraetion of the rectum and 
sigmoid eolon, and relaxation of the 
internal anal sphineter. 

lnvoluntary motor nerve 
(parasympathetie division) 

Internal anal sphineter 
(smooth muscle) 


lf it is eonvenient to defeeate, 
voluntary motor neurons are 
inhibited, allovving the external 
anal sphineter to relax so feees 
may pass. 


Figiire 23.31 Defeeation reflex. 

This eondition, ealled diverticulosis, most eommonly occurs 
in the sigmoid eolon, and affeets over half of people over age 70. 
In about 20% of eases, diverticulosis progresses to diverticulitis, in 
which the diverticula beeome inflamed and may rupture, leaking 
into the peritoneal eavity, which ean be life threatening. Foods and 
products that make feees bulkier help prevent diverticulitis. 

Irritable bowel syndrome ( IBS ) is a functional GI disorder not 
explained by anatomieal or bioehemieal abnormalities. Affeeted 
individuals have recurring (or persistent) abdominal pain that 
is relieved by defeeation, ehanges in the eonsisteney (watery to 
stonelike) and frequency of their stools, and varying eomplaints 
of bloating, flatulence, nausea, and depression. Stress is a eom- 
mon preeipitating faetor, and stress management is an impor- 
tant aspeet of treatment. + 

The semisolid feees delivered to the rectum, also ealled the 
stool, eontain undigested food residues, mucus, sloughed-off 
epithelial eells, millions of baeteria, and just enough water to 
allow their smooth passage. Of the 500 ml or so of food residue 
entering the cecum daily, approximately 150 ml beeomes feees. 


Defeeation 

The rectum is usually empty, but when mass movements foree 
feees into it, stretehing of the reetal wall initiates the defeeation 
reflex. This parasympathetie reflex, mediated by the spinal eord, 
causes the sigmoid eolon and the rectum to eontraet, and the in- 
ternal anal sphineter to relax ( : igure 23.31 (J and (2 ). As feees 
are foreed into the anal eanal, messages reaeh the brain allow- 
ing us to deeide whether the external (voluntary) anal sphineter 
should open or remain eonstrieted to stop passage of feees tem- 
porarily (Figure 23.31 (T ). 

If defeeation is delayed, the reflex eontraetions end within a 
few seeonds and the reetal walls relax. The next mass movement 
initiates the defeeation reflex again—and so on, until the person 
ehooses to defeeate or the urge beeomes irresistible. 

During defeeation, the muscles of the rectum eontraet to ex- 
pel the feees. We aid this proeess voluntarily by elosing the glot- 
tis and eontraeting our diaphragm and abdominal wall muscles 
to inerease the intra-abdominal pressure (a procedure ealled 
Valsalvas maneuver). We also eontraet the levator ani muscle 
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(pp. 344-345), which lifts the anal eanal superiorly. This lifting 
aetion leaves the feees below the anus—and outside the body. 
Involuntary or automatic defeeation (feeal ineontinenee) oe- 
curs in infants because they have not yet gained eontrol of their 
external anal sphineter. It also occurs in those with spinal eord 
transeetions. 
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Watery stools, or diarrhea, result from any eondition that 
mshes food residue through the large intestine before that organ 
has had suíhcient time to absorb the remaining water. Causes 
include irritation of the eolon by baeteria or, less eommonly, 
prolonged physieal jostling of the digestive viseera (occurs in 
marathon mnners). Prolonged diarrhea may result in dehydra- 
tion and eleetrolyte imbalanee (aeidosis and loss of potassimn). 

Conversely, when food remains in the eolon for extended 
periods, too much water is absorbed and the stool beeomes 
hard and diíhcult to pass. This eondition, ealled eonstipation, 
may result from laek of Sber in the diet, improper bowel habits 


(failing to heed the “caH”)> laek of exercise, emotional stress, or 
laxative abuse. + 



Check Your IJnderstanding 


44. What propulsive movements are unique to the large 
intestine? 

45. What is the result of stimulation of streteh reeeptors in the 
reetal vvalls? 

46. In vvhat vvays are enterie baeteria important to our nutrition? 

_ For ansvvers, see Appendix Fi. 


PART 3 

I Physiology of Digfestion 
and Absorption 



List the enzymes involved in digestion; name the foodstuffs 
on vvhieh they aet. 

List the end products of protein # fat # carbohydrate # and 
nucleic aeid digestion. 


w s Deseribe the proeess by vvhieh breakdovvn products of 

foodstuffs are absorbed in the small intestine. 


So far in this ehapter, we have examined the structure and func- 
tion of the organs that make up the digestive system. Now let s 
investigate the ehemieal proeessing (enzymatie breakdown) and 
absorption of eaeh elass of foodstuffs as it moves through the GI 
traet. As you read along, you may fìnd it helpful to refer to the 
summaryin igure 23.32. 


Digestion 

After foodstuffs have spent even a short time in the stomaeh, they 
are unrecognizable. Nonetheless, they are still mostly the foods 
that that we ingested—earbohydrates, proteins, fats and so on. 
Meehanieal breakdown has only ehanged their appearanee. By 


eontrast, digestion breaks down ingested foods into their ehemi- 
eal building bloeks, which are very different molecules ehemieally. 


Meehanism of Digestion: 

Enzymatie Hydrolysis 

Digestion is a eatabolie proeess that breaks down large food mol- 
ecules to monomers (ehemieal building bloeks) small enough to 
be absorbed by the GI traet lining. Digestion is aeeomplished by 
enzymes seereted into the lumen of the alimentary eanal by in- 
trinsie and aeeessory glands. Reeall that enzymatie breakdown 
of any food molecule is hydrolysis (hi-drol'ì-sis) because it in- 
volves adding a water molecule to eaeh molecular bond to be 
broken (lysed). 

Digestion of Carbohydrates 

Monosaeeharides (simple sugars), the monomers of earbohy- 
drates, are absorbed without further ado. Only three monosae- 
eharides are eommon in our diet: glucose,fructose , and galaetose. 

The more complex earbohydrates that our digestive sys- 
tem is able to break down to monosaeeharides are the disae- 
eharides sucrose (table sugar), laetose (milk sugar), and maltose 
(grain sugar), and the polysaeeharides glyeogen and stareh. The 
proteins that transport the monosaeeharides into the eells are 
loeated very elose to the disaeeharidase enzymes on the miero- 
villi. They eombine with the monosaeeharides as soon as the 
disaeeharides are broken down. Because the intestine ean ab- 
sorb only monosaeeharides, all dietary earbohydrates must be 
digested to monosaeeharides to be absorbed. 

In the average diet, most (up to 60%) digestible earbohydrates 
are in the form of stareh, with smaller amounts of disaeeharides 
and monosaeeharides. Humans laek enzymes eapable of break- 
ing down most other polysaeeharides, such as eelhilose. As a re- 
sult, indigestible polysaeeharides do not nourish us but they do 
help move food along the GI traet by providing bulk, or fiber. 

Digestion of stareh (and perhaps glyeogen) begins in the mouth 
(Figure 23.32). Salivary amylase, present in saliva, splits stareh 
into oligosaeeharides , smaller fragments of two to eight linked glu- 
eose molecules. Salivary amylase works best in the slightly aeid to 
neutral environment (pH of 6.75-7.00) maintained in the mouth 
by the buffering effeets ofbiearbonate and phosphate ions in saliva. 
Stareh digestion continues until amylase is inaetivated by stomaeh 
aeid and broken apart by the stomaehs protein-digesting enzymes. 
Generally speaking, the larger the meal, the longer amylase eon- 
tinues to work in the stomaeh because foodstuffs in its relatively 
immobile fundus are poorly mixed with gastrie juices. 

Starehy foods and other digestible earbohydrates that eseape 
being broken down by salivary amylase are aeted on by panere- 
atie amylase in the small intestine. About 10 minutes after en- 
tering the small intestine, stareh is entirely eonverted to various 
oligosaeeharides, mostly maltose. 

Intestinal bmsh border enzymes fiirther digest these products 
to monosaeeharides. The most important bmsh border enzymes 
are dextrinase and glucoamylase, which aet on oligosaeeharides 
eomposed of more than three simple sugars, and maltase, su- 
erase, and laetase, which hydrolyze maltose, sucrose, and laetose 
respeetively into their constituent monosaeeharides. 







Foodstuff 


Enzyme(s) and source 


Site of aetion Path of absorption 


Carbohydrate - 
digestion 


Protein - 
digestion 


Fat- 

digestion 


Nucleic aeid — 
digestion 


Stareh and disaeeharides 




t 

Oligosaeeharides 
and disaeeharides 



Laetose 


Maltose 



Sucrose 



Galaetose Glucose 


Fructose 


Salivary amylase 


Panereatie 

amylase 




Brush border 
enzymes in 
small intestine 
(dextrinase, gluco- 
amylase, laetase, 
maltase, and sucrase) 





Mouth 


Small 

intestine 


Small 

intestine 


• Glucose and galaetose are absorbed 
via eotransport with sodium ions. 

• Fmetose passes via faeilitated 
diffusion. 

• All monosaeeharides leave the 
epithelial eells via faeilitated diffusion, 
enter the eapillary blood in the 

villi, and are transported to the liver 
via the hepatie portal vein. 


Proteins 


Large polypeptides 


Small polypeptides, 
small peptides 


Amino aeids 
(some dipeptides 
and tripeptides) 


Pepsin 

(stomaeh glands) 
in presenee 
of HCI 



Panereatie 
enzymes (trypsin, 
ehymotrypsin, 
carboxypeptidase) 



Brush border 
enzymes 
(aminopeptidase, 
carboxypeptidase, 
and dipeptidase) 



Stomaeh 


Small 

intestine 


Small 

intestine 


• Amino aeids are absorbed via 
eotransport with sodium ions. 

• Some dipeptides and tripeptides are 
absorbed via eotransport with H + and 
hydrolyzed to amino aeids within the 
eells. 

• lnfrequently, transeytosis of small 
peptides occurs. 

• Amino aeids leave the epithelial eells 
by faeilitated diffusion, enter the 
eapillary blood in the villi, and are 
transported to the liver via the 
hepatie portal vein. 


Unemulsified triglyeerides 



Lingual lipase 



Mouth 



Gastrie lipase 



m - Emulsification by 

the detergent 
aetion of bile 
salts ducted 
in from the liver 



Stomaeh 


Small 

intestine 



t 

Monoglyeerides (or diglyeerides 
with gastrie lipase) and fatty aeids 


Panereatie 

lipases 



Small 

intestine 


• Fatty aeids and monoglyeerides enter 
the intestinal eells via diffusion. 

• Fatty aeids and monoglyeerides are 
reeombined to form triglyeerides and 
then eombined with other lipids and 
proteins within the eells. The resulting 
ehylomierons are extruded 

by exocytosis. 

• The ehylomierons enter the laeteals 
of the villi and are transported to the 
systemie circulation via the lymph in 
the thoraeie duct. 

• Some short-ehain fatty aeids are 
absorbed, move into the eapillary 
blood in the villi by diffusion, and are 
transported to the liver via the 
hepatie portal vein. 




Nucleic aeids 


Panereatie ribo- 
nuclease and 
deoxyribonuclease 



Small 

intestine 



t 

Pentose sugars, 
N-eontaining bases, 
phosphate ions 


Brush border 
enzymes 
(nucleosidases 
and phosphatases) 



Small 

intestine 


• Units enter intestinal eells by aetive 
transport via membrane earriers. 

• Units are absorbed into eapillary 
blood in the villi and transported to 
the liver via the hepatie portal vein. 


Figure 23.32 Flovvehart of digestion and absorption of foodstuffs. 
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Proteins and protein fragments 
are digested to amino aeids by 
panereatie proteases (trypsin, 
ehymotrypsin, and carboxy- 
peptidase), and by brush border 
enzymes (carboxypeptidase, 
aminopeptidase, and dipeptidase) 
of mucosal eells. 


The amino aeids are then 
absorbed by aetive transport into 
the absorptive eells, and move to 
their opposite side. 


The amino aeids leave the villus 
epithelial eell by faeilitated 
diffusion and enter the eapillary 
via intercellular elefts. 


gure 23.33 Protein digestion and absorption in the small intestine. 



Because the eolon does not seerete digestive enzymes, diges- 
tion offieially ends in the small intestine. As noted earlier, how- 
ever, resident eolon baeteria do break down and metabolize the 
residual complex earbohydrates and some proteins further, add- 
ing much to their own nutrition but essentially nothing to ours. 
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In some people, intestinal laetase is present at birth but then be- 
eomes defieient due to genetie faetors. When people with laetose 
intoleranee consume laetose, the undigested disaeeharides ere- 
ate osmotie gradients that prevent water from being absorbed 
in the intestines and also pull water from the interstitial spaee 
into the intestines. The result is diarrhea. Baeterial metabolism 
of the undigested solutes produces large amounts of gas that 
result in bloating, flatulence, and eramping pain. For the most 
part, the sohition to this problem is simple—add laetase enzyme 
cc drops” to your milk or take a laetase tablet before consuming 
milk products. + 


Digesfion of Proteins 

Proteins digested in the GI traet include not only dietary proteins 
(typieally about 125 g per day), but also 15-25 g of enzyme pro- 
teins seereted into the GI traet lrnnen by its various glands and 
(probably) an equal amount of protein derived from sloughed and 
disintegrating mucosal eells. Healthy individuals digest much of 
this protein all the way to its amino aeid monomers. 

Protein digestion begins in the stomaeh when pepsinogen 
seereted by the ehief eells is aetivated to pepsin (actually a group 
of protein-digesting enzymes) (Figure 23.32). Pepsin fimetions 
optimally in the aeidie pH range found in the stomaeh: 1.5- 
2.5. It preferentially eleaves bonds involving the amino aeids 
tyrosine and phenylalanine, breaking the proteins down into 
polypeptides and free amino aeids. 

Pepsin, which hydrolyzes 10-15% of ingested protein, is in- 
aetivated by the high pH in the duodenum, so its proteolytie 
aetivity is restrieted to the stomaeh. Rennin (the enzyme that 
coagulates milk protein) is not produced in adults. 
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Protein fragments entering the small intestine are greeted 
by a host of proteolytie enzymes ( igure 23.33 (T). Trypsin 
and ehymotrypsin seereted by the panereas eleave the proteins 
into smaller peptides, which in turn beeome the grist for other 
enzymes. The panereatie and brush border enzyme carboxy- 
peptidase splits off one amino aeid at a time from the end of the 
polypeptide ehain that bears the carboxyl group. Other brash 
border enzymes such as aminopeptidase and dipeptidase liber- 
ate the final amino aeid products. Aminopeptidase digests a pro- 
tein, one amino aeid at a time, by working from the amine end. 

Both carboxypeptidase and aminopeptidase ean indepen- 
dently dismantle a protein, but the teamwork between these 
enzymes and between trypsin and ehymotrypsin, which attaek 
the more internal parts of the protein, speeds up the proeess 
tremendously. 

Digestion of Lipids 

Triglyeerides (neutral fats) are the most abundant fats in the 
diet. The small intestine is the primary site of lipid digestion be- 
cause the panereas is the major source of fat-digesting enzymes, 
or lipases (see Figure 23.32). 

Because triglyeerides and their breakdown products are in- 
sohible in water, fats need speeial “pretreatmenf ’ with bile salts 
to be digested and absorbed in the watery environment of the 
small intestine. In aqueous solutions, triglyeerides aggregate 
to form large fat globules, and only the triglyeeride molecules 
at the surfaces of such fatty masses are aeeessible to the water- 
soluble lipase enzymes. However, this problem is quickly re- 
solved because as the fat globules enter the duodenum, they are 
eoated with detergent-like bile salts. 

Bile salts have both nonpolar and polar regions. Their nonpo- 
lar (hydrophobie) parts eling to the fat molecules, and their polar 
(ionized hydrophilie) parts allow them to repel eaeh other and in- 
teraet with water. As a result, fatty droplets are pulled off the large 
fat globules, forming a stable emidsion —an aqueous suspension of 
fatty droplets, eaeh about 1 mm in diameter ( : igure 23.34 (T ). 

Emulsification does not break ehemieal bonds. It just reduces 
the attraetion between fat molecules so they ean be more widely 
dispersed. This proeess vastly inereases the number of triglye- 
eride molecules exposed to the panereatie lipases. Without bile, 
lipids could not be eompletely digested during the time food 
spends in the small intestine. 

The panereatie lipases eatalyze the breakdown of fats by 
eleaving off two of the fatty aeid ehains, yielding free fatty ae- 
ids and monoglyeerides —glyeerol with one fatty aeid ehain at- 
taehed (Figure 23.34 (? ). Fat-soluble vitamins that ride with 
fats require no digestion. 

Digestion of Nucleic Aeids 

The nuclei of the eells of ingested foods eontain DNA and RNA. 
Panereatie nucleases in panereatie juice hydrolyze the nucleic 
aeids to their nucleotide monomers. Intestinal brash border 
enzymes (nucleosidases and phosphatases) then break the nu- 
eleotides apart to release their free bases, pentose sugars, and 
phosphate ions (see Figure 23.32). 



(T) Bile salts in the duodenum 
emulsify large fat globules 
(physieally break them up into 
smaller fat droplets). 


Fat droplets 
eoated with 
bile salts 


© Digestion of fat by the 
panereatie enzyme lipase 
yields free fatty aeids and 
monoglyeerides. These then 
assoeiate with bile salts to 
form mieelles which "ferry" 
them to the intestinal 


mucosa 



Mieelles made 
up of fatty aeids, 
monoglyeerides, 
and bile salts 



< * * 


(D Fatty aeids and 
monoglyeerides leave 
mieelles and diffuse into 
epithelial eells. There they 
are reeombined and 
paekaged with other fatty 
substances and proteins to 
form ehylomierons. 





«■ + 


Epithelial 
eells of 
small 
intestine 






ehylomierons are 
extruded from the epithelial 
eells by exocytosis. The 
ehylomierons enter laeteals 
and are earried away from 
the intestine in lymph. 


Laeteal 


gure 23.34 Errmlsifieation, digestion, and absorption of fats. 


Absorption 

There is much more flowing through the alimentary tube than 
food monomers. Indeed, up to 10 L of food, drink, and GI se- 
eretions enter the alimentary eanal daily, but only 1 L or less 
reaehes the large intestine. Virtually all of the foodstuffs, 80% of 
the eleetrolytes, and most of the water (remember water follows 
salt) are absorbed in the small intestine. Although absorption 
occurs all along the length of the small intestine, most of it is 
eompleted by the time ehyme reaehes the ileum. 

The major absorptive role of the ileum is to reelaim bile salts to 
be reeyeled baek to the liver for reseeretion. It is virtually impos- 
sible to exceed the absorptive eapaeity of the human gut, and at 
the end of the ileum, all that remains is some water, indigestible 
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food materials (largely plant fibers such as cellulose), and millions 
of baeteria. This debris is passed on to the large intestine. 

To understand absorption, remember that the fluid mosaie 
structure of the plasma membrane dietates that nonpolar sub- 
stanees, which ean dissolve in the lipid eore of the membrane, 
ean be absorbed passively, and that polar substances must be 
absorbed by earrier meehanisms. Most nutrients are absorbed 
through the mucosa of the intestinal villi by aetive transport 
proeesses driven direetly or indireetly (seeondarily) by meta- 
bolie energy (ATP). They then enter the eapillary blood in the 
vilhis to be transported in the hepatie portal vein to the liver. 
The exception is some lipid digestion products, which are ab- 
sorbed passively by diffhsion and then enter the laeteal in the 
villus to be earried via lymphatie fluid to the blood. 

Because tight junctions join the epithelial eells of the intestinal 
mucosa at their apieal surfaces, substances eannot move between 
eells for the most part. Consequently, materials must pass through 
the epithelial eells and into the interstitial fluid abutting their baso- 
lateral membranes to enter the blood eapillaries. 

As we deseribe the absorption of eaeh nutrient elass, you may 
want to refer to the absorption summary on the right-hand side 
of Figure 23.32 (p. 893). 

Carbohydrate Absorption 

Glucose and galaetose, liberated by the breakdown of stareh and 
disaeeharides, are shuttled by seeondary aetive transport with 
Na + into the epithelial eells gure 23.35 . They then move 
out of these eells by faeilitated diffhsion and pass into the eapil- 
laries via intercellular eleft s. By eontrast, fmetose moves entirely 
by faeilitated diffiision (to enter and exit the eells). 




23 




Protein Absorption 

Several types of earriers transport the different amino aeids re- 
sulting from protein digestion. Most of these earriers, like those 
for glucose and galaetose, are coupled to the aetive transport 
of sodium (see Figure 23.33 (2)). Short ehains of two or three 
amino aeids (dipeptides and tripeptides, respeetively) are ae- 
tively absorbed by H + -dependent eotransport. They are di- 
gested to their amino aeids within the epithelial eells. The amino 
aeids enter the eapillary blood by diffhsion (Figure 23.33 (? ). 



Homeostatie imbalanee 23.17 


Whole proteins are not usually absorbed, but in rare eases intaet 
proteins are taken up by endoeytosis and released on the oppo- 
site side of the epithelial eell by exocytosis. This proeess is most 
eommon in newborn infants, refleeting the immaturity of their 
intestinal mucosa (gastrie aeid seeretion does not reaeh normal 
levels until weeks after birth, and the mucosa is leakier than it 
is later.) Absorption of whole proteins accounts for many early 
food allergies: The immune system “sees” the intaet proteins as 
antigenie and mounts an attaek. These allergies usually disap- 
pear as the mucosa matures. 

This meehanism may also provide a route for IgA antibod- 
ies in breast milk to reaeh an infants bloodstream. These anti- 
bodies eonfer some passive immunity on the infant, providing 


temporary proteetion against antigens to which the mother has 
been sensitized. + 


Lipid Absorption 

Just as bile salts aeeelerate lipid digestion, they are also essential 
for the absorption of its end products. As the water-insoluble 
products of fat digestion—the monoglyeerides and free fatty 
aeids—are liberated by lipase aetivity, they quickly beeome as- 
soeiated with bile salts and leeithin (a phospholipid found in bile) 
to form mieelles (Figure 23.34 ( 5 ) ). Mieelles (mi-selz') are eol- 
leetions of fatty elements clustered together with bile salts in such 
a way that the polar (hydrophilie) ends of the molecules faee the 
water and the nonpolar portions form the eore. Also nestled in 
the hydrophobie eore are eholesterol molecules and fat-soluble 
vitamins. Although mieelles are similar to emulsion droplets, 
they are much smaller “vehieles” and easily diffhse between mi- 
erovilli to eome into elose eontaet with the apieal eell surface. 

Upon reaehing the epithelial eells, the various lipid sub- 
stanees leave the mieelles and move through the lipid phase of 
the plasma membrane by simple diffiision (Figure 23.34 (3 ). 
Without the mieelles, the lipids will simply float on the surface of 
the ehyme (like oil on water), inaeeessible to the absorptive sur- 
faees of the epithelial eells. Generally, fat absorption is eompleted 
in the ileum, but in the absenee of bile (as might occur when a 
gallstone bloeks the eystie duct) it happens so slowly that most of 
the fat passes into the large intestine and is lost in feees. 

Onee the free fatty aeids and monoglyeerides enter the epithe- 
lial eells, the smooth ER eonverts them baek into triglyeerides. 
The triglyeerides are then eombined with leeithin and other phos- 
pholipids and eholesterol, and eoated with a “skin” of proteins 
to form water-soluble lipoprotein droplets ealled ehylomierons 
(ki'lo-mi'kronz). These are dispatehed to the Golgi apparatus 
where they are proeessed for extrusion from the eell. This series 
of events is quite different from the absorption of amino aeids and 
simple sugars, which pass through the epithelial eells unchanged. 

The milky-white ehylomierons are too large to pass through 
either the plasma membrane of the epithelial eell or the base- 
ment membrane of a blood eapillary. Instead, the ehylomieron- 
eontaining vesieles migrate to the basolateral membrane and are 
extruded by exocytosis (Figure 23.34 (í .). They then enter the 
more permeable laeteals. Thus, most fat enters the lymphatie 
stream for distribution in the lymph. Eventually the ehylomi- 
erons are emptied into the venous blood in the neek region via 
the thoraeie duct, which drains the digestive viseera. 

While in the bloodstream, the triglyeerides of the ehylomi- 
erons are hydrolyzed to free fatty aeids and glyeerol by lipopro- 
tein lipase, an enzyme assoeiated with eapillary endothelium. 
The fatty aeids and glyeerol ean then pass through the eapillary 
walls to be used by tissue eells for energy or stored as fats in adi- 
pose tissue. Liver eells then eombine the residual ehylomieron 
material with proteins, and these “new” lipoproteins are used to 
transport eholesterol in the blood. 

Passage of short-ehain fatty aeids is quite different from what 
we have just deseribed. These fat breakdown products do not 
depend on the presenee of bile salts or mieelles and are not re- 
eombined to form triglyeerides within the intestinal eells. They 
simply diffiise into the portal blood for distribution. 
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Glucose Galaetose 



The Na + -K + pump 
stores energy that drives 
glucose (and galaetose) 
uptake by ereating a 
steep eoneentration 
gradient for Na + entry 
into intestinal eells. 


Na + -glucose 

symport 

transporter 



(2) As Na + moves aeross the 
membrane through a 
membrane eotransporter 
protein (in this ease SGLT), it 
drives glucose against its 
eoneentration gradient into 
the eells. 

Brush border of 

intestinal eell 

@ Fructose enters the 
eell by faeilitated 
diffusion. 


(?) All three 

monosaeeharides exit aeross 
the basolateral membrane 
via faeilitated diffusion on 
the GLUT2 sugar transporter. 


Figiire 23.35 Absorption of monosaeeharides. 



Niieleie Aeid Absorption 

Speeial earriers in the epithelium of the villi aetively transport 
the breakdown products of nucleic aeid digestion—pentose 
sugars, nitrogenous bases, and phosphate ions—aeross the epi- 
thelium. These then enter the blood. 


Vitamin Absorption 

The small intestine absorbs dietary vitamins, and the large intes- 
tine absorbs some of the K and B vitamins made by its enterie 
baeterial c guests.” As we already noted, fat-soluble vitamins (A, 
D, E, and K) dissolve in dietary fats, beeome ineorporated into 
the mieelles, and move aeross the villus epithelium passively (by 
diffusion). It follows that gulping pills eontaining fat-soluble vi- 
tamins without simultaneously eating some fat-eontaining food 
results in little or no absorption of these vitamins. 

Most water-soluble vitamins (B vitamins and vitamin C) 
are absorbed easily by diífusion or via speeifie aetive or passive 
transporters. The exception is vitamin B 12 , which is a very large, 
eharged molecule. intrinsie faetor , produced by the stomaeh, 
binds to vitamin B 12 . The vitamin B 12 -intrinsic faetor complex 


then binds to speeifie mucosal reeeptor sites in the terminal il- 
eum, which trigger its aetive uptake by endoeytosis. 



Eleetrolyte Absorption ■ 

Absorbed eleetrolytes eome from both ingested foods and gas- ^ 
trointestinal seeretions. Most ions are aetively absorbed along 
the entire length of the small intestine. But absorption of iron 
and calcium is largely limited to the duodenum. 

As we mentioned earlier, absorption of sodium ions in the 
small intestine is coupled to aetive absorption of glucose and 
amino aeids. For the most part, anions passively follow the 
eleetrieal potential established by sodium transport. In other 
words, Na + is aetively pumped out of the epithelial eells by a 
Na + -K + pump after entering those eells. Chloride ions are also 
transported aetively, and in the terminus of the small intestine 
HC0 3 ~ is aetively seereted into the lumen in exchange for Cl _ . 

Potassium ions move aeross the intestinal mucosa passively 
by faeilitated diffusion (or via leaky tight junctions) in response 
to ehanging osmotie gradients. As water is absorbed from the 
lumen, rising potassium levels in ehyme ereate a eoneentration 
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gradient for its absorption. Anything that interferes with water 
absorption (resulting in diarrhea) not only reduces potassium 
absorption but also “pulls” K + from the interstitial spaee into 
the intestinal lumen. 

For most nutrients, the amount reaehing the intestine is the 
amount absorbed, regardless of the nutritional state of the body. 
In eontrast, absorption of iron and calcium is intimately related 
to the body s need for them at the time. 

ionie iron, essential for hemoglobin production, is aetively 
transported into the mucosal eells, where it binds to the protein 
ferritin (fer'ì-tin). This phenomenon is ealled the nmeosal iron 
harrier. The intracellular iron-ferritin complexes then serve as lo- 
eal storehouses for iron. When body reserves of iron are adequate, 
little (only 10-20%) is allowed to pass into the portal blood, and 
most of the stored iron is lost as the epithelial eells later slough 
oíf. However, when iron reserves are depleted (as during acute 
or ehronie hemorrhage), iron uptake from the intestine and its 
release to the blood aeeelerate. In the blood, iron binds to transfer- 
rin, a plasma protein that transports it in the circulation. 

Menstmal bleeding is a major route of iron loss in females, and 
premenopausal women require about 50% more iron in their di- 
ets. Additionally, the intestinal epithelial eells of women have about 
four times as many iron transport proteins as do those of men and 
little iron is lost from the body other than that lost in menses. 

Calcium absorption is elosely related to blood levels of ionie 
calcium. The aetive form of vitamin D promotes aetive calcium 
absorption. Deereased blood levels of ionie calcium prompt par- 
athyroid hormone ( PTH ) release from the parathyroid glands. Be- 
sides faeilitating the release of calcium ions from bone matrix and 
enhaneing the reabsorption of calcium by the kidneys, PTH stim- 
ulates aetivation of vitamin D to ealeitriol by the kidneys, which 
in turn aeeelerates calcium ion absorption in the small intestine. 



Water Absorption 



Approximately 9 L of water, mostly derived from GI traet seere- 
tions, enter the small intestine daily. Water is the most abun- 
dant substance in ehyme, and 95% of it is absorbed in the small 
intestine by osmosis. Most of the rest is absorbed in the large 
intestine, leaving only about 0.1 L to soften the feees. 

The normal rate of water absorption is 300 to 400 ml per 
hour. Water moves freely in both direetions aeross the intesti- 
nal mucosa, but net osmosis occurs whenever a eoneentration 
gradient is established by the aetive transport of solutes (par- 
ticularly Na + ) into the mucosal eells. In this way, water uptake 
is effeetively coupled to solute uptake and, in turn, affeets the 
absorption of substances that normally pass by diffiision. As 
water moves into mucosal eells, these substances follow along 
their eoneentration gradients. 


Malabsorptìon of Nutr ents 

Malabsorption, or impaired nutrient absorption, has many and 
varied causes. It ean result from anything that interferes with the 
delivery of bile or panereatie juice to the small intestine. Faetors 
that damage the intestinal mucosa (severe baeterial infeetions 
and some antibioties) or reduce its absorptive surface area are 
also eommon causes. 


A eommon malabsorption syndrome is gluten-sensitive en- 
teropathy or eeliae disease , which affeets one in 100 people. This 
ehronie genetie eondition is caused by an immune reaetion to 
gluten, a protein plentiful in all grains but eorn and riee. Break- 
down products of gluten interaet with molecules of the immune 
system in the GI traet, forming complexes. These complexes ae- 
tivate T eells, which then attaek the intestinal lining, damaging 
intestinal villi and reducing the surface area of the brush border. 
Bloating, diarrhea, pain, and malnutrition result. 

The usual treatment is to eliminate gluten-containing grains 
from the diet. Not many ehildren ean envision a world without 
eookies or pizza, but these are just two of the foods people with 
eeliae disease must avoid. 



Check Your Understanding 


47. What type of ehemieal reaetion is the basis of all enzymatie 
food breakdown? 

48. Fill in the blank: Amylase is to stareh as_is to fats. 

49. What is the role of bile salts in the digestive proeess? In 
absorption? 


For ansvvers, see Appendix H. 


Developmental Aspeets 
of the Digestive System 

Deseribe embryonie development of the digestive system. 

Deseribe abnormalities of the gastrointestinal traet at 

different stages of life. 

As we have deseribed many times before, the very young 
embryo is flat and eonsists of three germ layers. From top to 
bottom, they are eetoderm, mesoderm, and endoderm. This 
flattened eell mass soon folds to form a eylindrieal body, and 
its internal eavity beeomes the eavity of the alimentary eanal, 
which is initially elosed at both ends. 

The epithelial lining of the developing alimentary eanal, or prim- 
itive gut, forms from endoderm igure 23.36a). The rest of the 
wall arises from mesoderm. The anteriormost endoderm (that of 
the foregut) touches a depressed area of the surface eetoderm ealled 
the stomodeum (sto"mo-de'um; “on the way to beeoming the 
mouth”). The two membranes fuse, forming the oral membrane 
which soon breaks through to form the opening of the mouth. Simi- 
larly, the end of the hindgut fhses with an eetodermal depression, 
the proctodeum ( proeto = anus), to form the eloaeal membrane 
(eloaea = sewer), which then breaks through to form the anus. 

By week 5, the alimentary eanal is a continuous a tube” extend- 
ing from mouth to anus and opens to the external environment at 
eaeh end. Shortly after, the glandular organs (salivary glands, liver 
with gallbladder, and panereas) bud out from the mucosa at vari- 
ous points (Figure 23.36b). These glands retain their eonneetions, 
which beeome ducts leading into the digestive traet. 



Homeostatie imbalanee 23.18 


The digestive system is susceptible to many eongenital defeets 
that interfere with feeding. The most eommon are eleft palate, 
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Brain 


Oral membrane 
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Yolk sae 


doaeal 
membrane 


Body stalk 



Stomodeum 


Foregut 


Site of liver 
development 


Midgut 


Spinal eord 


Hindgut 


Proctodeum 


Endoderm 



Lung bud 



Oystie duct 
Ventral panereatie bud 


panereatie 

bud 

Duodenum 


(a) (b) 

gure 23.36 Embryonie development of the digestive system. (a) Three-vveek-old 
embryo. The endoderm has folded, and the foregut and hindgut have formed. (The midgut is 
still open and continuous vvith the yolk sae.) (b) By five vveeks of development, the aeeessory 
organs are budding out from the endodermal layer, as shovvn in the enlargement. 


in which the palatine bones or palatine proeesses of the maxillae 
(or both) fail to fuse, and eleft lip, which often occur together. 
Of the two, eleft palate is far more serious because the ehild is 
unable to suck properly. 

Another eommon defeet is traeheoesophageal fistula , in 
which there is an opening between the esophagus and the tra- 
ehea, and the esophagus often laeks a eonneetion to the stom- 
aeh. The baby ehokes and beeomes eyanotie during feedings 
because food enters the respiratory passageways. Surgery ean 
usually eorreet these defeets. 

Cystic fibrosis (deseribed in more detail in Chapter 22, 
p. 842) primarily affeets the lungs, but it also impairs the aetiv- 
ity of the panereas. In this genetie disease, the mucous glands 
produce abnormally thiek mucus, which bloeks ducts and pas- 
sageways of organs. Bloekage of the panereatie duct prevents 
panereatie juice from reaehing the small intestine. This impairs 
the digestion of ehyme, and most fats and fat-soluble vitamins 
are not digested or absorbed. Consequently the stools are bulky 
and fat laden. The panereatie problems ean be handled by ad- 
ministering panereatie enzymes with meals. + 


rooting reflex helps the infant find the nipple, and the sucking 
reflex helps the baby hold onto the nipple and swallow. 

Newborn babies tend to double their birth weight within six 
months, and their ealorie intake and food proeessing ability are 
extraordinary. For example, a 6-week-old infant weighing about 
4 kg (less than 9 lb) drinks about 600 ml of milk daily. A 65-kg 
adult (143 lb) would have to drink 10 L of milk to ingest a eor- 
responding volume of fluid! However, the stomaeh of a newborn 
infant is very small, so feeding must be frequent (every 3-4 hours). 
Peristalsis is ineffieient, and vomiting is not unusual. As the teeth 
break through the gums, the infant progresses to solid foods and is 
usually eating an adult diet by the age of 2 years. 

As a rule, the digestive system operates throughout ehildhood 
and adulthood with relatively few problems. However, eontami- 
nated food or extremely spiey or irritating foods sometimes cause 
gastroenteritis (gas'Tro - en"tè- ri' tis), inflammation of the GI traet. 
Ulcers and gallbladder problems—inflammation or eholeeystitis 
(ko"le-sis-ti'tis), and gallstones—are problems of middle age. 


r 
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Aging and the Digestive System 


During fetal life, the developing infant reeeives all of its nu- 
trients through the plaeenta. Nonetheless, the fetal GI traet is 
“trained” in utero for future food digestion as the fetus natu- 
rally swallows some of the surrounding amniotie fluid. This 
fluid eontains several ehemieals that stimulate GI maturation, 
including gastrin and epidermal growth faetor. 

Digestive System After Bírth 

Feeding is a newborn baby s most important aetivity, and sev- 
eral reflexes enhanee the infanfs ability to obtain food: The 


During old age, GI traet aetivity deelines. Fewer digestive juices 
are produced, absorption is less effieient, and peristalsis slows. 
The result is less frequent bowel movements and, often, eonsti- 
pation. Taste and smell are less acute, and periodontal disease 
often develops. Many elderly people live alone or on a reduced 
ineome. These faetors, along with inereasing physieal disability, 
tend to make eating less appealing, and many of our elderly 
eitizens are poorly nourished. 

Diverticulosis, feeal ineontinenee, and eaneer of the GI 
traet are fairly eommon problems of the aged. Stomaeh and 
eolon eaneers rarely have early signs, and often metastasize 
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CONNECTIONS 


Homeostatie Interrelationships Between the 
Digestive System and Other Body Systems 




lntegumentary System Chapter 5 

■ Digestive system provides nutrients needed for energy, grovvth, 
and repair; supplies fats that provide insulation in the dermis 
and subcutaneous tissue 

■ The skin synthesizes vitamin D needed for calcium absorption 
from the intestine; proteets by enclosure 


Skeletal System Chapters 6-8 

■ Digestive system provides nutrients needed for energy, grovvth, 
and repair; absorbs calcium needed for bone salts 

■ Skeletal system proteets some digestive organs by bone; eavities 
store some nutrients (e.g., calcium, fats) 


Muscular System Chapters 9-10 

■ Digestive system provides nutrients needed for energy, grovvth, 
and repair; liver removes laetie aeid, resulting from muscle 
aetivity, from the blood 

■ Skeletal muscle aetivity inereases motility of Gl traet 


Nervous System Chapters 11-15 

■ Digestive system provides nutrients needed for normal neural 
functioning; nutrient signals influence neural regulation of 
satiety 

■ Neural eontrols of digestive function; in general, 
parasympathetie fibers aeeelerate and sympathetie fibers inhibit 
digestive aetivity; reflex and voluntary eontrols of defeeation 

Endoerine System Chapter 16 

■ Liver removes hormones from blood, ending their aetivity; 
digestive system provides nutrients needed for energy, grovvth, 
and repair; panereas, stomaeh, and small intestine have 
hormone-producing eells 

■ Hormones and paraerines help regulate digestive function 

Cardiovascular System Chapters 17-19 

■ Digestive system provides nutrients to heart and blood vessels; 
absorbs iron needed for hemoglobin synthesis; absorbs vvater 
neeessary for normal plasma volume; liver seeretes bilirubin 
resulting from hemoglobin breakdovvn in bile and stores iron 
for reuse 

■ Cardiovascular system transports nutrients absorbed by 
alimentary eanal to all tissues of body; distributes hormones of 
the digestive traet 

Lymphatie System/lmmunity Chapters 20-21 

■ Digestive system provides nutrients for normal functioning; 
lysozyme of saliva and HCI of stomaeh provide nonspeeifie 
proteetion against baeteria 

■ Laeteals drain fatty lymph from digestive traet organs and 
eonvey it to blood; Peyer's patehes and lymphoid tissue in 
mesentery house maerophages and immune eells that proteet 
digestive traet organs against infeetion; plasma eells provide IgA 
in digestive traet seeretions 

Respiratory System Chapter 22 

■ Digestive system provides nutrients needed for energy 
metabolism, grovvth, and repair 

■ Respiratory system provides oxygen to and disposes of earbon 
dioxide produced by digestive system organs 

IJrinary System Chapters 25-26 

■ Digestive system provides nutrients for energy, grovvth, and 
repair 

■ Kidneys transform vitamin D to its aetive form, vvhieh is needed 
for calcium absorption 


Reproductive System Chapter27 

■ Digestive system provides nutrients for energy, grovvth, and 
repair and extra nutrition needed to support fetal grovvth 
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(making them inoperable) before a person seeks medieal atten- 
tion. Should metastasis occur, seeondary eaneer of the liver is al- 
most guaranteed because of the cc detour” the splanehnie venous 
blood takes through the liver via the hepatie portal circulation. 

However, when deteeted early, most GI traet eaneers are treat- 
able. The best adviee is to have regiilar dental and medieal checkups. 
Most oral eaneers are deteeted during routine dental examinations, 
50% of all reetal eaneers ean be felt digitally, and nearly 80% of eo- 
lon eaneers ean be seen and removed during a eolonoseopy. 

Until now it was believed that most eoloreetal eaneers de- 
rive from initially benign, knobby mucosal tumors ealled pol- 
yps. However, flat paneake-like growths which blend in with 
the surrounding tissue are more eommon in Amerieans than 
originally thought and are 10 times more likely to be cancerous 
than polyps. Researehers believe that the flat growths represent 
a separate pathway to eolon eaneer. This information will likely 
have a big impaet on gastroenterology and scheduling of tests 


for eolon eaneer. Currently reeommendations are to have an oe- 
cult blood examination onee a year and a eolonoseopy at 3- to 
10-year intervals depending on prior findings. 



Check Your Understanding 


50. From vvhieh germ layer does the digestive system mucosa 
develop? 

51. Hovv does eystie fibrosis interfere vvith the digestive proeess? 

52. Why are eolon and stomaeh eaneers so dangerous? 

_ For ansvvers, see Appendix H. 


As summarized in System Connections , the digestive system 
keeps the blood well supplied with the nutrients needed by all body 
tissues to fuel their energy needs and to synthesize new proteins for 
growth and maintenanee of health. Now we are ready to examine 
how body eells use these nutrients, the topie of Chapter 24. 


Chapter Summary 
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part 1 Overview of the Digestive System 


Digestive System Organs: Relationships (pp. 852-855) 

1. The parietal and viseeral layers of the peritoneum are continuous 
with one another via several extensions (mesenteries, faleiform 
ligament, lesser and greater omenta), and are separated by a 
potential spaee eontaining serous fluid, which deereases frietion 
during organ aetivity. 

2. The digestive viseera are served by the splanehnie circulation, 
eonsisting of arterial branehes of the eeliae tmnk and aorta and 
the hepatie portal circulation. 

3. All organs of the GI traet have the same basie pattern of tissue 
layers in their walls; all have a mucosa, submucosa, muscularis, 
and serosa (or adventitia). intrinsie nerve plexuses (enterie 
nervous system) are found within the wall. 


1. The digestive system includes organs of the alimentary eanal 
(mouth, pharynx, esophagus, stomaeh, small and large intestines) 
and aeeessory digestive system organs (teeth, tongue, salivary 
glands, liver, gallbladder, and panereas). 

Digestive Proeesses (pp. 851-852) 

1. Digestive system aetivities include six proeesses: ingestion (food 
intake); propulsion (movement of food through the traet); 
meehanieal breakdown (proeesses that physieally mix or break 
foods down into smaller fragments); digestion (food breakdown 
by enzymatie aetion); absorption (transport of products of 
digestion through the intestinal mucosa into the blood); and 
defeeation (elimination of the undigested residues [feees] from 
the body). 

Basie Functional Concepts (p. 852) 

1. The digestive system eontrols the environment within its lumen to 
ensure optimal eonditions for digestion and absorption of foodstuffs. 

2. Reeeptors and hormone-seereting eells in the alimentary eanal 
wall respond to streteh and ehemieal signals that result in 
stimulation or inhibition of GI seeretory aetivity or motility. The 
alimentary eanal has an intrinsie nerve supply. 

ÌP Digestive System; Topie: Control of the Digestive System, 

pp. 1 f 3 f 4-5 f 8. 


PART 2 Feinetional Anatomy 

of the Dígestíve System 

The Mouth and Assoeiated Organs (pp. 856-861) 

1. Food enters the GI traet via the mouth, which is continuous with 
the oropharynx posteriorly. The boundaries of the mouth are the 
lips and eheeks, palate, and tongue. 

2. The oral mucosa is stratifìed squamous epithelium, an adaptation 
seen where abrasion occurs. 

3. The tongue is mucosa-covered skeletal muscle. Its intrinsie 
muscles allow it to ehange shape; its extrinsic muscles allow it to 
ehange position. 

4. Saliva is produced by many minor salivary glands and three 
pairs of major salivary glands—parotid, submandibular, and 
sublingual—that seerete their product into the mouth via ducts. 
Largely water, saliva also eontains ions, proteins, metabolie 
wastes, lysozyme, defensins, IgA, salivary amylase, and mucin. 

5. Saliva moistens and eleanses the mouth; moistens foods, aiding 
their eompaetion; dissolves food ehemieals to allow for taste; 
and begins digestion of stareh (salivary amylase). Saliva output is 
inereased by parasympathetie reflexes initiated by aetivation of 
ehemieal and pressure reeeptors in the mouth and by eonditioned 
reflexes. The sympathetie nervous system depresses salivation. 
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6. The 20 deciduous teeth begin to be shed at the age of 6 and are 
gradually replaeed during ehildhood and adoleseenee by the 32 
permanent teeth. 

7. Teeth are elassed as ineisors, eanines, premolars, and molars. Eaeh 
tooth has an enamel-eovered crown and a eement-eovered root. Tbe 
bulk of the tooth is dentin, which surrounds the eentral pulp eavity. 
A periodontal ligament secures the tooth to the bony alveohis. 

The Pharynx (pp. 861-862) 

1. Food propelled from the mouth passes through the oropharynx 
and laryngopharynx. Tbe mucosa of the pharynx is stratified 
squamous epithelium; skeletal muscles in its wall (eonstrietor 
muscles) move food toward the esophagus. 

The Esophagus (pp. 862-863) 

1. The esophagus extends from the laryngopharynx and joins 
the stomaeh at the eardial orifiee, which is surrounded by the 
gastroesophageal sphineter. 

2. The esophageal mucosa is stratified squamous epithelium. Its 
muscularis is skeletal muscle superiorly and ehanges to smooth 
muscle inferiorly. It has an adventitia rather than a serosa. 

Digestive Proeesses: Mouth to Esophagus (pp. 863-864) 

1. The mouth and assoeiated aeeessory organs aeeomplish food 
ingestion and meehanieal breakdown (chewing and mixing), 
initiate the digestion of stareh (salivary amylase), and propel food 
into the pharynx (buccal phase of swallowing). 

2. Teeth mastieate food. Chewing is initiated vohmtarily and then 
eontrolled reflexively. 

3. The tongue mixes food with saliva, eompaets it into a bolus, 
and initiates swallowing (the buccal phase). The pharynx and 
esophagus are primarily food conduits that conduct food to the 
stomaeh by peristalsis. The swallowing eenter in the medulla and 
pons eontrols this phase reflexively. When the peristaltie wave 
approaehes the gastroesophageal sphineter, the sphineter relaxes 
to allow food to enter the stomaeh. 

ÌP Digestive System; Topie: Motility, pp. 3-5. 

The Stomaeh (pp. 864-874) 

1. The J-shaped stomaeh lies in the upper left quadrant of the 
abdomen. Its major regions are the eardia, fundus, body, and 
pylorie part. When empty, its internal surface exhibits rugae. 

2. The stomaeh muscularis eontains a third (oblique) layer of 
smooth muscle that allows it to churn and mix food. 

3. The stomaeh mucosa is simple columnar epithelium dotted 
with gastrie pits that lead into gastrie glands. Seeretory eells in 
the gastrie glands include pepsinogen-producing ehief eells; 
parietal eells, which seerete hydroehlorie aeid and intrinsie faetor; 
mucous neek eells, which produce mucus; and enteroendoerine 
eells, which seerete hormones. 

4. The mucosal barrier, which proteets the stomaeh from self- 
digestion and HC1, refleets the faet that the mucosal eells are 
eonneeted by tight junctions, seerete a thiek mucus, and are 
quickly replaeed when damaged. 

5. Protein digestion is initiated in the stomaeh by aetivated pepsin 
and requires aeidie eonditions (provided by HC1). Few substances 
are absorbed in the stomaeh. 

6. Both nervous and hormonal faetors eontrol gastrie seeretory 
aetivity. The three phases of gastrie seeretion are eephalie, gastrie, 
and intestinal. Most food-related stimuli aeting on the head and 
stomaeh (eephalie and gastrie, respeetively) stimulate gastrie 
seeretion. Most stimuli aeting on the small intestine trigger the 
enterogastrie reflex and release of seeretin and CCK, both of 


which inhibit gastrie seeretory aetivity. Sympathetie aetivity also 
inhibits gastrie seeretion. 

7. Meehanieal breakdown in the stomaeh is triggered by stomaeh 
distension and coupled to food propiilsion and stomaeh emptying. 
Food movement into the duodenum is eontrolled by the pylorns 
and feedbaek signals from the smaH intestine. Paeemaker eeHs in the 
smooth muscle sheet set the maximal rate of peristalsis. 

ÌP Digestive System; Topie: Control of the Digestive System, 

pp. 3, 5 - 6 , 8. 

The Small Intestine and Assoeiated Structures 

(pp. 874-887) 

1. The small intestine is the major digestive and absorptive organ. 

It extends from the pylorie sphineter to the ileoeeeal valve. Its 
three subdivisions are the duodenum, jejunum, and ileum. The 
bile duct and panereatie duct join to form the hepatopanereatie 
ampulla and empty their seeretions into the duodenum through 
the hepatopanereatie sphineter. 

2. Circular folds, villi, and mierovilli inerease the intestinal surface 
area for digestion and absorption. 

3. The duodenal submucosa eontains elaborate mucus-secreting 
duodenal glands. The mucosa of the ileum eontains Peyer s 
patehes (lymphoid follieles). The duodenum is eovered not with a 
serosa but an adventitia. 

4. Intestinal juice is largely water and relatively enzyme-poor. The 
major stimuli for its release are streteh and ehemieals. 

5. The liver is a lobed organ overlying the stomaeh. Its digestive role is 
to produce bile, which it seeretes into the eommon hepatie duct. 

6. The structural and fimetional units of the liver are the liver 
lobules. Blood flowing to the liver via the hepatie artery and 
hepatie portal vein flows into its sinusoids, from which stellate 
maerophages remove debris and hepatoeytes remove nutrients. 
Hepatoeytes store glucose as glyeogen, use amino aeids to make 
plasma proteins, and detoxify metabolie wastes and dmgs. 

7. Bile is made continuously by the hepatoeytes. Bile salts and 
seeretin stimulate bile production. 

8. The gallbladder, a muscular sae that lies beneath the right liver 
lobe, stores and eoneentrates bile. 

9. Bile eontains eleetrolytes, a variety of fatty substances, bile 
salts, and bile pigments in an aqueous medium. Bile salts are 
emulsifying agents; they disperse fats and form water-soluble 
mieelles, which solubilize the products of fat digestion. 

10. Cholecystokinin released by the small intestine stimulates the 
gallbladder to eontraet and the hepatopanereatie sphineter to 
relax, allowing bile (and panereatie juice) to enter the duodenum. 

11. The panereas is retroperitoneal between the spleen and small 
intestine. Its exocrine product, panereatie juice, is earried to the 
duodenum via the panereatie duct. 

12. Panereatie juice is a HC0 3 _ -rich fluid eontaining enzymes that 
digest all eategories of foods. Intestinal hormones and the vagus 
nerves eontrol seeretion of panereatie juice. 

ÌP Digestive System; Topie: Seeretion, pp. 11-14. 

13. Meehanieal breakdown and propulsion in the small intestine mix 
ehyme with digestive juices and bile and foree the residues, largely 
by segmentation, through the ileoeeeal valve. Paeemaker eells set 
the rate of segmentation. ileoeeeal valve opening is eontrolled by 
the gastroileal reflex and gastrin. 

The Large Intestine (pp. 887-892) 

1. The subdivisions of the large intestine are the cecum (and appendix), 
eolon (aseending, transverse, deseending, and sigmoid portions), 
rectum, and anal eanal. It opens to the body exterior at the anus. 
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2. The longitudinal muscle in the muscularis is reduced to three 
bands (teniae eoli), which pucker its wall, producing haustra. 

Tbe mucosa of most of the large intestine is simple columnar 
epithelium eontaining abundant goblet eells. 

3. Tbe major bmetions of the large intestine are absorption of water, 
some eleetrolytes, and vitamins made by enterie baeteria, and 
defeeation (evacuation of food residues from the body). 

4. The defeeation reflex is triggered when feees enter the rectum. It 
involves parasympathetie reflexes leading to eontraetion of the 
reetal walls and is aided by Valsalvas maneuver. 

ÌP Digestive System; Topie: Anatomy Review f pp. 3-5. 

part 3 Physiology of Digestion 
and Absorption 

Digestion (pp. 892-895) 

1. Digestion is aeeomplished by hydrolysis, eatalyzed by enzymes. 

2. Most digestion is done in the small intestine by intestinal (bmsh 
border) enzymes and, more importantly, by panereatie enzymes. 
Alkaline panereatie juice neutralizes the aeidie ehyme and 
provides the proper environment for operation of the enzymes. 
Both panereatie juice (the main source of lipases) and bile are 
neeessary for fat breakdown. 

Absorption (pp. 895-898) 

1. Virtually all of the foodstuffs and most of the water and 

eleetrolytes are absorbed in the small intestine. Most mitrients are 


absorbed by aetive transport proeesses, except for fat digestion 
products, fat-soluble vitamins, and most water-soluble vitamins 
(which are absorbed by diffhsion). 

2. Fat breakdown products are solubilized by bile salts (in mieelles), 
resynthesized to triglyeerides in the intestinal mucosal eells, and 
eombined with other lipids and protein as ehylomierons that 
enter the laeteals. Other absorbed substances enter the vilhis 
blood eapillaries and are transported to the liver via the hepatie 
portal vein. 

Developmental Aspeets of the Digestive System 

(pp.898-901) 

1. The glandular aeeessory organs (salivary glands, liver, panereas, 
and gallbladder) form from outpocketings of the foregut 
endoderm. The mucosa of the alimentary eanal develops from 
the endoderm, which folds to form a tube. The remaining three 
tunics of the alimentary eanal wall are formed by mesoderm. 

2. Important eongenital abnormalities of the digestive traet include 
eleft palate/lip, traeheoesophageal fistula, and eystie fibrosis. All 
interfere with normal nutrition. 

3. Various inflammations plague the digestive system throughout life. 
Appendieitis is eommon in adoleseents, gastroenteritis and food 
poisoning ean occur at any time (given the proper irritating faetors), 
and ulcers and gallbladder problems inerease in middle age. 

4. The eíheieney of all digestive system proeesses deelines in the 
elderly, and periodontal disease is eommon. Diverticulosis, feeal 
ineontinenee, and GI traet eaneers such as stomaeh and eolon 
eaneer appear with inereasing frequency in an aging population. 


Revievv Questions 




Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. The peritoneal eavity (a) is the same thing as the abdominopelvie 
eavity, (b) is filled with air, (e) like the pleural and perieardial 
eavities is a potential spaee eontaining serous fluid, (d) eontains 
the panereas and all of the duodenum. 

2. Obstmetion of the hepatopanereatie sphineter impairs digestion 
by reducing the availability of (a) bile and HC1, (b) HC1 and 
intestinal juice, (e) panereatie juice and intestinal juice, 

(d) panereatie juice and bile. 

3. The aetion of an enzyme is influenced by (a) its ehemieal 
surroundings, (b) its speeifie substrate, (e) the presenee of needed 
eofaetors or eoenzymes, (d) all of these. 

4. Carbohydrates are aeted on by (a) peptidases, trypsin, and 
ehymotrypsin, (b) amylase, maltase, and sucrase, (e) lipases, 

(d) peptidases, lipases, and galaetase. 

5. The parasympathetie nervous system influences digestion by 

(a) relaxing smooth muscle, (b) stimulating peristalsis and 
seeretory aetivity, (e) eonstrieting sphineters, (d) none of these. 

6. The digestive juice product eontaining enzymes eapable of 
digesting all four major foodstuff eategories is (a) panereatie, 

(b) gastrie, (e) salivary, (d) biliary. 

7. The vitamin assoeiated with calcium absorption is (a) A, (b) K, 

(e) C, (d) D. 

8. Someone has eaten a meal of buttered toast, eream, and 
eggs. Which of the following would you expect to happen? 

(a) Compared to the period shortly after the meal, gastrie 
motility and seeretion of HC1 deerease when the food reaehes the 


duodenum; (b) gastrie motility inereases even as the person is 
chewing the food (before swallowing); (e) fat will be emulsified in 
the duodenum by the aetion of bile; (d) all of these. 

9. The site of production of eholeeystokinin is (a) the stomaeh, 

(b) the small intestine, (e) the panereas, (d) the large intestine. 

10. Which of the following is not eharaeteristie of the eolon? (a) It is 
divided into aseending, transverse, and deseending portions; 

(b) it eontains abundant baeteria, some of which synthesize 
eertain vitamins; (e) it is the main absorptive site; (d) it absorbs 
much of the water and salts remaining in the wastes. 

11. The gallbladder( a) produces bile, (b) is attaehed to the panereas, 
(e) stores and eoneentrates bile, (d) produces seeretin. 

12. The sphineter between the stomaeh and duodenum is (a) the 
pylorie sphineter, (b) the gastroesophageal sphineter, (e) the 
hepatopanereatie sphineter, (d) the ileoeeeal sphineter. 

In items 13-17, traee the path of a single protein molecule that has 

been ingested. 

13. The protein molecule will be digested by enzymes made by 
(a) the mouth, stomaeh, and eolon, (b) the stomaeh, liver, and 
small intestine, (e) the small intestine, mouth, and liver, (d) the 
panereas, stomaeh, and small intestine. 

14. The protein molecule must be digested before it ean be 
transported to and utilized by the eells because (a) protein is 
only useful direetly, (b) protein has a low pH, (e) proteins in the 
circulating blood produce an adverse osmotie pressure, (d) the 
protein is too large to be readily absorbed. 

15. The products of protein digestion enter the bloodstream largely 
through eells lining (a) the stomaeh, (b) the small intestine, 

(e) the large intestine, (d) the bile duct. 


r 


23 


L 






904 


UNIT 4 Maintenanee of the Body 


16. Before the blood earrying the products of protein digestion 
reaehes the heart, it first passes through eapillary networks in 

(a) the spleen, (b) the lungs, (e) the liver, (d) the brain. 

17. Having passed through the regulatory organ seleeted above, the 
products of protein digestion are circulated throughout the body. 
They will enter individual body eells by (a) aetive transport, 

(b) difihsion, (e) osmosis, (d) phagoeytosis. 

Short Answer Essay Questions 

18. Make a simple line drawing of the organs of the alimentary 
eanal and label eaeh organ. Then add three labels to your 
drawing—salivary glands, liver, and panereas—and use arrows to 
show where eaeh of these organs empties its seeretions into the 
alimentary eanal. 

19. Sara was on a diet but she could not eat less and kept elaiming her 
stomaeh had a mind of its own. She was joking, but indeed, there 
is a “gut brain ’ ealled the enterie nervous system. Is it part of the 
parasympathetie and sympathetie nervous system? Explain. 

20. Name the layers of the alimentary eanal wall. Note the tissue 
eomposition and major fimetion of eaeh layer. 

21. What is a mesentery? Mesoeolon? Greater omentmn? 

22. Name the six fimetional aetivities of the digestive system. 

23. (a) Deseribe the boundaries of the oral eavity. (b) Why do you 
suppose its mucosa is stratified squamous epithelium rather than 
the more typieal simple columnar epithelium? 

24. (a) What is the normal mimber of permanent teeth? Of 
deciduous teeth? (b) What substance eovers the tooth crown? Its 
root? (e) What substance makes up the bulk of a tooth? (d) What 
and where is pulp? 

25. Deseribe the two phases of swallowing, noting the organs 
involved and the aetivities that occur. 

26. Deseribe the role of these eells found in gastrie glands: parietal, 
ehief, mucous neek, and enteroendoerine. 

27. Deseribe the regulation of the eephalie, gastrie, and intestinal 
phases of gastrie seeretion. 

28. (a) What is the relationship between the eystie, eommon hepatie, 
bile, and panereatie ducts? (b) What is the point of fiision of the 
bile and panereatie ducts ealled? 

29. Explain why fatty stools result from the absenee of bile or 
panereatie juice. 

30. indieate the fimetion of the stellate maerophages and the 
hepatoeytes of the liver. 

31. What are (a) bmsh border enzymes? (b) ehylomierons? 

32. Aetivation of panereatie enzymes in the small intestine is a good 
example of the wisdom of the body. How so? 


33. Name one inflammatory eondition of the digestive system 
particularly eommon to adoleseents, two eommon in middle age, 
and one eommon in old age. 

34. What are the effeets of aging on digestive system aetivity? 

( ) Critical Thinking 
fnjj and eiinieal Applieation 

Questions 

1. You are a researeh assistant at a pharmaceutical eompany. Your 
group has been asked to develop an effeetive laxative that 

(1) provides bulk and (2) is nonirritating to the intestinal mucosa. 
Explain why these requests are important by deseribing what 
would happen if the opposite eonditions were present. 

2. After a heavy meal rieh with fried foods, Debby Collins, an 
overweight 45-year-old woman, was rnshed to the emergeney room 
with severe spasmodie pains in her epigastrie region that radiated to 
the right side of her rib eage. She indieated that the attaek eame on 
suddenly, and her abdomen was found to be tender to the touch and 
somewhat rigid. What do you think is this patients problem and why 
is her pain discontinuous (eolieky)? What are the treatment options 
and what might happen if the problem is not resolved? 

3. A baby is admitted to the hospital with a history of diarrhea 
and watery feees occurring over the last three days. The baby 
has sunken fontanelles, indieating extreme dehydration. Tests 
indieate that the baby has a bacterium-induced eolitis, and 
antibioties are preseribed. Because of the baby s loss of intestinal 
juices, do you think that his blood pH would indieate aeidosis or 
alkalosis? Explain your reasoning. 

4. Gary Franeis, a middle-aged salesman, eomplains of a burning 
pain in the “pit of his stomaeh,” usually beginning about two 
hours after eating and abating after drinking a glass of milk. 

When asked to indieate the site, he points to his epigastrie region. 
The GI traet is examined by X-ray fluoroscopy. A gastrie ulcer is 
visualized, and drug therapy using an antibiotic-bismuth approaeh 
is reeommended. (a) Why is this treatment suggested? (b) What are 
the possible consequences of nontreatment? 

5. Dr. Dolan used an endoseope to view Mr. Habibs eolon. He noted 
the presenee of several polyps and removed them during the 
same procedure. What is an endoseope? Why did Dr. Dolan opt 
to remove the polyps immediately? 

6. Mr. Holden has had severe diarrhea all day and is severely weakened. 
Explain why his nurse is eoneerned about his present eondition. 

7. What is the proteetive value of having several sets of tonsils at the 
oral entry to the pharynx? 


AT THE e L I N I e 




Related eiinieal Terms 

Aehalasia A disorder in which swallowing is hindered or prevented. 
Botox injeetions ean relax the esophageal sphineter. 

Aseites (ah-si'téz; asei = bag, bladder) Abnormal accumulation of 
fluid within the peritoneal eavity; if excessive, causes visible 
bloating of the abdomen. May result from portal hypertension 
caused by liver eirrhosis or by heart or kidney disease. 

Barrett’s esophagus A pathologieal ehange in the epithelium 
of the lower esophagus from stratified squamous to a 
columnar epithelium. A possible sequel to untreated ehronie 
gastroesophageal reflux due to hiatal hernia, it predisposes the 
individual to aggressive esophageal eaneer (adenoeareinoma). 


Bruxism (bmek'sizm) Grinding or elenehing of teeth, usually at 
night during sleep in response to stress. Can wear down and 
eraek the teeth. 

Bulimia (bu-lim'e-ah; bous = ox; limos = hunger) Binge-purge 
behavior—episodes of massive overeating followed by some 
method of purging (self-induced vomiting, taking laxatives or 
diuretics, or excessive exercise). Most eommon in women of high 
sehool or eollege age and in high sehool males in eertain athletie 
aetivities (wrestling). Rooted in a pathologieal fear of being fat, 
and a need for eontrol; provides a means of handling stress and 
depression. Consequences include eroded tooth enamel, stomaeh 
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Related ClinicalTerms (continued) 

trauma or rupture (from vomiting), and severe eleetrolyte 
disturbances which impair heart aetivity. Therapy includes 
hospitalization to eontrol behavior, and nutritional counseling. 

Dysphagia (dis-fa'je-ah; dys = difhcult, abnormal; phag = eat) 
Difficulty swallowing; usually due to obstmetion or physieal 
trauma to the esophagus. 

Endoseopy (en-dos'ko-pe; endo = within, inside; seopy = viewing) 
Visual examination of a ventral body eavity or the interior 
of a viseeral organ with a flexible tubelike deviee ealled an 
endoseope, which eontains a light source and a lens. A general 
term for a eolonoseopy (viewing the eolon), sigmoidoseopy 
(viewing the sigmoid eolon), ete. 

Enteritis ( enteron = intestine) Inflammation of the intestine, 
espeeially the small intestine. 

Hemoehromatosis (he"mo-kro"mah-to'sis; hemo = blood; ehroma = 
eolor; osis = eondition of) A disorder in iron metabolism due to 
excessive/prolonged iron intake or a breakdown of the mucosal 
iron barrier; excess iron is deposited in the tissues, inereasing skin 
pigmentation and the risk of hepatie eaneer and liver eirrhosis. 

Also ealled bronze diabetes and iron storage disease. 

Ileus (il'e-us) A eondition in which all GI traet movement stops and the 
gut appears to be paralyzed. Can result from eleetrolyte imbalanees 
and bloekade of parasympathetie impulses by drugs (such as those 
eommonly used during abdominal surgery); usually reversed when 
these interferenees end. The reappearanee of intestinal sounds 
(gurgling, ete.) indieates restoration of motility. 

Inflammatory bowel disease (IBD) A noncontagious, periodie 
inflammation of the intestinal wall now understood to be an 
abnormal immune and inflammatory response to baeterial 
antigens that normally occur in the intestine. Linked to a newly 
diseovered T H eell (T H 17), eertain eytokines, and a defieit of 
antimierobial substances normally seereted by the gut mucosa 
(lysozyme, defensins, and others). Affliets up to two of every 1000 
people. Symptoms include eramping, diarrhea, weight loss, and 
intestinal bleeding. Two subtypes occur: (1) Crohns disease, a 
syndrome eharaeterized by relapsing and remitting periods, is more 
serious, with deep ulcers and fissures developing along the whole 
intestine, but mostly in the terminal ileum. (2) IJleerative eolitis 


is eharaeterized by a shallow inflammation of the large-intestinal 
mucosa, mainly in the rectum. Both types are treated with a speeial 
diet, reducing stress, antibioties, and anti-inflammatory and 
immunosuppressant dmgs. Extremely severe eases of ulcerative 
eolitis are treated by eoleetomy (removal of a portion of the eolon). 

Laparoseopy (lap"ah-ros'ko-pe; lapar = the flank; seopy = 

observation) Examination of the peritoneal eavity and its organs 
with an endoseope inserted through the anterior abdominal 
wall. Offen used to assess the eondition of the digestive organs 
and the pelvie reproductive organs of females. 

Orthodonties (or"tho-don'tiks; ortho = straight) Braneh of dentistry 
that prevents and eorreets misaligned teeth. 

Panereatitis (pan"kre-ah-ti'tis) A rare but extremely serious 

inflammation of the panereas. May result from excessively high 
levels of fat in the blood or excessive aleohol ingestion, but 
most often results when a gallstone bloeks the bile duct and 
panereatie enzymes are aetivated in the panereatie duct, causing 
the panereatie tissue and duct to be digested (literally, eating 
from within). This painful eondition ean lead to nutritional 
defieieneies because panereatie enzymes are essential to food 
digestion in the small intestine. 

Peptie ulcers Term referring to gastrie and duodenal ulcers. 

Proetology (prok-tol'o-je; proeto = rectum, anus; logy = study of) 
Braneh of medieine dealing with treatment of diseases of the 
eolon, rectum, and anus. 

Pylorie stenosis (pi-lor'ik sté-no'sis; stenosis = narrowing, 
eonstrietion) Congenital abnormality in which the pylorie 
sphineter is abnormally eonstrieted. There is usually no problem 
until the baby begins to take solid food, and then projeetile 
vomiting begins. Corrected surgically. 

Vagotomy (va-got'o-me) Cutting or severing of the vagus nerve to 
deerease seeretion of gastrie juice in those with peptie ulcers that 
do not respond to medieation. 

Xerostomia (ze"ro-sto'me-ah; zer = dry, stom = mouth) Extreme 
dryness of the mouth; ean be caused by eysts that bloek salivary 
glands or autoimmune invasion of the salivary glands or ducts 
(Sjògrens syndrome). 



Remember Mr. Giitteman, the 
gentleman who was dehydrating? It 
seems that his tremendous output 
of urine was only one of his current 
problems. Today, he eomplains of a headaehe, gnawing epigastrie 
pain, and "the runs" (diarrhea). To pinpoint the problem, he is 
asked the following questions. 


Case Study 


System 

Mr. Gutteman's problem continues despite the diet ehange. 

In faet, the frequency of diarrhea inereases and by the end of the 
next day, he is eomplaining of severe abdominal pain. Again, he is 
asked some questions to probe his eondition. One is whether he 
has traveled outside the country reeently. He has not, reducing the 
possibility of infeetion with Shigella baeteria, which is assoeiated 
with poor sanitation. Other questions: 


■ Have you had these symptoms previously? (Response: "Yes, but 
never this bad.") 

■ Are you allergie to any foods? (Response: "Shellfish doesn't like 
me and milk gives me the runs.") 

As a result of his responses, a laetose-free diet is ordered for Mr. 
Gutteman instead of the regular diet originally preseribed. 

1. Why is the new diet preseribed? (What is believed to be his 
problem?) 


■ Do you drink aleohol and how much? (Response: "Little or none.") 

■ Have you reeently eaten raw eggs or a salad eontaining 
mayonnaise at a gathering? (Response: "No.") 

■ Are there eertain foods that seem to preeipitate these attaeks? 
(Response: "Yes, when I have eoffee and a sandwich.") 

2. On the basis of these responses, what do you think Mr. Gutteman's 
diarrhea stems from? How will it be diagnosed and treated? 


(Ansvvers in Appendix H) 
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re yOU a food lover ? We are too. In faet, most people fall into one oftwo eamps— 
those who live to eat and those who eat to live. The saying cc you are what you eat” is 
true in that part of the food we eat is eonverted to our living flesh. In other words, 
our bodies use some nutrients to build eell structures, replaee worn-out parts, and synthe- 
size flinetional molecules. However, most nutrients we ingest are used as metabolie fliel. 
That is, they are oxidized and transformed to ATP, the ehemieal energy form used by eells. 
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The energy value of foods is measured in kiloealo- 
ries (keal) or “large ealories” (C). One kiloealorie is the 
amount of heat energy needed to raise the temperature of 
1 kilogram of water 1°C (1.8°F). This unit is the “ealorie” that 
dieters count so conscientiously. 

In Chapter 23, we talked about how foods are digested and 
absorbed, but what happens to these foods onee they enter the 
blood? Why do we need bread, meat, and fresh vegetables? Why 
does everything we eat seem to turn to fat? In this ehapter we 
will answer these questions as we examine both the nature of 
nutrients and their metabolie roles. 

Diet and Nutrition 

Define nutrient # essential nutrient # and ealorie. 

List the six major nutrient eategories. Note important 

sources and main cellular uses. 

A mitrient is a substance in food the body uses to promote 
normal growth, maintenanee, and repair. The nutrients needed 
for health divide neatly into six eategories. Three of these— 
earbohydrates, lipids, and proteins—are major nutrients that 
make up the bulk of what we eat. The fourth and fifth eategories, 
vitamins and minerals, though equally crucial for health, are 
required in only minute amounts. 

In a striet sense, water, which accounts for about 60% by vol- 
ume of the food we eat, is also a major nutrient. We deseribed its 
importanee in the body in Chapter 2, so here we eonsider only 
the five nutrient eategories listed above. 

Most foods offer a eombination of mitrients. A balaneed diet 
of foods from eaeh of the different food groups normally guar- 
antees adequate amounts of all the needed nutrients. 

In 1992, the U.S. Department of Agriculture released a food 
guide pyramid in which four food groups were staeked horizon- 
tally in the shape of a pyramid. Sinee then, several alternative 
versions have made an appearanee elaiming to be more healthy 
nutritionwise and focusing on exercise as an aid to good health. 

The version put out in 1992 by Walter Willett, ealled the 
Healthy Eating Pyramid Figure 24.1 a , looks at six major 
food groups, subdividing some of them further. It uses the tra- 
ditional (horizontal) orientation of food groups; emphasizes 
eating whole-grain foods and lots of fmits and vegetables; and 
reeommends substituting plant oils for animal fats and restriet- 
ing red meat, sweets, and starehy foods. 

Fresh out of the oven in 2011 is MyPlate a food guide with 
a eompletely new symbol—a round dinner plate. Put out by 
the USDA, it shows food eategories in healthy proportions in 
seetions of a plaee setting rather than as segments of a pyra- 
mid (Figure 24. lb). The faet that eaeh food group is shown as 
part of a single meal suggests how consumers might plan their 
meals relative to amounts and variety of foods seleeted from 
eaeh food group. Occupying half the plate are fmits and vegeta- 
bles (more vegetable than fmit). These are balaneed in the other 
half by grains and proteins (more grain than protein). A glass 
represents dairy, the fifth food group. Links provide details on 



Red meat, butter: 
use sparingly 



White riee, white bread, 
potatoes, pasta, sweets: 
_ use sparingly 

Dairy or calcium 
supplement: 1-2 servings 


Vegetables 
in abundance 

Whole-grain 
foods at 
most meals 




Fish, poultry, eggs: 
0-2 servings 

Nuts, legumes: 
1-3 servings 



Frnits: 
2-3 servings 




Oil 

jOliv. 

Oil 

■ 

Vegetablel 

Oil 

Daily excercise and weight eontrol 


Plant oils 
at most 
meals 


(a) Healthy Eating Pyramid 



(b) LISDA’s MyPlate á 

Figure 24.1 Two visual food guides. I 
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healthy ehoiees in eaeh food group. You ean personalize the My- ■ 
Plate diet by age, sex, and aetivity level by going to the MyPlate I 
website (www.choosemyplate.gov). I 

To be perfeetly honest, nutrition adviee is eonstantly in flux ^ 
and often mired in the self-interest of food eompanies. None- 
theless, basie dietary prineiples have not ehanged in years and 
are not in dispute: Eat less overall; eat plenty of frnits, vegetables, 
and whole grains; avoid junk food; and exercise regularly. 

The ability of eells, espeeially liver eells, to eonvert one type 
of molecule to another is tmly remarkable. These intereonver- 
sions allow the body to use a wide range of foods and to adjust 
to varying food intakes. But there are limits to our ability to 
conjure up new molecules from old. 

At least 45 and possibly 50 molecules, ealled essential nutri- 
ents, eannot be made fast enough to meet the body s needs, so our 
diet must provide them. As long as we ingest all the essential nutri- 
ents, the body ean synthesize the hundreds of additional molecules 
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required for life and good health. While “essential” is a standard 
way to deseribe the ehemieals that must be obtained from outside 
sources, this term is misleading because both essential and nones- 
sential nutrients are equally vital for normal functioning. 

Garbohydrates 

Distinguish between simple and complex earbohydrate 
sources. 

✓ indieate the major uses of earbohydrates in the body. 


Ameriean adults typieally consume about 46% of dietary 
food energy in the form of earbohydrates. Because starehy foods 
(riee, pasta, breads) eost less than meat and other high-protein 
foods, earbohydrates make up an even greater pereentage of 
the diet in low-income groups. Highly proeessed earbohydrate 
foods such as eandy and soft drinks provide eoneentrated energy 
sources only—so-ealled “empty ealories.” Eating refined, sugary 
foods instead of the more complex earbohydrates may cause 
nutritional defieieneies as well as obesity. Table 24.1 lists other 
possible consequences of excessive intake of earbohydrates. 


Dietary Sources 

Except for milk sugar (laetose) and negligible amounts of glyeo- 
gen in meats, all the earbohydrates we ingest are derived from 
plants. Sugars (monosaeeharides and disaeeharides) eome from 
frnits, sugar eane, sugar beets, honey, and milk. The polysaeeha- 
ride stareh is found in grains and vegetables. 

Two varieties of polysaeeharides provide fiber. Cellulose, 
plentifiil in most vegetables, is not digested by humans but pro- 
vides roughage, or insoluble fiber , which inereases the bulk of 
the stool and faeilitates defeeation. Soluble fiber, such as peetin 
found in apples and eitrns frnits, reduces blood eholesterol lev- 
els, a desirable goal for most of us. 
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Uses in the Body 

The monosaeeharide glucose is the earbohydrate molecule ulti- 
mately used as fiiel by body eells to produce ATP. Carbohydrate 
digestion also yields fmetose and galaetose, but the liver eon- 
verts these monosaeeharides to glucose before they enter the 
general circulation. 

Many body eells also use fats as energy sources, but neurons 
and red blood eells rely almost entirely on glucose for their en- 
ergy needs. Because even a temporary shortage of blood glucose 
ean severely depress brain fimetion and lead to neuron death, 
the body earefiilly monitors and regulates blood glucose levels. 
Any glucose in excess of what is needed for ATP synthesis is 
eonverted to glyeogen or fat and stored for later use. 

Other uses of monosaeeharides are meager. Small amounts 
of pentose sugars are used to synthesize nucleic aeids, and a 
variety of sugars are attaehed to externally faeing plasma mem- 
brane proteins and lipids. 


Dietary Requirements 

The low-carbohydrate diet of the Inuit (Eskimos) and the high- 
earbohydrate diet of peoples in the Far East indieate that humans 
ean be healthy even with wide variations in earbohydrate intake. 
The minimum requirement for earbohydrates is not known, but 
100 grams per day is presumed to be the smallest amount needed 
to maintain adequate blood ghieose levels. The reeommended di- 
etary allowance (130 g/day) is based on the amount needed to fiiel 
the brain, not the total amount needed to supply all daily aetivities. 

The reeommended intake to maintain health is 45-65% of total 
ealorie intake, with the emphasis on complex earbohydrates (whole 
grains and vegetables), rather than simple earbohydrates (mono- 
saeeharides and disaeeharides). When less than 50 grams per day 
are consumed, tissue proteins and fats are used for energy fiiel. 


Lipids 

✓ indieate uses of lipids in the body. 

Distinguish between saturated # unsaturated # and trans 
fatty aeid sources. 

Dietary Sources 

The most abundant dietary lipids are triglyeerides, also ealled 
neutral fats (Chapter 2). We eat saturated fats in animal prod- 
ucts such as meat and dairy foods, in a few tropieal plant prod- 
ucts such as coconut, and in hydrogenated oils (trans fats) such 
as margarine and solid shortenings used in baking. Unsaturated 
fats are present in seeds, nuts, olive oil, and most vegetable oils. 
Fats are digested to monoglyeerides and fatty aeids, and then 
reeonverted to triglyeerides for transport in the lymph. 

Major sources of eholesterol are egg yolk, meats and organ 
meats, shellfish, and milk products. However, it is estimated that 
the liver produces about 85% of blood eholesterol regardless of 
dietary intake. 

The liver is also adept at eonverting one fatty aeid to another, 
but it eannot synthesize linoleie aeid (lin"o-le'ik), a fatty aeid 
eomponent of leeithin (les'ì-thin). For this reason, linoleie aeid, 
an omega-6 fatty aeid, is an essential fatty aeid that must be in- 
gested. Linolenie aeid, an omega-3 fatty aeid, may also be es- 
sential. Fortunately, most vegetable oils eontain both linoleie 
and linolenie aeids. 

Uses in the Body 

Fats have fallen into disfavor, particularly among those for 
whom the “battle of the bulge” is eonstant. But fats make foods 
tender, flaky, or ereamy, and make us feel full and satiated (satis- 
fied). Furthermore, dietary fats are essential for several reasons: 

■ Fats help the body absorb fat-soluble vitamins. 

■ Triglyeerides are the major energy fiiel of hepatoeytes and 
skeletal muscle. 

■ Phospholipids are an integral eomponent of myelin sheaths 
and cellular membranes. 

■ Fatty deposits in adipose tissue provide (1) a proteetive cushion 
around body organs, (2) an insulating layer beneath the skin, 
and (3) an easy-to-store eoneentrated source of energy fiiel. 

■ Prostaglandins (pros"tah-glan'dinz), regulatory molecules 
formed from linoleie aeid via araehidonie aeid (ah"rah-ki- 
don'ik), play a role in smooth muscle eontraetion, eontrol of 
blood pressure, and inflammation. 
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Table 24.1 Siimmary of Carbohydrate f Lipid, and Protein Nutrients 



RECOMMENDED 


PROBLEMS 


DAILY ALLOWANCE 



FOOD SOURCES 

(RDA) FOR ADULTS 

EXCESSES 

DEFICITS 


Carbohydrates 



Total Digestible 

■ Complex earbohydrates 

(starehes): bread, eereal, 
eraekers, flour, pasta, riee, 
potatoes 


130 g 

45-65% of total ealorie 
intake 


Obesity; diabetes mellitus; 
nutritional defieits; dental earies; 
gastrointestinal irritation; elevated 
triglyeerides in plasma 


Tissue vvasting (in extreme 
deprivation); metabolie aeidosis 
resulting from aeeelerated fat use 
for energy 


■ Simple earbohydrates (sugars): 

earbonated drinks, eandy, fruit, 
iee eream, pudding, young 
(immature) vegetables 

Total Fiber 25-30 g 



Total 


65 g 

20-35% of total ealorie 
intake 


■ Animal sources: lard, meat, 20 g 

poultry, eggs, milk, milk 

products 

■ Plant sources: ehoeolate; eorn, 11-17 g 
soy, eottonseed, olive oils; 

coconut; eorn; peanuts 

■ Essential fatty aeids: fish oil, 1.1-1.6 g 

eorn, eottonseed, soy oils; vvheat 

germ; vegetable shortenings 


Obesity and inereased risk of 
cardiovascular disease (particularly 
if excesses of saturated and trans 
fat) 


Excess dietary intake of omega-3 
fatty aeid may inerease risk of 
stroke 


VVeight loss; fat stores and tissue 
proteins eatabolized to provide 
metabolie energy; problems 
eontrolling heat loss (due to 
depletion of subcutaneous fat) 


Poor grovvth; skin lesions (eezema- 
like); depression 


■ eholesterol and trans fatty Not determined 

aeids: organ meats (liver, 
kidneys, brains), egg yolks, fish 
roe; smaller eoneentrations in 
milk products and meat 


inereased levels of blood inereased risk of stroke (CVA) in 

eholesterol and low-density susceptible individuals 

lipoproteins, eorrelated with 
inereased risk of cardiovascular 
disease 


Proteins 



■ Complete proteins: eggs, milk, 0.8 g/kg body weight 

milk products, meat (fish, 12-20% of total ealorie 

poultry, pork, beef, lamb), intake 

soybeans 

■ ineomplete proteins: legumes 
(lima beans, kidney beans, 
lentils); nuts and seeds; grains 
and eereals; vegetables 


Obesity; enhaneed calcium 
excretion and bone loss; high 
eholesterol levels in blood; kidney 
stones 

During pregnaney: misearriage or 
premature birth 


Profound weight loss and tissue 
wasting; retarded growth in 
ehildren; anemia; edema (due to 
defieits of plasma proteins) 
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Unlike triglyeerides, eholesterol is not used for energy. It is 
important as a stabilizing eomponent of plasma membranes 
and is the precursor from which bile salts, steroid hormones, 
and other essential molecules are formed. 

Dietary Requirements 

Fats represent over 40% of the ealories in the typieal Ameriean 
diet. There are no preeise reeommendations on amount or type 
of dietary fats, but the Ameriean Heart Assoeiation suggests: 

■ Fats should represent 30% or less of total ealorie intake. 

■ Saturated fats should be limited to 10% or less of total fat 
intake. 

■ Daily eholesterol intake should be no more than 300 mg (the 
amount in one egg yolk). 

The goal of these reeommendations is to keep total blood 
eholesterol below 200 mg/dl. Because a diet high in saturated 
fats and eholesterol may contribute to cardiovascular disease, 
these are wise guidelines. Table 24.1 summarizes sources of the 
various lipid elasses and consequences of defieieney or excessive 
intake. 


(Table 24.1). Legumes (beans and peas), nuts, and eereals are 
protein-rieh, but their proteins are nutritionally ineomplete be- 
cause they are low in one or more of the essential amino aeids. 
The exception to this generalization is soybeans, plant-derived 
eomplete proteins. 

Striet vegetarians must carefully plan their diets to obtain 
all the essential amino aeids and prevent protein malnutrition. 
When ingested together, eereal grains and legumes provide all 
the essential amino aeids (Figure 24.2b). Some eombination of 
these foods is found in the diets of all cultures (for instanee, 
the riee and beans seen on nearly every plate in a Mexican res- 
taurant). For nonvegetarians, grains and legumes are useful as 
partial substitutes for more expensive animal proteins. 

Uses in the Body 

Proteins are important structural materials of the body, includ- 
ing, for example, keratin in skin, eollagen and elastin in eon- 
neetive tissues, and muscle proteins. In addition, functional 
proteins such as enzymes and some hormones regulate an in- 
eredible variety of body fimetions. Whether amino aeids are 
used to synthesize new proteins or burned for energy depends 
on a number of faetors: 


Fat Substitutes 
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In an attempt to reduce fat intake without losing fats appetiz- 
ing aspeets, many people have turned to fat substitutes. Perhaps 
the oldest fat substitute is air (beaten into a product to make it 
fhiffy). Other fat substitutes are modified starehes and gums, 
and milk whey protein. Except for those based on dietary fi- 
bers (gums), these products are metabolized and provide ealo- 
ries. One of the newest substitutes, Olestra, a fat-based product 
made from eottonseeds, is not metabolized because it is not di- 
gested or absorbed. 

Most fat substitutes have two drawbacks: (1) They dont stand 
up to the intense heat needed to fry foods, and (2) although 
manufacturers elaim otherwise, they dont taste nearly as good 
as the “real thing.” The ones that are not absorbed tend to cause 
flatus (gas) or diarrhea, and may interfere with absorption of 
fat-soluble drugs, vitamins, and beta-earotene, a precursor of 
vitamin A. 


Proteins 

Distinguish betvveen nutritionally eomplete and ineomplete 
proteins. 

indieate uses of proteins in the body. 

✓ Define nitrogen balanee and índieate possible causes of 
positive and negative nitrogen balanee. 


Dietary Sources 

Animal products eontain the highest-quality proteins, in other 
words, those with the greatest amount and best ratios of es- 
sential amino aeids Figure 24.2] . Proteins in eggs, milk, fish, 
and most meats are eomplete proteins that meet all the body s 
amino aeid requirements for tissue maintenanee and growth 


■ The all-or-none rule. All amino aeids needed to make a par- 
ticular protein must be present in a eell at the same time and 
in sufficient amounts. If one is missing, the protein eannot 
be made. Because essential amino aeids eannot be stored, 
those not used immediately to build proteins are oxidized for 
energy or eonverted to earbohydrates or fats. 

■ Adequacy of ealorie intake. For optimal protein synthesis, 
the diet must supply sufficient earbohydrate or fat ealories 
for ATP production. When it doesn t, dietary and tissue pro- 
teins are used for energy. 

■ Nitrogen balanee. In healthy adults the rate of protein 
synthesis equals the rate of protein breakdown and loss, a 
homeostatie state ealled nitrogen balanee. The body is in 
nitrogen balanee when the amount of nitrogen ingested in 
proteins equals the amount excreted in urine and feees. 

The body is in positive nitrogen balanee when the amount 
of protein ineorporated into tissue is greater than the amount 
being broken down and used for energy—the normal situ- 
ation in growing ehildren and pregnant women. A positive 
balanee also occurs when tissues are being repaired following 
illness or injmy. 

In negative nitrogen balanee , protein breakdown for energy 
exceeds the amount of protein being ineorporated into tis- 
sues. This occurs during physieal and emotional stress (for 
example, infeetion, injury, or burns), when the quality or 
quantity of dietary protein is poor, or during starvation. 

■ Hormonal eontrols. Certain hormones, ealled anabolie hor- 
mones , aeeelerate protein synthesis and growth. The effeets 
of these hormones vary continually throughout life. For ex- 
ample, pituitary growth hormone stimulates tissue growth 
during ehildhood and eonserves protein in adults, and the 
sex hormones trigger the growth spurt of adoleseenee. Other 
hormones, such as the adrenal glucocorticoids released dur- 
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Corn and 
other grains 


Tryptophan 

Methionine 

Valine 

Threonine 

Phenylalanine 

Leucine 

lsoleucine 


Lysine 


Beans 



(b) Vegetarian diets providing the eight essential amino 
aeids for humans 


gure 24.2 Essential amino aeids. For 

protein synthesis to occur, 10 essential amino 
aeids must be readily available and in the 
eorreet proportions. (a) Relative amounts 
of the essential amino aeids and total 
proteins needed by adults. Notiee that the 


essential amino aeids represent only a small 
pereentage of the total reeommended protein 
intake. Histidine and arginine, graphed vvith 
dashed lines, are essential in infants but not 
in adults. Amino aeids shovvn in parentheses 
are not essential but ean substitute in part for 


methionine and phenylalanine. (b) Vegetarian 
diets must be carefully constructed to provide 
all essential amino aeids. A meal of eorn and 
beans fills the bill: Corn provides the essential 
amino aeids not in beans and viee versa. 


ing stress, enhanee protein breakdown and eonversion of 
amino aeids to glucose. 


Dietary Requirements 

Besides supplying essential amino aeids, dietary proteins fur- 
nish the raw materials for making nonessential amino aeids 
and various nonprotein nitrogen-eontaining substances. The 
amount of protein a person needs refleets his or her age, size, 
metabolie rate, and current state of nitrogen balanee. As a mle 
of thumb, mitritionists reeommend a daily intake of 0.8 g per 
kilogram of body weight. A small serving of fish and a glass of 
milk supply about 30 g of protein. 

Most Amerieans eat far more protein than they need. Pro- 
longed high protein consumption may lead to bone loss. This 
may occur because metabolizing sulfur-containing amino aeids 
makes the blood more aeidie and calcium is pulled from the 
bones to buffer these aeids. 



Check Your Understanding 


1. VVhat are the six major nutrients? 

2. VVhy is it important to include cellulose in a healthy diet even 
though vve do not digest it? 

3. Hovv does the body use triglyeerides? eholesterol? 

4. John eats nothing but baked bean sandvviehes. Is he 
getting all the essential amino aeids he needs in this 
restrieted diet? 

_ For ansvvers, see Appendix Fi. 


Vitamins 


Distinguish between fat- and water-soluble vitamins, and 
list the vitamins in eaeh group. 

For eaeh vitamin, list important sources f body functions # 
and important consequences of its defieit or excess. 

Vitamins (vita — life) are potent organie compounds needed 
in minute amounts for growth and good health. Unlike other 
organie nutrients, vitamins are not used for energy and do not 
serve as building bloeks, but they are eraeial in helping the body 
use those nutrients that do. Without vitamins, all the earbohy- 
drates, proteins, and fats we eat would be useless. 

Most vitamins fimetion as eoenzymes (or parts of eoenzymes), 
which aet with an enzyme to aeeomplish a particular ehemieal 
task. For example, the B vitamins aet as eoenzymes when glucose 
is oxidized for energy. We will deseribe the roles of some vitamins 
in the metabolism discussion later in this ehapter. 

Most vitamins are not made in the body, so we must ingest 
them in foods or vitamin supplements. The exceptions are vita- 
min D made in the skin, and small amounts of B vitamins and 
vitamin K synthesized by intestinal baeteria. In addition, the 
body ean eonvert beta-earotene (kar'o-tèn), the orange pigment 
in earrots and other foods, to vitamin A. (For this reason, beta- 
earotene and substances like it are ealled provitamins.) 

Vitamins are found in all major food groups, but no one food 
eontains all the required vitamins. A balaneed diet is the best 
way to ensure a full vitamin eomplement. 
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Table 24.2 

Vitamin Requirements of Humans 

VITAMIN 

SYMPTOMS OF DEFICIENCY 

MAJOR DIETARY SOURCES MAJOR FUNCTIONS IN THE BODY OR EXTREME EXCESS 

Water-Soluble Vitamins 


Vitamin B-, (thiamine) 

Pork, legumes, peanuts, 
whole grains 

Coenzyme used in removing 

C0 2 from organie compounds 

Beriberi (nerve disorders—tingling, 
poor eoordination, reduced heart 
function) 

Vitamin B 2 (riboflavin) 

Dairy products, meats, 
enriehed grains, vegetables 

Component of eoenzymes 

FAD and FMN 

Skin lesions such as eraeks at eorners 
of mouth 

Niaein (B 3 ) 

Nuts, meats, grains 

Component of eoenzyme 

NAD + 

Skin and gastrointestinal lesions, 
nervous disorders Liver damage 

Vitamin B 6 (pyridoxine) 

Meats, vegetables, whole 
grains 

Coenzyme used in amino aeid 
metabolism 

Irritability, convulsions, muscular 
twitching, anemia Unstable gait f 
numb feet, poor eoordination 

Pantothenie aeid (B 5 ) 

Most foods: meats, dairy 
products, whole grains, ete. 

Component of eoenzyme A 

Fatigue, numbness, tingling of hands 
and feet 

Folie aeid (folaein) (B 9 ) 

Green vegetables, oranges, 
nuts, legumes, whole grains 

Coenzyme in nucleic aeid and amino 
aeid metabolism 

Anemia, birth defeets 

May mask defieieney of vitamin B 12 

Vitamin B 12 

Meats, eggs, dairy products 

Coenzyme in nucleic aeid 
metabolism; maturation of red blood 
eells 

Anemia, nervous system disorders 
(numbness, loss of balanee) 

Biotin 

Legumes, other vegetables, 
meats 

Coenzyme in synthesis of fat, 
glyeogen, and amino aeids 

Sealy skin inflammation, 
neuromuscular disorders 

Vitamin C (aseorbie aeid) 

Fruits and vegetables, 
espeeially eitrns fruits, 
broeeoli, eabbage, tomatoes, 
green peppers 

Used in eollagen synthesis (such as for 
bone, eartilage, gums); antioxidant; 
aids in detoxification; improves iron 
absorption 

Scurvy (degeneration of skin, teeth, 
blood vessels), weakness, delayed 
wound healing, impaired immunity 
Gastrointestinal upset 

Fat-Soluble Vitamins 

Vitamin A (retinol) 

Provitamin A (beta-earotene) 
in deep green and orange 
vegetables and fruits; retinol 
in dairy products 

Component of visual pigments; 
maintenanee of epithelial tissues; 
antioxidant; helps prevent damage 
to eell membranes 

Blindness and inereased death rate 
Headaehe, irritability, vomiting, hair 
loss, blurred vision, liver and bone 
damage 

Vitamin D 

Dairy products, egg yolk; 
also made in human skin in 
presenee of sunlight 

Aids in absorption and use of calcium 
and phosphorus; promotes bone 
growth 

Riekets (bone deformities) in ehildren, 
bone softening in adults Brain, 
cardiovascular, and kidney damage 

Vitamin E (toeopherol) 

Vegetable oils, nuts, seeds 

Antioxidant; helps prevent damage 
to eell membranes 

Degeneration of the nervous system 

Vitamin K (phylloquinone) 

Green vegetables, tea; also 
made by eolon baeteria 

Important in blood elotting 

Defeetive blood elotting 

Liver damage and anemia 


Source: From Jane B. Reeee, CAMPBELL BIOLOGY, 9th Edition, © 2011. Reprinted by permission of Pearson Education, ine, Upper Saddle River, N. J. 


Initially vitamins were given letter designations that indi- 
eated the order of their diseovery. Although more ehemieally 
deseriptive names have been assigned to them, this earlier ter- 
minology is still eommonly used. 

Vitamins are either water soluble or fat sohible. Water- 
soluble vitamins—the B-complex vitamins and vitamin C—are 
absorbed along with water from the gastrointestinal traet. (The 
exception is vitamin B 12 : To be absorbed, it must bind to intrin- 
sie faetor, a stomaeh seeretion.) The body s lean tissue stores in- 
signifieant amounts of water-soluble vitamins, and any ingested 
amounts not used within an hour or so are excreted in urine. 
Consequently, health problems resulting from excessive levels 
of these vitamins are rare. 


Fat-soluble vitamins (A, D, E, and K) bind to ingested lipids 
and are absorbed along with their digestion products. Anything 
that interferes with fat absorption also interferes with the uptake 
of fat-soluble vitamins. Except for vitamin K, fat-soluble vita- 
mins are stored in the body, and pathologies due to fat-soluble 
vitamin toxicity, particularly excess vitamin A, are well docu- 
mented elinieally. 

As we deseribe in the next seetion, metabolism uses oxy- 
gen, and during these reaetions some potentially harmful 
free radieals are generated. Vitamins C, E, and A (in the form 
of its dimer beta-earotene) and the mineral selenium are 
antioxidants that neutralize tissue-damaging free radieals. 
The whole story of how antioxidants interaet in the body is 
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still murky, but ehemists propose that, much like a bucket 
brigade, they pass the dangerous free eleetron from one mol- 
ecule to the next, until a ehemieal such as glutathione finally 
absorbs it and the body fhishes it out in urine. Broeeoli, eab- 
bage, cauliflower, and brussels sprouts are all good sources of 
vitamins A and C. 

The notion that megadoses of vitamin supplements are the 
road to eternal youth and glowing health is useless at best—and 
at worst, may cause serious health problems, particularly in the 
ease of fat-soluble vitamins. Table 24.2 eontains an overview of 
the roles of vitamins in the body. 

Minerals 

✓ List minerals essential for health. 

indieate important dietary sources of minerals and deseribe 
how eaeh is used. 


7. VVhieh mineral is essential for thyroxine synthesis? For 
making bones hard? For hemoglobin synthesis? 

_ For ansvvers, see Appendix Fi. 

Overview of Metabolie 
Reaetions 

Define metabolism. Explain how eatabolism and anabolism 
d i ff e r. 

Define oxidation and reduction and indieate the 
importanee of these reaetions in metabolism. 

indieate the role of eoenzymes used in cellular oxidation 
reaetions. 

Explain the differenee between substrate-level 
phosphorylation and oxidative phosphorylation. 


The body requires moderate amounts of seven minerals (calcium, 
phosphorus, potassium, sulfur, sodium, ehlorine, magnesium) 
and traee amounts of about a dozen others (Table 24.3). Miner- 
als make up about 4% of the body by weight, with calcium and 
phosphoms (as bone salts) accounting for about three-quarters of 
this amount. 

Minerals, like vitamins, are not used for fuel but work with 
other nutrients to ensure a smoothly fimetioning body. ineor- 
porating minerals into structures makes them stronger. For ex- 
ample, calcium, phosphoras, and magnesium salts harden the 
teeth and strengthen the skeleton. 

Most minerals are ionized in body flmds or bound to or- 
ganie compounds to form phospholipids, hormones, and vari- 
ous functional proteins. For example, iron is essential to the 
oxygen-binding heme of hemoglobin, and sodium and ehloride 
ions are the major eleetrolytes in blood. The amount of a partie- 
ular mineral in the body gives very few clues to its importanee 
in body fimetion. For example, just a few milligrams of iodine 
(required for thyroid hormone synthesis) ean make a eritieal 
differenee to health. 

A fine balanee between uptake and excretion is eraeial for 
retaining needed amounts of minerals while preventing toxic 
overload. Sodium present in virtually all natural and mini- 
mally proeessed foods poses little or no health risk. However, 
the large amounts added to proeessed foods and sprinkled on 
prior to eating may contribute to fluid retention and high blood 
pressure. This is particularly true in Ameriean blaeks, whose 
kidneys have a greater tendeney to retain salt than do those of 
Ameriean whites. 

Fats and sugars are praetieally devoid of minerals, and highly 
refined eereals and grains are poor sources. The most mineral- 
rieh foods are vegetables, legumes, milk, and some meats. 



Check Your Llnderstanding 


5. Vitamins are not used for energy fuels. VVhat are they 
used for? 

6. VVhieh B vitamin requires the help of a product made in the 
stomaeh to be absorbed? VVhat is that gastrie product? 


Onee inside body eells, nutrients beeome involved in an in- 
eredible variety of bioehemieal reaetions known eolleetively 
as metabolism (metabol = ehange). During metabolism, sub- 
stanees are eonstantly built up and torn down. Cells use energy 
to extract more energy from foods, and then use some of this 
extracted energy to drive their aetivities. Even at rest, the body 
uses energy on a grand seale. 


Anabolism and Catabolism 


Metabolie proeesses are either anabolie (synthetie, building up) or 
eatabolie (degradative, tearing down). Anabolism (ah-nab'o-lizm) 
is the general term for all reaetions that build larger molecules 
or structures from smaller ones, such as the bonding together of 
amino aeids to build proteins. Catabolism (kah-tab'o-lizm) refers 
to all proeesses that break down complex structures to simpler 
ones—for example, the hydrolysis of foods in the digestive traet. 

In the group of eatabolie reaetions eolleetively ealled cellular 
respiration, food fiiels, particularly glucose, are broken down 
in eells and some of the energy released is captured to form 
ATP, the eells’ energy currency. ATP then serves as the c ehemi- 
eal drive shaft” that links energy-releasing eatabolie reaetions to 
cellular work. 

Reeall from Chapter 2 that reaetions driven by ATP are cou- 
pled. ATP is never hydrolyzed direetly. Instead enzymes shift its 
high-energy phosphate groups to other molecules, which are 
then said to be phosphorylated (fos"for'ì-la-ted). Phosphor- 
ylation primes a molecule to ehange in a way that inereases its 
aetivity, produces motion, or does work. For example, phos- 
phorylation aetivates many regulatory enzymes that eatalyze 
key steps in metabolie pathways. 

Three major stages are involved in proeessing energy- 
eontaining nutrients in the body Figure 24.3 . (Note that 
the blue arrows in the figure represent eatabolie reaetions and 
the purple arrows represent anabolie reaetions.) 


r 
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■ Stage 1 is digestion in the gastrointestinal traet, which we 
deseribed in Chapter 23. The absorbed nutrients are then 
transported in blood to the tissue eells. 
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Stage 1 Digestion in Gl traet 
lumen to absorbable forms. 
Transport via blood to 
tissue eells. 


Stage 2 Anabolism (ineorporation 
into molecules) and eatabolism of 
nutrients to form intermediates 
within tissue eells. 




i 



PROTEINS 





Amino aeids 



OARBOHYDRATES 



Glucose and other sugars 




Stage 3 Oxidative breakdown of 
stage 2 products occurs in mitoehondria 
of tissue eells. C0 2 is liberated, and 
H atoms removed are ultimately 
delivered to molecular oxygen, forming 
water. Some energy released is 
used to form ATP. 



Catabolic reaetions 



Anabolie reaetions 



<>ATP?<>ATP?^ATP? 


Figure 24.3 Three stages of metabolism of energy-eontaining nutrients. 


■ Stage 2 occurs in the tissue eells. Newly delivered nutrients are 
either built into lipids, proteins, and glyeogen by anabolie path- 
ways or broken down by eatabolie pathways to pymvie aeid (pi- 
roo'vik) and aeetyl CoA (as'é-til ko-a') in the eell eytoplasm. 
Notiee in Figure 24.3 that a major eatabolie pathway of stage 2 
is glyeolysis , which we will discuss later in this ehapter. 

■ Stage 3, which occurs in the mitoehondria, is almost entirely 
eatabolie. It requires oxygen, and eompletes the breakdown 
of foods, producing earbon dioxide and water and harvesting 
large amounts of ATP. As Figure 24.3 shows, the Krebs eyele 
and oxidative phosphorylation are key pathvvays in stage 3. 
We will discuss both later. 

The primary function of cellular respiration , which eonsists 
of the glyeolysis of stage 2 and all events of stage 3, is to generate 
ATP, which traps some of the ehemieal energy of the original 
food molecules in its own high-energy bonds. The body ean 


also store energy in fuels, such as glyeogen and fats, and mobi- 
lize these stores later to produce ATP for cellular use. 

You do not need to memorize Figure 24.3, but you may want 
to refer to it often as a eohesive summary of nutrient proeessing 
and metabolism in the body. 

Oxidation-Reduction Reaetions 
and the Role of Goenzymes 

Many of the reaetions that take plaee within eells are oxidation 
reaetions. Oxidation was originally defined as the eombina- 
tion of oxygen with other elements, seen in the msting of iron 
(the slow formation of iron oxide) and the burning of wood. In 
burning, oxygen eombines rapidly with earbon, producing ear- 
bon dioxide, water, and an enormous amount of energy, which 
is liberated as heat and light. 
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Table 24.3 Mineral Requirements of Humans 

MINERAL 

MAJOR DIETARY SOURCES 

MAJOR FUNCTIONS IN THE BODY 

SYMPTOMS OF DEFICIENCY* 

Greater Than 200 mg per Day Required 

Calcium (Ca) 

Dairy products, dark green 
vegetables, legumes 

Bone and tooth formation, blood 
elotting, nerve and muscle function 

Retarded growth, possibly loss of 
bone mass 

Phosphorus (P) 

Dairy products, meats, grains 

Bone and tooth formation, aeid- 
base balanee, nucleotide synthesis 

Weakness, loss of minerals from 
bone, calcium loss 

Sulfur (S) 

Proteins from many sources 

Component of eertain amino aeids 

Symptoms of protein defieieney 

Potassium (K) 

Meats, dairy products, many 
frnits and vegetables, grains 

Aeid-base balanee, water balanee, 
nerve function 

Muscular weakness, paralysis, 
nausea, heart failure 

ehlorine (Cl) 

Table salt 

Aeid-base balanee, formation 
of gastrie juice, nerve function, 
osmotie balanee 

Muscle eramps, reduced appetite 

Sodium (Na) 

Table salt 

Aeid-base balanee, water balanee, 
nerve function 

Muscle eramps, reduced appetite 

Magnesium (Mg) 

Whole grains, green leafy 
vegetables 

Cofactor; ATP bioenergeties 

Nervous system disturbances 

Traee Amounts Required 

Iron (Fe) 

Meats, eggs, legumes, whole 
grains, green leafy vegetables 

Component of hemoglobin and 
of eleetron earriers in energy 
metabolism; enzyme eofaetor 

iron-defieieney anemia, weakness, 
impaired immunity 

Fluorine (F) 

Drinking water, tea, seafood 

Maintenanee of tooth (and 
probably bone) structure 

Higher frequency of tooth deeay 

Zine (Zn) 

Meats, seafood, grains 

Component of eertain digestive 
enzymes and other proteins 

Growth failure, skin abnormalities, 
reproductive failure, impaired 
immunity 

Copper (Cu) 

Seafood, nuts, legumes, organ 
meats 

Enzyme eofaetor in iron 
metabolism, melanin synthesis, 
eleetron transport 

Anemia, cardiovascular 
abnormalities 

Manganese (Mn) 

Nuts, grains, vegetables, fruits, 
tea 

Enzyme eofaetor 

Abnormal bone and eartilage 

lodine (1) 

Seafood, dairy products, iodized 
salt 

Component of thyroid hormones 

Goiter (enlarged thyroid) 

Cobalt (Co) 

Meats and dairy products 

Component ofvitamin B 12 

None, except as B 12 defieieney 

Selenium (Se) 

Seafood, meats, whole grains 

Enzyme eofaetor; antioxidant 
functioning in elose assoeiation 
with vitamin E 

Muscle pain, possibly heart muscle 
deterioration 

Chromium (Cr) 

Brewer's yeast, liver, seafood, 
meats, some vegetables 

Involved in glucose and energy 
metabolism 

Impaired glucose metabolism 

Molybdenum (Mo) 

Legumes, grains, some 
vegetables 

Enzyme eofaetor 

Disorder in excretion of nitrogen- 
eontaining compounds 


*AII of these minerals are also harmfiil when consumed in excess. 

Source: From Jane B. Reeee, CAMPBELL BIOLOGY, 9th Edition, © 2011. Reprinted by permission of Pearson Education, ine., Upper Saddle River, N. J. 


Later it was diseovered that oxidation also occurs when hy- 
drogen atoms are removed from compounds, so the definition 
was expanded to its current form: Oxidation is the gain ofoxy- 
gen or the loss ofhydrogen. As explained in Chapter 2, whichever 
way oxidation occurs, the oxidized substance always loses (or 
nearly loses) eleetrons as they move to (or toward) a substance 
that more strongly attraets them. 

To explain this loss of eleetrons, lets review the consequences 
of diíferent eleetron-attraeting abilities of atoms (see pp. 31-35). 


Consider a molecule made up of a hydrogen atom plus some 
other kinds of atoms. Hydrogen is very eleetropositive, so its 
lone eleetron usually spends more time orbiting the other at- 
oms of the molecule. But when a hydrogen atom is removed, 
its eleetron goes with it, and the molecule as a whole loses that 
eleetron. Conversely, oxygen is very electron-hungry (eleetro- 
negative), so when oxygen binds with other atoms the shared 
eleetrons spend more time in oxygens vieinity. Again, the mol- 
ecule as a whole loses eleetrons. 
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Catalysis 



High H + eoneentration in 
intermembrane spaee 


Membrane 



t e 




Proton 

pumps 

(eleetron 

transport 

ehain) 





ATP 
synthase 


Energy 
from food 


Low H + eoneentration 
in mitoehondrial matrix 



ADP + 


(a) Substrate-level phosphorylation 


(b) Oxidative phosphorylation 


gure 24.4 Meehanisms of 
phosphorylation. (a) Substrate-level 
phosphorylation occurs vvhen a high- 
energy phosphate group is transferred 
direetly from a substrate to ADP to form 
ATP. This reaetion occurs both in the 


eytosol and in the mitoehondrial matrix. 

(b) Oxidative phosphorylation, vvhieh occurs 
in mitoehondria, is earried out by eleetron 
transport proteins that aet as proton 
"pumps" to ereate a proton gradient aeross 
the inner mitoehondrial membranes. The 


source of energy for this pumping is energy 
released vvhen food molecules are oxidized. 
As the protons flovv passively baek into the 
mitoehondrial matrix through ATP synthase, 
some of this gradient energy is captured and 
used to bind phosphate groups to ADP. 




24 




As you will soon see, essentially all oxidation of food fuels in- 
volves the step-by-step removal of pairs of hydrogen atoms (and 
also pairs of eleetrons) from the substrate molecules, eventually 
leaving only earbon dioxide (C0 2 ). Molecular oxygen (0 2 ) is the 
final eleetron aeeeptor. It eombines with the removed hydrogen 
atoms at the very end of the proeess, to form water (H 2 0). 

Whenever one substance loses eleetrons (is oxidized), an- 
other substance gains them (is reduced). For this reason, oxi- 
dation and reduction are coupled reaetions and we speak of 
oxidation-reduction (redox) reaetions. The key understand- 
ing about redox reaetions is that cc oxidized” substances lose 
energy and cc reduced” substances gain energy as energy-rieh 
eleetrons are transferred from one substance to the next. Con- 
sequently, as food fuels are oxidized, their energy is transferred 
to a cc bucket brigade” of other molecules and ultimately to ADP 
to form energy-rieh ATP. 

Like all other ehemieal reaetions in the body, redox reaetions 
are eatalyzed by enzymes. Those that eatalyze redox reaetions in 
which hydrogen atoms are removed are ealled dehydrogenases 
(de-hi'dro-jen-às"ez), while enzymes eatalyzing the transfer of 
oxygen are oxidases. 

Most of these enzymes require the help of a speeifie eoenzyme, 
typieally derived from one of the B vitamins. Although the en- 
zymes eatalyze the removal of hydrogen atoms to oxidize a sub- 
stanee, they eannot aeeept the hydrogen (hold on or bond to it). 
Their eoenzymes , however, ean aet as hydrogen (or eleetron) ae- 
eeptors, beeoming reduced eaeh time a substrate is oxidized. 

Two very important eoenzymes of the oxidative pathways are 
nieotinamide adenine dimieleotide (NAD + ) (nik"o-tin'ah-mId), 


based on niaein , and flavin adenine dinucleotide (FAD), derived 
from riboflavin. The oxidation of succinic aeid to fiimarie aeid and 
the simultaneous reduction of FAD to FADH 2 , an example of a 
coupled redox reaetion, is 


COOH 



C — H 



C — H 


OOOH 


FAD 

(oxidized) 


FADH 2 

(reduced) 



OOOH 


C — H 


C — H 


OOOH 


succimc 

aeid 


fumaric 

aeid 


ATP Synthesis 

How do our eells capture some of the energy liberated during 
cellular respiration to make ATP molecules? There appear to be 
two meehanisms—substrate-level phosphorylation and oxida- 
tive phosphorylation. 

Substrate-level phosphorylation occurs when high-energy 
phosphate groups are transferred direetly from phosphorylated 
substrates (metabolie intermediates such as glyeeraldehyde 
3-phosphate) to ADP Figure 24.4a' . Essentially, this proeess 
occurs because the high-energy bonds attaehing the phosphate 
groups to the substrates are even more unstable than those in 
ATP. ATP is synthesized by this route twice during glyeolysis, and 
onee during eaeh turn of the Krebs eyele. The enzymes eatalyzing 
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Chemical energy (high-energy eleetrons) 


Glyeolysis 


Glucose 


Oytosol 



mitoehondrial 
membrane (eristae) 



Via substrate-level 
phosphorylation 


Via oxidative 
phosphorylation 


© Glyeolysis, in the eytosol, breaks ®The pyruvic aeid then enters 


dovvn eaeh glucose molecule into 
tvvo molecules of pyruvic aeid. 


the mitoehondrial matrix, vvhere 
the Krebs eyele deeomposes it to 
C0 2 . During glyeolysis and the 
Krebs eyele, substrate-level 
phosphorylation forms small 
amounts of ATP. 


© Energy-rieh eleetrons pieked up 
by eoenzymes are transferred to 
the eleetron transport ehain, built 
into the eristae membrane. The 
eleetron transport ehain earries out 
oxidative phosphorylation, vvhieh 
accounts for most of the ATP 
generated by cellular respiration. 


Figure 24.! During cellular respiration, ATP is formed in the eytosol and in the 
mitoehondria. 


substrate-level phosphorylations are loeated in both the eytosol 
(where glyeolysis occurs) and in the watery matrix inside the mi- 
toehondria (where the Krebs eyele takes plaee) Figure 24.5 . 

Oxidative phosphorylation is more eomplieated, but it also re- 
leases most of the energy that is eventually captured in ATP bonds 
during cellular respiration. Oxidative phosphorylation, which is 
earried out by eleetron transport proteins forming part of the in- 
ner mitoehondrial membranes, is an example of a ehemiosmotie 
proeess. Chemiosmotic proeesses couple the movement of sub- 
stanees aeross membranes to ehemieal reaetions. 

In this ease, some of the energy released during the oxida- 
tion of food fuels (the c ehemi” part of ehemiosmotie) is used to 
pump (osmo — push) protons (H + ) aeross the inner mitoehon- 
drial membrane into the intermembrane spaee (Figure 24.4b). 
This ereates a steep eoneentration gradient for protons aeross 
the membrane. Then, when H + flows baek aeross the membrane 
(through a membrane ehannel protein ealled ATP synthase ), 
some of this gradient energy is captured and used to attaeh phos- 
phate groups to ADP. 



Check Your LPnderstanding 


8. What is a redox reaetion? 

9. Hovv are anabolism and eatabolism linked by ATP? 


10. What is the energy source for the proton pumps of oxidative 
phosphorylation? 


For ansvvers, see Appendix H. 


Metabolism of Major Nutrients 

Carbohydrate Metabolism 

Summarize important events and products of glyeolysis, the 
Krebs eyele, and eleetron transport. 

Define glyeogenesis, glyeogenolysis, and gluconeogenesis. 

The story of earbohydrate metabolism is really a tale of glu- 
eose metabolism because all food earbohydrates are eventually 
transformed to ghieose. Glucose enters tissue eells by faeilitated 
diffhsion, a proeess that is greatly enhaneed by insulin. Imme- 
diately after entering a eell, glucose is phosphorylated to glucose- 
6-phosphate by transfer of a phosphate group to its sixth earbon 
during a coupled reaetion with ATP: 

Ghieose + ATP —> glucose-6-P0 4 + ADP 

Most body eells laek the enzymes needed to reverse this re- 
aetion, so it effeetively traps glucose inside the eells. Because 
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and ATP formation: 
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removing 
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4 ATP molecules 
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Figure 24.6 The three major phases of glyeolysis. The fate of 
pyrnvie aeid depends on vvhether or not molecular 0 2 is available. 


glucose-6-phosphate is a different molecule from simple ghieose, 
the reaetion also keeps intraeelhilar glucose levels low, maintaining 
a eoneentration gradient for glucose entry. Only intestinal mucosa 
eells, kidney tubule eells, and liver eells have the enzymes needed to 
reverse this phosphorylation reaetion, which refleets their eentral 


roles in ghieose uptake and release. The eatabolie and anabolie 
pathways for earbohydrates all begin with glucose-6-phosphate. 

Oxidation of Glucose 

Glucose is the pivotal fuel molecule in the oxidative (ATP- 
producing) pathvvays. Glucose is eatabolized via the reaetion 

C 6 H 12 O ó + 60 2 —> 6H 2 0 + 6C0 2 + 32 ATP + heat 

glucose oxygen water earbon 

dioxide 

This equation gives few hints that ghieose breakdown is eom- 
plex and involves three of the pathways featured in Figures 24.3 
and 24.5: 

1. Glyeolysis (eolor-eoded orange throughout the ehapter) 

2. The Krebs eyele (eolor-eoded green) 

3. The eleetron transport ehain and oxidative phosphoryla- 
tion (eolor-eoded lavender) 

These metabolie pathways occur in a definite order, and we will 
eonsider them sequentially. 

Glyeolysis Also ealled the glyeolytie pathway , glyeolysis 
(gli-koFì-sis; cc sugar splitting”) occurs in the eytosol of eells. 
This pathway, a series of ten ehemieal steps, eonverts glucose to 
two pymvie aeid molecules. All steps are fully reversible except 
the first, during which glucose entering the eell is phosphor- 
ylated to glucose-6-phosphate. 

Glyeolysis is an anaerobieproeess (an-a'er-òb-ik; an = with- 
out, aero = air). Although this term is sometimes mistakenly 
interpreted to mean the pathway occurs only in the absenee of 
oxygen, it actually means that glyeolysis does not use oxygen and 
occurs whether or not oxygen is present. 

The three major phases of the glyeolytie pathway shown in 
Figure 24.6 are deseribed below. Appendix D shows the eom- 
plete glyeolytie p athway. 

Phase 1. Sugar aetivation. In phase 1, glucose is phosphor- 
ylated and eonverted to fmetose-6-phosphate, which is then 
phosphorylated again. These three steps use two ATP mol- 
ecules (which are recouped later) and yield fructose-l,6- 
bisphosphate. The two separate reaetions of the sugar with 
ATP provide the aetivation energy needed to prime the later 
stages of the pathway, so phase 1 is sometimes ealled the energy 
investment phase. (Reeall the importanee of aetivation energy 
in preparing substances to reaet, as deseribed in Chapter 2.) 

Phase 2. Sugar eleavage. During phase 2, fructose-l,6- 
bisphosphate is split into two 3-earbon fragments that exist 
(reversibly) as one of two isomers: glyeeraldehyde (glis"er- 
al'dé-hld) 3-phosphate or dihydroxyacetone (dI"hi-drok"se- 
as'é-tón) phosphate. 

Phase 3. Sugar oxidation and ATP formation. In phase 3, ae- 
tually eonsisting of six steps, two major events happen. First, 
the two 3-earbon fragments are oxidized by the removal of 
hydrogen, which NAD + pieks up. In this way, some of glu- 
eoses energy is transferred to NAD + . Seeond, inorganie phos- 
phate groups (P A ) are attaehed to eaeh oxidized fragment by 
high-energy bonds. Later, when these terminal phosphates 
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are eleaved off, enough energy is captured to form four ATP 
molecules. As we noted earlier, formation of ATP this way is 
ealled substrate-level phosphorylation. 

The final products of glyeolysis are two molecules of pyru- 
vie aeid and two molecules of reduced NAD + (which is NADH 
+ H + ). There is a net gain of two ATP molecules per ghieose 
molecule. Four ATPs are produced, but remember that two are 
consumed in phase 1 to “prime the pump.” Eaeh pyruvic aeid 
molecule has the forimila C 3 H 4 0 3 , and glucose is C 6 H 12 0 6 . Be- 
tween them the two pymvie aeid molecules have lost four hy- 
drogen atoms, which are now bound to two molecules of NAD + . 
NAD earries a positive eharge (NAD + ), so when it aeeepts a hy- 
drogen pair, NADH + H + is the resulting reduced product. Al- 
though a small amount of ATP has been harvested, the other two 
products of glucose oxidation (H 2 0 and C0 2 ) have yet to appear. 

The fate of pyravie aeid, which still eontains most of glucoses 
ehemieal energy, depends on the availability of oxygen at the 
time the pyravie aeid is produced. Because the supply of NAD + 
is limited, glyeolysis ean continue only if the reduced eoen- 
zymes (NADH + H + ) formed during glyeolysis are relieved 
of their extra hydrogen. Only then ean they continue to aet as 
hydrogen aeeeptors. 

When oxygen is readily available, this is no problem. NADH 
+ H + delivers its burden of hydrogen atoms to the enzymes of the 
eleetron transport ehain in the mitoehondria, which deliver them 
to 0 2 , forming water. However, when oxygen is not present in suf- 
fieient amounts, as might occur during strenuous exercise, NADH 
+ H + unloads its hydrogen atoms baek ontopymvie aeid , reducing 
it. This addition of two hydrogen atoms to pyravie aeid yields laetie 
aeid (see bottom right of Figure 24.6). Some of this laetie aeid dif- 
fuses out of the eells and is transported to the liver for proeessing. 

When oxygen is again available, laetie aeid is oxidized baek 
to pyravie aeid and enters the aerobie pathways (the oxygen- 
requiring Krebs eyele and eleetron transport ehain within the 
mitoehondria), and is eompletely oxidized to water and earbon 
dioxide. The liver may also eonvert laetie aeid all the way baek 
to glucose-6-phosphate (reverse glyeolysis) and then store it as 
glyeogen, or free it of its phosphate and release it to the blood if 
blood sugar levels are low. 

Except for red blood eells (which typieally earry out only gly- 
eolysis), prolonged anaerobie metabolism ultimately results in 
aeid-base problems. Consequently, totally anaerobie eonditions 
resulting in laetie aeid formation provide only a temporary route 
for rapid ATP production. Totally anaerobie eonditions ean go on 
without tissue damage for the longest periods in skeletal muscle, 
for much shorter periods in eardiae muscle, and almost not at 
all in the brain. Although glyeolysis generates ATP rapidly, eaeh 
glucose molecule yields only 2 ATP as eompared to the 30 to 32 
ATP when a glucose molecule is eompletely oxidized. 

Krebs Cycle Named after its diseoverer Hans Krebs, the Krebs 
eyele is the next stage of gkieose oxidation. The Krebs eyele, 
which occurs in the mitoehondrial matrix, is fueled largely by 
pyravie aeid produced during glyeolysis and by fatty aeids re- 
sulting from fat breakdown. 

Because pyravie aeid is a eharged molecule, it must enter the 
mitoehondrion by aetive transport with the help of a transport 


protein. Onee in the mitoehondrion, the first order of business 
is a transitional phase that eonverts pyravie aeid to aeetyl CoA. 
This occurs via a three-step proeess ( Figure 24. , top): 


1. Decarboxylation. In this step, one of pyravie aeids earbons 
is removed and released as earbon dioxide gas, a proeess 
ealled decarboxylation. C0 2 difftises out of the eells into 
the blood to be expelled by the lungs. This is the first time 
that C0 2 is released during cellular respiration. 

2. Oxidation. The remaining 2C fragment (aeetie aeid) is oxi- 
dized by removing hydrogen atoms, which are pieked up 
by NAD + . 


3. Formation of aeetyl CoA. Aeetie aeid is eombined with 
eoenzyme A to produce the reaetive final product, aeetyl 
eoenzyme A (aeetyl CoA). Coenzyme A is a sulfur- 
eontaining eoenzyme derived from vitamin B 5 . 


Aeetyl CoA is now ready to enter the Krebs eyele and be bro- 
ken down eompletely by mitoehondrial enzymes. Coenzyme A 
shuttles the 2-earbon aeetie aeid to an enzyme that eondenses 
it with a 4-earbon aeid ealled oxaloacetic aeid (ok"sah-lo"ah- 
sèt'ik) to produce the 6-earbon eitrie aeid. Because eitrie aeid 
is the first substrate of the eyele, bioehemists prefer to eall the 
Krebs eyele the eitrie aeid eyele. 

As the eyele moves through its eight successive steps, the at- 
oms of eitrie aeid are rearranged to produce difterent intermediate 
molecules, most ealled keto aeids (Figure 24.7). The aeetie aeid 
that enters the eyele is broken apart earbon by earbon (decarboxy- 
lated) and oxidized, simultaneously generating NADH + H + and 
FADH 2 . At the end of the eyele, aeetie aeid has been totally dis- 
posed of and oxaloacetic aeid, the pickup molecule , is regenerated. 

What are the products of the Krebs eyele? Because two de- 
carboxylations and four oxidations occur, the products are two 
C0 2 molecules and four molecules of reduced eoenzymes (3 
NADH + H + and 1 FADH 2 ). The addition of water at eertain 
steps accounts for some of the released hydrogen. One molecule 
of ATP is formed (via substrate-level phosphorylation) during 
eaeh turn of the eyele. The detailed events of eaeh of the eight 
steps of the Krebs eyele are deseribed in Appendix D. 

Now let s baek up and account for the pyravie aeid molecules 
entering the mitoehondria. We need to eonsider the products 
of both the transitional phase and the Krebs eyele itself. Alto- 
gether, eaeh pyravie aeid yields three C0 2 molecules and five 
molecules of reduced eoenzymes—1 FADH 2 and 4 NADH + 
H + (equal to removing 10 hydrogen atoms). The products of 
ghieose oxidation in the Krebs eyele are twice that (remember 
1 glucose = 2 pyravie aeids): six C0 2 , ten molecules of reduced 
eoenzymes, and two ATP molecules. 

Notiee that it is these Krebs eyele reaetions that produce the 
C0 2 evolved during glucose oxidation. The reduced eoenzymes, 
which earry their extra eleetrons in high-energy linkages, must 
nowbe oxidized if the Krebs eyele and glyeolysis are to continue. 

Although glyeolysis is exclusive to earbohydrate oxidation, 
breakdown products of earbohydrates, fats, and proteins ean 
feed into the Krebs eyele to be oxidized for energy. On the other 
hand, some Krebs eyele intermediates ean be siphoned oíf to 
make fatty aeids and nonessential amino aeids. Thus, the Krebs 
eyele is a source of building materials for anabolie reaetions, as 
well as the final eommon pathway for oxidizing food ftiels. 
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Figiire 24.Ì Simplified version of the Krebs (eitrie aeid) eyele. During 
eaeh turn of the eyele, two earbon atoms are removed from the substrates 

Oarbon atom as ^^2 (decarboxylation reaetions); four oxidations by removal of hydrogen 

atoms occur, producing four molecules of reduced eoenzymes (3 NADH + H + 


inorgame phosphate anc | FADH 2 ); and one ATP is synthesized by substrate-level phosphorylation. 




oA 




Ooenzyme A 


An additional decarboxylation and an oxidation reaetion occur in the transi- 
tional phase (at top) that eonverts pyruvic aeid, the product of glyeolysis, to 
aeetyl CoA, the molecule that enters the Krebs eyele pathway. 
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a-Ketoglutaric aeid 
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Eleetron Transport Chain and Oxidative Phosphorylation 

Like glyeolysis, none of the reaetions of the Krebs eyele use 
oxygen direetly. This is the exclusive function of the eleetron 
transport ehain, which earries out the final eatabolie reaetions 
that occur on the mitoehondrial eristae. However, because the 
reduced eoenzymes produced in the Krebs eyele are the sub- 
strates for the eleetron transport ehain, these two pathvvays are 
coupled, and both are aerobie , meaning they require oxygen. 

In the eleetron transport ehain, the hydrogens removed dur- 
ing the oxidation of food fuels are eombined with 0 2 to form 


water, and the energy released during those reaetions is har- 
nessed to attaeh groups to ADP, forming ATP. As we noted 
earlier, this type of phosphorylation proeess is ealled oxidative 
phosphorylation. Lets peek under the hood of a eells power 
plant and see how this rather eomplieated proeess works. 

Most eomponents of the eleetron transport ehain are proteins 
that are bound to metal atoms (known as eofaetors). These pro- 
teins vary in eomposition and form multiprotein complexes that 
are firmly embedded in the inner mitoehondrial membrane as 
shown in Focus on Oxidative Phosphorylation Figure 24.8' . For 


























































FOCUS 


Oxidative Phosphorylation 


Oxidative phosphorylation has two phases: 
Phase 1 : The eleetron transport ehain ereates a proton (H+) 
gradient aeross the inner mitoehondrial membrane using 
high-energy eleetrons removed from food fuels. 

Phase 2: ehemiosmosis uses the energy of the proton 
gradient to synthesize ATP. 




ffliffllffiil* 


Outer mitoehondrial 
membrane 


Phase 1 : 

Eleetron transport ereates the proton gradient 



Intermembrane 


Phase 2: 

Chemiosmosis uses 

the proton gradient 
to synthesize ATP. 


mitoehondrial 

membrane 

(erista) + 

+ 



(T) Reduced eoenzymes 
(NADH + H+and FADH 2 ) 
deliver eleetrons pieked up 
during the oxidation of 
food fuels to respiratory 
enzyme complexes I and II. 


Mitoehondrial 

matrix 


(2) The eleetrons are transferred from 
one complex to another in the 
membrane. Eaeh complex is reduced 
and then oxidized, releasing energy 
that is used to pump H+ into the 
intermembrane spaee. This ereates an 
eleetroehemieal gradient betvveen the 
matrix and the intermembrane spaee. 
Coenzyme Q (ubiquinone) and 
eytoehrome e are mobile earriers that 
shuttle betvveen the larger complexes. 


(5) At respiratory enzyme 
complex IV, eleetron pairs 
eombine with two protons 
(H+) and a half molecule 
of 0 2 , forming water. 


(?) Complex V, ealled ATP 
synthase, harnesses energy of 
the proton gradient to 
synthesize ATP. As H+ flows 
baek aeross the membrane 
through ATP synthase, the 
synthase rotor spins, causing Pj 
to attaeh to ADP, forming ATP. 
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gure 24.9 Eleetronie energy gradient in the eleetron 
transport ehain. Eaeh member of the ehain (respiratory enzyme 
complex) alternates betvveen a reduced state and an oxidized state. 
A complex beeomes reduced by aeeepting eleetrons from its "uphill" 
neighbor and then reverts to its oxidized form as it passes eleetrons 
to its "dovvnhill" neighbor. The eleetron transport ehain breaks up 
the overall energy drop into smaller steps. 


example, some of the proteins, the flavins, eontain flavin mono- 
nucleotide (FMN) derived from the vitamin riboflavin, and oth- 
ers eontain both sulfur (S) and iron (Fe). Most of these proteins, 
however, are brightly eolored iron-eontaining pigments ealled 
eytoehromes (si'to-krómz; eyto — eell, ehrom = eolor), includ- 
ing complexes III and IV depieted in Figure 24.8. Neighboring 
earriers are clustered together to form four respiratory enzyme 
complexes that are alternately reduced and oxidized as they 
piek up eleetrons and pass them on to the next complex in the 
sequence. 


As Figure 24.8 shows, the first such complex aeeepts hydro- 
gen atoms from NADH + H + , oxidizing it to NAD + . FADH 2 
transfers its hydrogen atoms slightly farther along the ehain 
to the small complex II. The hydrogen atoms that the reduced 
eoenzymes deliver to the eleetron transport ehain are quickly 
split into protons (H + ) plus eleetrons. The eleetrons are shuttled 
along the inner mitoehondrial membrane from one complex 
to the next, losing energy with eaeh transfer. The protons es- 
eape into the watery matrix, only to be pieked up and “pumped” 
aeross the inner mitoehondrial membrane into the intermem- 
brane spaee by one of the three major respiratory enzyme eom- 
plexes (I, III, or IV). 

IJltimately the eleetron pairs are delivered to half a molecule 
of 0 2 (in other words, to an oxygen atom), ereating oxygen ions 
(O - ) that strongly attraet H + and form water, as indieated by 
the reaetion 


2H + + 2e“ + \0 2 -> H 2 0 


Virtually all the water resulting from glucose oxidation is 
formed during oxidative phosphorylation. Because NADH + 
H + and FADH 2 are oxidized as they release their burden of 
picked-up hydrogen atoms, the net reaetion for the eleetron 
transport ehain is 

Coenzyme-2H + ^0 2 ^coenzyme + H 2 0 


reduced 

eoenzyme 


oxidized 

eoenzyme 


The transfer of eleetrons from NADH + H + to oxygen re- 
leases large amounts of energy. If hydrogen eombined direetly 
with molecular oxygen, the energy would be released in one big 
burst and most of it would be lost to the environment as heat. 
Instead, energy is released in many small steps as the eleetrons 
stream from one eleetron aeeeptor to the next. 

Eaeh successive earrier has a greater affinity for eleetrons 
than those preeeding it. For this reason, the eleetrons easeade 
cc downhiH” from NADH + H + to progressively lower energy 
levels until they are finally delivered to oxygen, which has the 
greatest affinity of all for eleetrons. You could say that oxygen 
cc pulls” the eleetrons down the ehain i jure 24.9). 

The eleetron transport ehain fimetions as an energy eon- 
verter by using the stepwise release of eleetronie energy to pump 
protons from the matrix into the intermembrane spaee. Because 
the inner mitoehondrial membrane is nearly impermeable to 
H + , this ehemiosmotie proeess ereates an eleetroehemieal pro- 
ton (H + ) gradient aeross that membrane, a gradient that has 
potential energy and the eapaeity to do work. 

The proton gradient (1) ereates a pH gradient, with the H + 
eoneentration in the matrix much lower than that in the inter- 
membrane spaee; and (2) generates a voltage aeross the mem- 
brane that is negative on the matrix side and positive between 
the mitoehondrial membranes. Both eonditions strongly attraet 
H + baek into the matrix. But how ean they get there? 

The only areas of the membrane freely permeable to H + are 
large enzyme-protein complexes (complex V) ealled ATP syn- 
thases. These complexes, which populate the inner mitoehon- 
drial membrane Figure 24.10 , lay elaim to being natures 
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Figure 24.10 Atomie foree mieroseopy reveals the structure 
of energy-eonverting ATP synthase rotor rings. 


Intermembrane spaee 



Mitoehondrial matrix 


A rotor in the 
membrane spins 
clockwise when H + 
flows through it down 
the H + gradient. 


A stator anehored in 
the membrane holds 
the knob stationary. 


As the rotor spins, a 
rod eonneeting the 
eylindrieal rotor and 
knob also spins. 


The protruding, 
stationary knob 
eontains three 
eatalytie sites that 
join inorganie 
phosphate to ADP to 
make ATP when the 
rod is spinning. 


smallest rotary motors. As the protons take this cc route” they ere- 
ate an eleetrieal current, and ATP synthase harnesses this eleetri- 
eal energy to eatalyze attaehment of a phosphate group to ADP 
to form ATP Fi ure 24.11). The enzymes subunits appear to 
work together like gears. As the ATP synthase eore rotates, ADP 
and inorganie phosphate are pulled in and ATP is churned out, 
eompleting the proeess of oxidative phosphorylation. 

How exactly does ATP synthase work? Studies of its mo- 
lecular structure are providing answers. The enzyme complex 
eonsists of two major linked parts: (1) a rotor embedded in the 
inner mitoehondrial membrane (Figure 24.11), and (2) a knob 
extending into the mitoehondrial matrix, which is stabilized by 
a stator anehored in the membrane. A rod eonneets the rotor 
and the knob. The current ereated by the downhill flow of H + 
causes the rotor and rod to rotate, just as flowing water turns a 
water wheel. This rotation aetivates eatalytie sites in the knob 
where ADP and P^ are eombined to make ATP. 

Notiee something here: The ATP synthase works like an ion 
pump running in reverse. Reeall from Chapter 3 that ion pumps 
use ATP as their energy source to transport ions against an elee- 
troehemieal gradient. Here we have ATP synthases using the 
energy of a proton gradient to power ATP synthesis. 

The proton gradient also supplies energy to pump needed 
metabolites (ADP, pymvie aeid, inorganie phosphate) and eal- 
cium ions aeross the relatively impermeable inner mitoehon- 
drial membrane. The outer membrane is freely permeable to 
these substances, so no “help” is needed there. The supply of 
energy from oxidation is not limitless however, so when more 
of the gradient energy is used to drive these transport proeesses, 
less is available to make ATP. 


gure 24.11 Structure and function of ATP synthase. 



Homeostatie imbalanee 24.1 


Studies of metabolie poisons support the ehemiosmotie model 
of oxidative phosphorylation. For example, eyanide (the gas used 
in gas ehambers) dismpts oxidative phosphorylation by binding 
to eytoehrome oxidase and bloeking eleetron flow from eom- 
plex IV to oxygen (see Figure 24.9). Poisons ealled “uncouplers” 
abolish the proton gradient by making the inner mitoehondrial 
membrane permeable to H + . Consequently, although the elee- 
tron transport ehain continues to deliver eleetrons to oxygen at 
a furious paee and oxygen consumption rises, no ATP is made.+ 



When ADP enters the mitoehondrial matrix, it stimulates 
the production of ATP. As ADP is 
out in a coupled transport proeess. 


transported in, ATP moves ^ 


Summary of ATP Production The average person at rest uses 
energy at the rate of roughly 100 kcal/hour, which is equal to 
116 watts, or slightly more than that of a standard lightbulb. 
This may seem a tiny amount, but from a bioehemieal stand- 
point it plaees a staggering power demand on our mitoehon- 
dria. Luckily, they are up to the task. 

When 0 2 is present, cellular respiration is remarkably ef- 
fieient. Of the 686 keal of energy present in 1 mole of ghieose, 
as much as 262 keal ean be captured in ATP bonds. (The rest 
is liberated as heat.) This eorresponds to an energy capture of 
about 38%, making eells far more effieient than any man-made 
maehines, which capture only 10-30% of the energy available 
to them. 
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gure 24.1 Energy yield during cellular respiration. (The typieal energy yield of 
30 ATP per glucose takes into account the 2 ATP used for shuttling NADH + H + to the eleetron 
transport ehain.) 


During cellular respiration, most energy flows in this sequence: 

Ghieose —» NADH + H + —» eleetron transport ehain —> 

proton gradient energy —» ATP 
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Lets do a little bookkeeping to summarize the net energy 
gain from one ghieose molecule. First, we tally the results of 
substrate-level phosphorylation, giving us a net gain of 4 ATP 
produced direetly by substrate-level phosphorylations (2 during 
glyeolysis and 2 during the Krebs eyele). Next we must calculate 
the much greater number of ATP molecules produced by oxida- 
tive phosphorylation igure 24.12] . 

For eaeh NADH + H + that transfers a pair of high-energy 
eleetrons to the eleetron transport ehain, the proton gradient 
generates about 2Vi ATP molecules. The oxidation of FADH 2 
is less efheient because it doesnt donate eleetrons to the “top” 
of the eleetron transport ehain as does NADH + H + , but to a 
lower energy level (at complex II). So, for eaeh 2 H delivered by 
FADH 2 , just about lVi ATP molecules are produced. 

Now let s tally the results of oxidative phosphorylation. The 
2 NADH + H + generated during glyeolysis yield 5 ATP mol- 
ecules. The 8 NADH + H + and the 2 FADH 2 produced during 
the Krebs eyele are cc worth” 20 and 3 ATP respeetively. 

Overall, eomplete oxidation of 1 ghieose molecule to C0 2 
and H 2 0 by both substrate-level phosphorylation and oxida- 
tive phosphorylation yields a maximum of 32 molecules of ATP 
(Figure 24.12). However, there is uncertainty about the energy 
yield of reduced NAD + that glyeolysis generates outside the mi- 
toehondria. The erista membrane is not permeable to reduced 
NAD + generated in the eytosol, so NADH + H + formed dur- 
ing glyeolysis uses a shuttle molecule to deliver its extra eleetron 


pair to the eleetron transport ehain. It appears that eells using 
the malate/aspartate shuttle harvest the whole 2Vi ATP from 
oxidation of reduced NAD + , but in eells using a different shut- 
tle (the glyeerol phosphate shuttle for example) the shuttle has 
an energy eost. At present, the consensus is that the net energy 
yield for reoxidation of reduced NAD + in this ease is probably 
the same as for FADH 2 , that is, 1 V 2 ATP per eleetron pair. 

So, if we deduct 2 ATP to eover the cc fare” for the shuttle, our 
bookkeeping eomes up with a grand total of 30 ATP per glucose 
as the typieal energy yield. (Actually our figures are probably 
still too high because, as mentioned earlier, the proton gradient 
energy is also used to do other work and the eleetron transport 
ehain may not work at maximum eapaeity all of the time.) 



Check Your Understanding 


11. Briefly, hovv do substrate-level and oxidative phosphorylation 
differ? 

12. What happens in the glyeolytie pathvvay if oxygen and 
pyruvic aeid are absent and NADH + H + eannot transfer its 
"picked-up" hydrogen to pyruvic aeid? 

13. What tvvo major kinds of ehemieal reaetions occur in 
the Krebs eyele, and hovv are these reaetions indieated 
symbolieally? 

_ For ansvvers, see Appendix H. 


Glyeogenesis, Glyeogenolysis, and Gluconeogenesis 

Although most ghieose is used to generate ATP molecules, un- 
limited amounts of glucose do not result in unlimited ATP syn- 
thesis, because eells eannot store large amounts of ATP. 
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When more gliieose is available than ean immediately be oxi- 
dized, rising intracellular ATP eoneentrations eventually inhibit 
ghieose eatabolism and cause glucose to be stored as glyeogen 
or fat. Because the body ean store much more fat than glyeogen, 
fats account for 80-85% of stored energy. 

Glyeogenesis When high ATP levels begin to “turn oíf ” gly- 
eolysis, glucose molecules are eombined in long ehains to form 
glyeogen, the animal earbohydrate storage product. This pro- 
eess is ealled glyeogenesis (glyeo = sugar; genesis = origin) 
(Figure 24.13, right side). 

Glyeogenesis begins as glucose entering eells is phosphor- 
ylated to glucose-6-phosphate and then eonverted to its isomer, 
glucose-l-phosphate. The terminal phosphate group is eleaved 
off as the enzyme glyeogen synthase eatalyzes the attaehment of 
glucose to the growing glyeogen ehain. Liver and skeletal mus- 
ele eells are most aetive in glyeogen synthesis and storage. 

Glyeogenolysis On the other hand, when blood glucose levels 
drop, glyeogen lysis (splitting) occurs. This proeess is known as 
glyeogenolysis (gli"ko-jé-noTì-sis) (Figure 24.13, left side). The 
enzyme glyeogen phosphorylase oversees phosphorylation and 
eleavage of glyeogen to release glucose-l-phosphate, which is 
then eonverted to glucose-6-phosphate, a form that ean enter 
the glyeolytie pathway to be oxidized for energy. 

In muscle eells and most other eells, the glucose-6-phosphate 
resulting from glyeogenolysis is trapped because it eannot eross 
the eell membrane. However, hepatoeytes (and some kidney 
and intestinal eells) eontain glucose-6-phosphatase , an enzyme 
that removes the terminal phosphate, producing free glucose. 
Because glucose ean then readily diffuse from the eell into the 
blood, the liver ean use its glyeogen stores to provide blood 
sugar for other organs when blood glucose levels drop. Liver 
glyeogen is also an important energy source for skeletal muscles 
that have depleted their own glyeogen reserves. 

Athletes and Carbohydrates A eommon miseoneeption is 
that athletes need to eat large amounts of protein to improve 
their performanee and maintain muscle mass. Actually, a diet 
rieh in complex earbohydrates results in more glyeogen storage 
in muscle, and is more effeetive than high-protein meals for 
sustaining intense muscle aetivity. 

Notiee that the emphasis is on complex earbohydrates. Eating 
a eandy bar before an athletie event to provide “quick” energy 
does more harm than good because it stimulates insulin seere- 
tion, which favors glucose use and retards fat use at a time when 
fat use should be maximal. Building muscle protein or avoiding 
its loss requires not only extra protein, but also extra (protein- 
sparing) complex earbohydrate ealories to meet the greater en- 
ergy needs of inereasingly massive muscles. 

Endurance athletes—long-distanee mnners in particular— 
are well aware of the praetiee of glyeogen loading, popularly 
ealled “earbo loading,” for endurance events. Carbo loading 
“trieks” the muscles into storing more glyeogen than they nor- 
mally would. It generally involves eating a earbohydrate-rieh 
diet (75% of energy intake) for three to four days before an en- 
durance event while deereasing aetivity. This praetiee inereases 
muscle glyeogen stores to as much as twice the normal amount. 
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gure 24.13 Glyeogenesis and glyeogenolysis. When glucose 
supplies exceed demands, glyeogenesis (eonversion of glucose to 
glyeogen) occurs. Falling blood glucose levels stimulate glyeogenoly- 
sis (breakdovvn of glyeogen to release glucose). 


Carbo loading is standard praetiee among marathon mnners 
and distanee eyelists, because studies have shown that it im- 
proves performanee and endurance. 

Gluconeogenesis When too little glucose is available to stoke 
the “metabolie furnace,” glyeerol and amino aeids are eonverted 
to glucose. Gluconeogenesis, the proeess of forming new ( neo ) 
ghieose from nonearbohydrate molecules, occurs in the liver. 

Ghieoneogenesis takes plaee when dietary sources and glucose 
reserves have been used up and blood glucose levels are begin- 
ning to drop. Ghieoneogenesis proteets the body, espeeially the 
nervous system, from the damaging effeets of low blood sugar 
(.hypoglyeemia ) by ensuring that ATP synthesis ean continue. 



Check Your Understanding 


14. What name is given to the ehemieal reaetion in vvhieh 
glyeogen is broken dovvn to its glucose subunits? 

15. What does earbo loading aeeomplish? 

_ For ansvvers, see Appendix H. 
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Figure 24.14 Initial phase of lipid oxidation. Glyeerol is 
eonverted to a glyeolysis intermediate, and eompletes the glyeolytie 
pathvvay through pyruvic aeid to aeetyl CoA. The fatty aeids undergo 
beta (p) oxidation in vvhieh they are aetivated by a coupled reaetion 
vvith ATP, eombined vvith eoenzyme A, and then oxidized tvviee 
(reducing NAD + and FAD). The aeetyl CoA ereated in p oxidation is 
eleaved off and the proeess begins again. 




Lipid Metabolism 

Deseribe the proeess by vvhieh fatty aeids are oxidized for 
energy. 

✓ Define ketone bodies, and indieate the stimulus for their 
formation. 


Fats are the bodys most eoneentrated source of energy. They 
eontain very little water, and the energy yield from fat eatabo- 
lism is approximately twice that from either glucose or protein 
eatabolism—9 keal per gram of fat versus 4 keal per gram of 
earbohydrate or protein. Most products of fat digestion are 
transported in lymph in the form of fatty-protein droplets ealled 
ehylomierons (see Chapter 23). Eventually, enzymes on eapillary 
endothelium hydrolyze the lipids in the ehylomierons, and the 


resulting fatty aeids and glyeerol are taken up by body eells and 
proeessed in various ways. 

Oxidation of Glyeerol and Fatty Aeids 

Of the various lipids, only triglyeerides are routinely oxidized 
for energy. Their eatabolism involves the separate oxidation of 
their two different building bloeks: glyeerol and fatty aeid ehains 

(Figure 24.14). 

Most body eells easily eonvert glyeerol to glyeeraldehyde 
3-phosphate, a glyeolysis intermediate that eventually enters the 
Krebs eyele. Glyeeraldehyde is equal to half a ghieose molecule, 
and ATP energy harvest from its eomplete oxidation is approxi- 
mately half that of ghieose (15 ATP/glyeerol). 

Beta oxidation, the initial phase of fatty aeid oxidation, oe- 
curs in the mitoehondria. The net result is that the fatty aeid 
ehains are broken apart into two-carbon aeetie aeid fragments, 
and eoenzymes (FAD and NAD + ) are reduced (Figure 24.14, 
right side). Eaeh aeetie aeid molecule is fused to eoenzyme A, 
forming aeetyl CoA. The term “beta oxidation” refleets the faet 
that the earbon in the beta (third) position is oxidized during 
the proeess and in eaeh ease the fatty aeid is eleaved between the 
alpha and beta earbons. Oxaloacetic aeid then pieks up aeetyl 
CoA, which enters the aerobie pathways to be oxidized to C0 2 
and H 2 0. 

Notiee that unlike glyeerol, which enters the glyeolytie path- 
way, aeetyl CoA resulting from fatty aeid breakdown eannot be 
used for gluconeogenesis. Why? This is because the metabolie 
pathvvay is irreversible past pyruvic aeid. 

Lipogenesis 

There is a continuous turnover of triglyeerides in adipose tissue. 
New fats are “put in the larder” for later use, while stored fats 
are broken down and released to the blood. That bulge of fatty 
tissue you see today does not eontain the same fat molecules it 
did a month ago. 

Glyeerol and fatty aeids from dietary fats not immediately 
needed for energy are reeombined into triglyeerides and stored. 
About 50% ends up in subcutaneous tissue, and the balanee is 
stoekpiled in other fat depots of the body. 

Triglyeeride synthesis, or lipogenesis, occurs when cellular 
ATP and glucose levels are high ( gure 24.1 í , magenta ar- 
rows). Excess ATP also leads to an accumulation of aeetyl CoA 
and glyeeraldehyde 3-P0 4 , two intermediates of ghieose metab- 
olism that would otherwise feed into the Krebs eyele. But when 
these two metabolites are present in excess, they are ehanneled 
into triglyeeride synthesis pathways. 

Aeetyl CoA molecules are eondensed together, forming 
fatty aeid ehains that grow two earbons at a time. (This ae- 
counts for the faet that almost all fatty aeids in the body eon- 
tain an even number of earbon atoms.) Because aeetyl CoA, 
an intermediate in glucose eatabolism, is also the starting 
point for fatty aeid synthesis, glucose is easily eonverted to fat. 
Glyeeraldehyde 3-P0 4 is eonverted to glyeerol, which is eon- 
densed with fatty aeids to form triglyeerides. Consequently, 
even with a low-fat diet, earbohydrate intake ean provide all 
the raw materials needed to make triglyeerides. When blood 
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Figure 24.1 Metabolism of 
triglyeerides. When needed for energy, fats 
enter eatabolie pathvvays. Glyeerol enters the 
glyeolytie pathvvay and beta oxidation breaks 
dovvn the fatty aeids to aeetyl CoA, vvhieh 
enters the Krebs eyele. When fats are to be 


synthesized (lipogenesis) and stored, the 
intermediates are dravvn from glyeolysis and 
the Krebs eyele in a reversal of the proeesses 
noted above. Excess dietary fats are stored 
in adipose tissue. When triglyeerides are the 


primary energy source, the liver releases their 
breakdovvn products in the form of ketone 
bodies. Excessive amounts of earbohydrates 
and amino aeids are also eonverted to 
triglyeerides (lipogenesis). 


sugar is high, lipogenesis is the major aetivity in adipose tis- 
sues and is also an important liver function. 

Lipolysis 

Lipolysis (lì-pol'ì-sis; “fat splitting”), the breakdown of stored 
fats into glyeerol and fatty aeids, is essentially lipogenesis in re- 
verse (Figure 24.15, blue arrows). The fatty aeids and glyeerol 
are released to the blood, helping to ensure that body organs 
have continuous aeeess to fat fuels for aerobie respiration. (The 
liver, eardiae muscle, and resting skeletal muscles actually prefer 
fatty aeids as an energy fuel.) 

The adage “Fats burn in the flame of earbohydrates” beeomes 
elear when earbohydrate intake is inadequate. Under such eon- 
ditions, lipolysis aeeelerates as the body attempts to fill the fuel 
gap with fats. However, the ability of aeetyl CoA to enter the 
Krebs eyele depends on the availability of oxaloacetic aeid to aet 
as the pickup molecule (see Figure 24.7). When earbohydrates 
are defieient, oxaloacetic aeid is eonverted to glucose (to fuel the 
brain). Without oxaloacetic aeid, fat oxidation is ineomplete, 
and aeetyl CoA accumulates. 

Via a proeess ealled ketogenesis, the liver eonverts aeetyl 
CoA molecules to ketone bodies, or ketones, which are re- 
leased into the blood. Ketone bodies include aeetoaeetie aeid, 
(3-hydroxybutyric aeid, and aeetone. (The keto aeids eyeling 
through the Krebs eyele and the ketone bodies resulting from 
fat metabolism are quite different and should not be confused.) 



Homeostatie imbalanee 24.2 


When ketone bodies accumulate in the blood, ketosis results 
and large amounts of ketone bodies are excreted in the urine. 
Ketosis is a eommon consequence of starvation, unwise dieting 
(too little earbohydrate), and diabetes mellitus. 

Because most ketone bodies are organie aeids, ketosis leads 
to metabolie aeidosis. The body s buffer systems eannot tie up 
the aeids (ketones) fast enough, and blood pH drops to danger- 
ously low levels. The persons breath smells frnity as aeetone 
vaporizes from the hrngs, and breathing beeomes more rapid 
as the respiratory system tries to reduce blood earbonie aeid by 
blowing off C0 2 to foree the blood pH up. In severe untreated 
eases, the person may beeome eomatose or even die as the aeid 
pH depresses the nervous system. + 


r 


24 
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Synthesis of Stmetiiral Materials 

All body eells use phospholipids and eholesterol to build their 
membranes. Phospholipids are important eomponents of the my- 
elin sheaths of neurons, and the ovaries, testes, and adrenal cortex 
use eholesterol to synthesize their steroid hormones. In addition, 
the liver: 

■ Synthesizes lipoproteins to transport eholesterol, fats, and 
other substances in the blood 

■ Synthesizes eholesterol from aeetyl CoA 

■ Uses eholesterol to form bile salts 
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kL/Transamination: An amine 
group is svvitehed from an 
amino aeid to a keto aeid. 



Keto aeid modifieation: 

The keto aeids formed 
during transamination are 
altered so they ean easily 
enter the Krebs eyele 
pathvvays. 



Modified 
keto aeid 



Excreted in urine 


Figure 24.16 Transamination, oxidative deamination, and keto aeid modifieation: 
proeesses that occur when amino aeids are utilized for energy. 


Oxidative 

deamination: The amine 
group of glutamic aeid is 
removed as ammonia 
and eombined vvith C0 2 
to form urea. 




Check Your IJnderstanding 


1 16. Which part of triglyeeride molecules enters the glyeolytie 

pathvvay? 

17. What is the eentral molecule in fat metabolism? 

18. What are the products of beta oxidation? 


For ansvvers, see Appendix H. 


use them to replaee tissue proteins at the rate of about 100 grams 
eaeh day. 

Although popular opinion has it that excess protein ean be 
stored by the body, nothing is farther from the truth. When 
more protein is available than is needed for anabolie purposes, 
amino aeids are oxidized for energy or eonverted to fat for fu- 
ture energy needs. 


Protein Metabolism 

✓ Deseribe how amino aeids are metabolized for energy. 
s Deseribe the need for protein synthesis in body eells. 

Like all other biologieal molecules, proteins have a limited life 
span and must be broken down and replaeed before they de- 
teriorate. As proteins are broken down, their amino aeids are 
reeyeled and used to build new proteins or modified to form a 
different N-eontaining compound. Cells take up newly ingested 
amino aeids from the blood by aetive transport proeesses and 


Oxidation of Amino Aeids 

Before amino aeids ean be oxidized for energy, they must be 
deaminated , that is, their amine group (NH 2 ) must be removed. 
(In sulfur-containing amino aeids, such as methionine and 
eysteine, sulfur is released prior to deamination.) The resulting 
molecule is then eonverted to pymvie aeid or to one of the keto 
aeid intermediates in the Krebs eyele [aeetyl CoA, alpha (a) ke- 
toglutaric aeid, succinyl Co A, fumaric aeid, or oxaloacetic aeid]. 

The key molecule in these eonversions is the nonessential 
amino aeid glutamic aeid (gloo-tam'ik). As Figure 24.16 
shows, the following events occur: 
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Table 24.4 Thumbnail Summary of Metabolie Reaetions 

Carbohydrates 

Cellular respiration 

Reaetions that together eomplete the oxidation of glucose, yielding C0 2 , H 2 0, and ATP 

Glyeolysis 

Converts glucose to pyruvic aeid 

Glyeogenesis 

Polymerizes glucose to form glyeogen 

Glyeogenolysis 

Hydrolyzes glyeogen to glucose monomers 

Gluconeogenesis 

Forms glucose from nonearbohydrate precursors 

Krebs eyele 

Completely breaks down pyruvic aeid to C0 2 , yielding small amounts of ATP and reduced eoenzymes 

Eleetron transport ehain 

Splits H removed during oxidations to H + and e" and ereates a proton gradient used to bond ADP to P| 

(forming ATP) 

Lipids 

Beta oxidation 

Converts fatty aeids to aeetyl CoA 

Lipolysis 

Breaks down lipids to fatty aeids and glyeerol 

Lipogenesis 

Forms lipids from aeetyl CoA and glyeeraldehyde phosphate 

Proteins 

Transamination 

Transfers an amine group from an amino aeid to a-ketoglutaric aeid, thereby transforming a-ketoglutaric aeid 
to glutamic aeid 

Oxidative deamination 

Removes an amine group from glutamic aeid as ammonia and regenerates a-ketoglutaric aeid (the liver 
eonverts NH 3 to urea) 


® Transamination (trans"am-i-na'shun). A number of amino 
aeids ean transfer their amine group to a-ketoglutaric 
aeid (a Krebs eyele keto aeid), thereby transforming 
a-ketoglutaric aeid to ghitamie aeid. In the proeess, the 
original amino aeid beeomes a keto aeid (that is, it has an 
oxygen atom where the amine group formerly was). This 
reaetion is fully reversible. 

@ Oxidative deamination. In the liver, the amine group 
of glutamic aeid is removed as ammonia (NH 3 ), and 
a-ketoglutaric aeid is regenerated. The liberated NH 3 
molecules are eombined with C0 2 , yielding urea and wa- 
ter. The urea is released to the blood and excreted from 
the body in urine. Because ammonia is toxic to body eells, 
the ease with which glutamic aeid funnels amine groups 
into the urea eyele is extremely important. This eyele 
rids the body not only of NH 3 produced during oxidative 
deamination, but also of bloodborne NH 3 produced by 
intestinal baeteria. 

@ Keto aeid modifieation. The goal of amino aeid degra- 
dation is to produce molecules that ean be oxidized in 
the Krebs eyele or eonverted to ghieose. Keto aeids re- 
sulting from transamination are altered as neeessary to 
produce metabolites that ean enter the Krebs eyele. The 
most important of these metabolites are pymvie aeid, 
aeetyl CoA, a-ketoglutaric aeid, and oxaloacetic aeid (see 
Figure 24.7). Because the reaetions of glyeolysis are re- 
versible, deaminated amino aeids that are eonverted to 
pymvie aeid ean be reeonverted to ghieose and contribute 
to ghieoneogenesis. 


Protein Synthesis 


Amino aeids are the most important anabolie mitrients. Not 
only do they form all protein structures, but they form the bulk 
of the body s functional molecules as well. As we deseribed in 
Chapter 3, protein synthesis occurs on ribosomes, where ri- 
bosomal enzymes oversee the formation of peptide bonds 
linking the amino aeids together into protein polymers. Hor- 
mones (growth hormone, thyroxine, sex hormones, and others) 
preeisely eontrol the amount and type of protein synthesized, 
and protein anabolism refleets hormonal balanee at eaeh stage 
of life. 

During your lifetime, your eells will synthesize 225-450 kg 
(about 500-1000 lb) of proteins, depending on your size. How- 
ever, you do not need to consume anyvvhere near that amount of 
protein because the body easily forms nonessential amino aeids 
by siphoning keto aeids from the Krebs eyele and transferring 
amine groups to them. Most of these transformations occur in 
the liver, which provides nearly all the nonessential amino aeids 
needed to produce the relatively small amount of protein that 
the body synthesizes eaeh day. 

However, as noted earlier, a eomplete set of amino aeids must 
be present for protein synthesis to take plaee, so the diet must 
provide all essential amino aeids. If some are laeking, the rest 
are oxidized for energy even though they may be needed for 
anabolism. In such eases, body protein is broken down to sup- 
ply the essential amino aeids needed, and negative nitrogen bal- 
anee results. 

To review the various metabolie reaetions deseribed so far, 
consult Table 24.4. 
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Figure 24.1 intereonversion of earbohydrates, fats, and proteins. The liver, adipose 
tissue, and skeletal muscles are the primary effeetors determining the amounts and direetion of 
the eonversions shovvn from one nutrient pool to another. 



Check Your IJnderstanding 


19. What does the liver use as its substrates vvhen it synthesizes 
nonessential amino aeids? 

20. What happens to the ammonia removed from amino aeids 

Ì vvhen they are used for energy fuel? 

_ For ansvvers, see Appendix H. 



Metabolie States of the Body 

s Explain the eoneept of amino aeid or earbohydrate-fat 
pools, and deseribe pathvvays by vvhieh substances in these 
pools ean be intereonverted. 

✓ Summarize important events of the absorptive and 
postabsorptive states, and explain hovv these events are 
regulated. 


Catabolic-Anabolic Steady State 
of the Body 

Now that we have examined metabolism at eelliilar levels, lets 
step baek to look at the body as a system that deploys metabolie 
proeesses to provide fuel. Your body exists in a dynamie eatabolie- 
anabolie state , that is, its organie molecules are continuously bro- 
ken down and rebuilt—frequently at a head-spinning rate. 

The body draws on its nutrient pools —stores of amino aeids, 
earbohydrates, and fats—to meet its varying needs igure 24.1 i . 


These pools are intereonvertible because their pathvvays are linked 
by key intermediates. The liver, adipose tissue, and skeletal muscles 
are the primary effeetor organs or tissues determining the amounts 
and direetion of the eonversions shown in the fìgure. 

The amino aeid pool is the body s total supply of free amino 
aeids. Our bodies lose small amounts of amino aeids and pro- 
teins daily in urine and in sloughed hairs and skin eells. Typi- 
eally, we replaee these lost molecules via our diet. Otherwise, 
amino aeids arising from tissue breakdown return to the pool. 
This pool is the source of amino aeids used to synthesize pro- 
teins and form amino aeid derivatives. In addition, as we de- 
seribed above, gluconeogenesis ean eonvert deaminated amino 
aeids to glucose. Not all events of amino aeid metabolism occur 
in all eells. For example, only the liver forms urea. Nonetheless, 
the eoneept of a eommon amino aeid pool is valid because all 
eells are eonneeted by the blood. 

Because earbohydrates are easily and frequently eonverted to 
fats, the earbohydrate and fat pools are usually eonsidered to- 
gether. There are two major differenees between the earbohydrate- 
fat pool and the amino aeid pool: 

■ Fats and earbohydrates are oxidized direetly to produce eel- 
lular energy, whereas amino aeids ean be used to supply en- 
ergy only after being eonverted to a earbohydrate intermediate 
(a keto aeid). 

■ Excess earbohydrate and fat ean be stored as such, whereas 
excess amino aeids are not stored as protein. Instead, they are 
oxidized for energy or eonverted to fat or glyeogen for storage. 
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(b) Prineipal pathways of the absorptive state 


gure 24.18 Major events and prineipal metabolie pathvvays of the absorptive state. 

Although not indieated in (b), amino aeids are also taken up by tissue eells and used for protein 
synthesis, and fats (triglyeerides) are the primary energy fuel of muscle, liver eells, and adipose tissue. 


Metabolie eontrols aet to equalize blood eoneentrations of 
energy sources between two nutritional states—the absorptive 
state and th e postabsorptive state. People who eat “three squares” 
a day are in the absorptive state for the four hours during and 
after eaeh meal and in the postabsorptive state in the late morn- 
ing, late afternoon, and all night. 


Absorptive State 

The absorptive state, or fed state, is the time during and shortly af- 
ter eating, when nutrients are flushing into the blood from the GI 
traet. During the absorptive state anabolism exceeds eatabolism 
and nutrients are stored gure 24.18 . Gkieose is the major 









































































































932 


UNIT 4 Maintenanee of the Body 


f Blood glucose 


Stimulates 



Beta eells of 
panereatie islets 


f Aetive transport 
of amino aeids 
into tissue eells 



t Blood insulin 

t_ j 




^-Targets tissue eells 




t Faeilitated diffusion 
of glucose into 
tissue eells 





24 




Initial stimulus 
Physiologieal response 
Result 


Figure 24.19 lnsulin direets nearly all events of the 
absorptive state. (Note: Not all effeets shovvn occur in all eells.) 


energy fuel. Dietary amino aeids and fats are used to remake de- 
graded body protein or fat, and small amounts are oxidized to 
provide ATP. Excess metabolites, regardless of source, are trans- 
formed to fat if not used for anabolism. Lets look at the fate and 
hormonal eontrol of eaeh nutrient group during this phase. 


Carbohydrates 

Absorbed monosaeeharides are delivered direetly to the liver, 
where fmetose and galaetose are eonverted to ghieose. Glucose, 
in turn, is released to the blood or eonverted to glyeogen and 
fat. Glyeogen formed in the liver is stored there, but most fat 
synthesized there is paekaged with proteins as very low density 
lipoproteins (VLDLs ) and released to the blood to be pieked up 
by adipose tissues for storage. 

Bloodborne glucose not sequestered by the liver enters body 
eells to be metabolized for energy. Excess glucose is stored in 
skeletal muscle eells as glyeogen or in adipose eells as fat. 


TYiglyeendes 

Nearly all products of fat digestion enter the lymph in the form 
of ehylomierons, which are hydrolyzed to fatty aeids and glye- 
erol before they ean pass through the eapillary walls. Lipoprotein 
lipase , the enzyme that eatalyzes fat hydrolysis, is particularly 
aetive in the eapillaries of muscle and fat tissues. 

Adipose eells, skeletal and eardiae muscle eells, and liver eells 
use triglyeerides as their primary energy source, but when die- 
tary earbohydrates are limited, other eells begin to oxidize more 
fat for energy. Although some fatty aeids and glyeerol are used 
for anabolie purposes by tissue eells, most enter adipose tissue 
to be reeonverted to triglyeerides and stored. 


Amino Aeids 

Absorbed amino aeids are delivered to the liver, which deami- 
nates some of them to keto aeids. The keto aeids may flow into 
the Krebs eyele to be used for ATP synthesis, or they may be 
eonverted to liver fat stores. The liver also uses some of the 
amino aeids to synthesize plasma proteins, including albumin, 
elotting proteins, and transport proteins. 

However, most amino aeids flushing through the liver sinu- 
soids remain in the blood for uptake by other body eells, where 
they are used to synthesize proteins. Figure 24.18 has been sim- 
plified to show nonliver amino aeid uptake only by muscle. 


Hormonal Control of the Absorptive State 

Insulin direets essentially all events of the absorptive state 

gure 24.19]. After a meal, rising blood glucose and amino 
aeid levels stimulate the beta eells of the panereatie islets to se- 
erete more insulin (see Figure 16.19). The GI traet hormone 
glucose-dependent insulinotropic peptide (GIP) and parasym- 
pathetie stimulation also promote the release of insulin. 

Insulin binds to membrane reeeptors of its target eells. This 
stimulates the transloeation of the glucose transporter (GLUT4) 
to the plasma membrane, which enhanees the earrier-mediated 
faeilitated diffnsion of ghieose into those eells. Within minutes, 
the rate of glucose entry into tissue eells (particularly muscle and 
adipose eells) inereases about 20-fold. The exception is brain and 
liver eells, which take up glucose whether or not insulin is present. 

Onee glucose enters tissue eells, insulin enhanees glucose 
oxidation for energy and stimulates its eonversion to glyeogen 
and, in adipose tissue, to triglyeerides. Insulin also “revs up” the 
aetive transport of amino aeids into eells, promotes protein syn- 
thesis, and inhibits liver export of glucose and virtually all liver 
enzymes that promote gluconeogenesis. 

As you ean see, insulin is a hypoglyeemie hormone (hi"po- 
gli-se'mik). It sweeps glucose out of the blood into tissue eells, 
lowering blood glucose levels. It also enhanees glucose oxida- 
tion or storage while inhibiting any proeess that might raise 
blood glucose levels. 



Homeostatie imbalanee 24.3 


Diabetes mellitus is a disorder of inadequate insulin production 
or abnormal insulin reeeptors. Without insulin or reeeptors 
that “reeognize” it, glucose is unavailable to most body eells. 
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Blood glucose levels remain high, and large amounts of glucose 
are excreted in urine. Metabolie aeidosis, protein wasting, and 
weight loss occur as large amounts of fats and tissue proteins 
are used for energy. (Chapter 16 deseribes diabetes mellitus in 
more detail.) + 

Postabsorptive State 

The postabsorptive state, or fasting state, is the period when the 
GI traet is empty and body reserves are broken down to supply 
energy. Net synthesis of fat, glyeogen, and proteins ends, and ea- 
tabolism of these substances begins to occur gure 24.20a' . 

The primary goal during the postabsorptive state is to maintain 
blood glucose levels within the homeostatie range (70-110 mg 
of ghieose per 100 ml). Remember that eonstant blood gkieose 
is important because the brain almost always uses glucose as its 
energy source. Most events of the postabsorptive state either make 
glucose available to the blood or save glucose for the organs that 
need it most by using fats for energy. 

Sources of Blood Glucose 

So where does blood glucose eome from in the postabsorp- 
tive state? Sources include stored glyeogen in the liver and 
skeletal muscles, tissue proteins, and, in limited amounts, 
fats (Figure 24.20b). 

0 Glyeogenolysis in the liver. The livers glyeogen stores (about 
100 g) are the first line of glucose reserves. They are mobi- 
lized quickly and eífieiently and ean maintain blood sugar 
levels for about four hours during the postabsorptive state. 

@ Glyeogenolysis in skeletal muscle. Glyeogen stores in skel- 
etal muscle are approximately equal to those of the liver. 
Before liver glyeogen is exhausted, glyeogenolysis begins 
in skeletal muscle (and to a lesser extent in other tissues). 
However, the ghieose produced is not released to the blood 
because, unlike the liver, skeletal muscle laeks the enzymes 
needed to dephosphorylate glucose. Instead, glucose is 
partly oxidized to pyruvic aeid (or, during anaerobie eondi- 
tions, laetie aeid), which enters the blood, is reeonverted to 
glucose by the liver, and is released to the blood again. Thus, 
skeletal muscle contributes to blood glucose homeostasis 
indireetly, via liver meehanisms. 

@ Lipolysis in adipose tissues and the liver. Adipose and liver 
eells produce glyeerol by lipolysis, and the liver eonverts the 
glyeerol to ghieose (gluconeogenesis) and releases it to the 
blood. Because aeetyl CoA, a product of the beta oxidation 
of fatty aeids, is produced beyond the reversible steps of gly- 
eolysis, fatty aeids eannot be used to bolster blood glucose 
levels. 

0 Catabolism of cellular protein. Tissue proteins beeome the 
major source of blood glucose during prolonged fasting 
when glyeogen and fat stores are nearly exhausted. Cellu- 
lar amino aeids are deaminated and eonverted to glucose 
in the liver. During fasts lasting several weeks, the kidneys 
also earry out gluconeogenesis and contribute as much glu- 
eose to the blood as the liver. 


Even during prolonged fasting or starvation, the body 
sets priorities. Muscle proteins are the first to go (to be eat- 
abolized). Movement is not nearly as important as main- 
taining wound healing and the immune response. But as 
long as life continues, so does the body s ability to produce 
the ATP needed to drive life proeesses. 

Of course there are limits to the amount of tissue protein 
that ean be eatabolized before the body stops fimetioning. 
The heart is almost entirely muscle protein, and when it 
is severely eatabolized, the result is death. In general, the 
amount of fat the body eontains determines the time a per- 
son ean survive without food. 


Gliieose Sparing 


Even eolleetively, all of the manipulations aimed at inereasing 
blood glucose are not enough to supply energy for prolonged 
fasting. Luckily, the body ean adapt to burn more fats and pro- 
teins, which enter the Krebs eyele along with glucose break- 
down products. The inereased use of nonearbohydrate fuel 
molecules (espeeially triglyeerides) to eonserve glucose is ealled 
glucose sparing. 

As the body progresses from the absorptive to the postab- 
sorptive state, the brain continues to take its share of blood glu- 
eose, but virtually every other organ switches to fatty aeids as its 
major energy source, sparing glucose for the brain. During this 
transition phase, lipolysis begins in adipose tissues. Tissue eells 
piek up released fatty aeids and oxidize them for energy. In ad- 
dition, the liver oxidizes fats to ketone bodies and releases them 
to the blood for use by tissue eells. 

If fasting continues for longer than four or five days, the 
brain too begins to use large quantities of ketone bodies as well 
as ghieose as its energy fuel. The brains ability to use an alterna- 
tive fiiel source has survival value—much less tissue protein has 
to be ravaged to form glucose. 


Hormonal and Neural Controls 
of the Postabsorptive State 

The sympathetie nervous system interaets with several hor- 
mones to eontrol events of the postabsorptive state. Conse- 
quently, regulation of this state is much more complex than 
that of the absorptive state when a single hormone, insulin, 
holds sway. 

An important trigger for initiating postabsorptive events is 
reduced insulin release, which occurs as blood glucose levels 
drop. Falling insulin levels inhibit all insulin-induced cellular 
responses. Interestingly, drinking moderate amounts of beer, 
wine, or gin before or during a meal improves the body s use of 
insulin. That is, it lowers blood glucose without inereasing in- 
sulin release. The advantage of this is obvious because although 
blood glucose naturally spikes after a meal, prolonged elevation 
ean inerease the risk of diabetes mellitus and heart disease. 

Deelining glucose levels also stimulate the alpha eells of the 
panereatie islets to release the insulin antagonist glucagon. Like 
other hormones aeting during the postabsorptive state, glu- 
eagon is a hyperglyeemie hormone —it raises blood glucose 
levels. 
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(a) Major events of the postabsorptive state 


In muscle: 


In liver: 
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ln adipose 
tissue: 



Blood glucose 


In nervous 
tissue: 


glyeerol 



Ketone 

bodies 


In most tissues 



co 2 + h 2 o 


+ 




co 2 + h 2 o 



(b) Prineipal pathways of the postabsorptive state 


Figure 24.20 Major events and prineipal metabolie pathvvays of the postabsorptive state. 


Glucagon targets the liver and adipose tissue Figure 24.21] . 
Hepatoeytes respond by aeeelerating glyeogenolysis and gluco- 
neogenesis. Adipose eells mobilize their fatty stores (lipolysis) 
and release fatty aeids and glyeerol to the blood. In this way, 
glucagon c refurbishes” blood energy sources by enhaneing both 
glucose and fatty aeid levels. Under eertain hormonal eondi- 
tions and persistent low glucose levels or prolonged fasting, 


most of the fat mobilized is eonverted to ketone bodies. Gluca- 
gon release is inhibited after the next meal or whenever blood 
glucose levels rise and insulin seeretion begins again. 

So far, the picture is pretty straightforward. inereasing blood 
glucose levels trigger insulin release, which “pushes” glucose 
out of blood and into eells. This drop in blood glucose stimu- 
lates seeretion of glucagon, which “pulls” glucose from the eells 
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into blood. However, there is more than a push-pull meehanism 
here because rising amino aeid levels in the blood stimulate the 
release of both insulin and glucagon. 

This effeet is insignifieant when we eat a balaneed meal, but 
it has an important adaptive role when we eat a high-protein, 
low-carbohydrate meal. In this instanee, the stimulus for in- 
sulin release is strong, and if it were not counterbalanced, the 
brain might be damaged by the abrnpt onset of hypoglyeemia 
as glucose rushes out of the blood. Simultaneous release of glu- 
eagon modulates the effeets of insulin and helps stabilize blood 
glucose levels. 

The sympathetie nervous system also plays a crucial role 
in supplying fuel quickly when blood glucose levels drop sud- 
denly. Adipose tissue is well supplied with sympathetie fibers, 
and epinephrine released by the adrenal medulla in response 
to sympathetie aetivation aets on the liver, skeletal muscle, and 
adipose tissues. Together, these stimuli mobilize fat and pro- 
mote glyeogenolysis—essentially the same effeets prompted by 
ghieagon. 

Injury, anxiety, or any other stressor that mobilizes the fight- 
or-flight response will trigger this eontrol pathway, as does ex- 
ereise. During exercise, large amounts of fuels must be made 
available for muscles, and the metabolie profile is essentially the 
same as that of a fasting person when glucagon and the sympa- 
thetie nervous system are in eontrol except that the faeilitated 
diffusion of glucose into muscle is enhaneed. (The meehanism 
of this enhaneement is not yet understood.) 

In addition to glucagon and epinephrine, a mimber of other 
hormones—including growth hormone (GH), thyroxine, sex 
hormones, and eortieosteroids—infhienee metabolism and 
nutrient flow. Prolonged fasting or rapid deelines in blood 
glucose levels enhanee growth hormone (GH) seeretion, 
which exerts important anti-insulin effeets. For example, GH 
reduces the ability of insulin to promote ghieose uptake in fat 
and muscle. 

However, the release and aetivity of most of these hormones 
are not speeifieally related to absorptive or postabsorptive meta- 
bolie events. Table 24.5 summarizes typieal metabolie effeets of 
various hormones. 




Check Your LJnderstanding 

21. Which three organs or tissues are the primary effeetor organs 
determining the amounts and direetions of intereonversions 
in the nutrient pools? 

22. Generally speaking, vvhat kinds of reaetions and events 
eharaeterize the absorptive state? The postabsorptive state? 

23. Which hormone is glucagon's main antagonist? 

24. Which event inereases both glucagon and insulin release? 

_ For ansvvers, see Appendix H. 


The Metabolie Role of the Liver 

Deseribe several metabolie functions of the liver. 

s Differentiate betvveen LDLs and HDLs relative to their 
structures and major roles ín the body. 


\ Plasma glucose 
(and rising amino 


aeid levels) 


Stimulates 


Negative feedbaek: 


Alpha eells of 
panereatie islets 


rising glucose 
levels shut off 
initial stimulus 




Stimulates 

glyeogenolysis 

and gluconeogenesis 


Stimulates 
fat breakdovvn 



Adipose tissue 




f Plasma glucose 
(and insulin) 



Fat used by tissue eells 
= glucose sparing 


inereases, stimulates 


Reduces, inhibits 


Initial stimulus 
Physiologieal response 
Result 


gure 24.21 Glucagon is a hyperglyeemie hormone that 
stimulates a rise in blood glucose levels. The dashed arrovv 
indieates negative feedbaek eontrol exerted by rising plasma glucose 
levels on glucagon seeretion. 



One of the most bioehemieally complex organs in the body, the ■ 
liver proeesses nearly every elass of nutrients and plays a major I 
role in regulating plasma eholesterol levels. In a pineh, meehanieal ■ 
eontraptions ean stand in for a failed heart, lungs, or kidney, but 
the only thing that ean do the versatile liver s work is a hepatoeyte. 

The hepatoeytes earry out some 500 or more intrieate meta- 
bolie fimetions. A deseription of all of these fimetions is well 
beyond the seope of this text, but fable 24.6 provides a brief 
summary. 


Cholesterol Metaholism and Regulation 
of Blood Cholesterol Levels 

Cholesterol has reeeived little attention in this discussion so far, 
primarily because it is not used as an energy source. It serves in- 
stead as the structural basis of bile salts, steroid hormones, and 
vitamin D and is a major eomponent of plasma membranes. 
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Table 24.5 Summary of Normal Hormonal lnfluences on Metabolism 


GROWTH 


HORMONE'S EFFECTS INSULIN GLUCAGON EPINEPHRINE HORMONE THYROXINE CORTISOL TESTOSTERONE 


Stimulates glucose uptake 
by eells 

/ 




/ 



Stimulates amino aeid 
uptake by eells 

/ 



/ 




Stimulates glucose 
eatabolism for energy 

/ 




/ 



Stimulates glyeogenesis 

/ 







Stimulates lipogenesis and 
fat storage 

/ 







Inhibits gluconeogenesis 

/ 







Stimulates protein synthesis 
(anabolie) 

/ 



/ 

/ 


/ 

Stimulates glyeogenolysis 


/ 

/ 





Stimulates lipolysis and fat 
mobilization 


/ 

/ 

/ 

/ 

/ 


Stimulates gluconeogenesis 


/ 

/ 

/ 


/ 


Stimulates protein 
breakdown (eatabolie) 






/ 



From intestine 


Made by liver 




Chylomicron 


VLDL 


LDL 


Returned to 
liver 



HDL 



Triglyeeride 



Phospholipid 



Cholesterol 

Protein 


gure 24.22 Approximate eomposition of lipoproteins that 
transport lipids in body fluids. VLDL = very lovv density lipoprotein, 
LDL = lovv-density lipoprotein, HDL = high-density lipoprotein. 

About 15% of blood eholesterol eomes from the diet. The 
liver—and to a lesser extent other body eells, particularly intes- 
tinal eells—make the other 85% from aeetyl CoA. Cholesterol 
is lost from the body when it is eatabolized and seereted in bile 
salts, which are eventually excreted in feees. 


Cholesterol Transport 

Because triglyeerides and eholesterol are insohible in water, they 
do not circulate free in the blood. Instead, they are transported 
to and from tissue eells bound to small lipid-protein complexes 
ealled lipoproteins. These complexes solubilize the hydropho- 
bie lipids, and eontain signals that regulate lipid entry and exit 
at speeifie target eells. 

Lipoproteins vary in their relative fat-protein eomposition, but 
they all eontain triglyeerides, phospholipids, and eholesterol in 
addition to protein Figure 24.22 . In general, the higher the 
pereentage of lipid in the lipoprotein, the lower its density; and 
the greater the proportion of protein, the higher its density. On 
this basis, there are very low density lipoproteins (VLDLs), low- 
density lipoproteins (LDLs), and high-density lipoproteins 
(HDLs). ehylomierons , which transport absorbed lipids from the 
GI traet, are a separate elass and have the lowest density of all. 

The liver is the primary source of VLDLs, which transport 
triglyeerides from the liver to peripheral (nonliver) tissues, 
mostly to adipose tissues. Onee the triglyeerides are unloaded, 
the residues are eonverted to LDLs, which are eholesterol-rieh. 
The job of the LDLs is to transport eholesterol to peripheral tis- 
sues , making it available to tissue eells to synthesize membranes 
or hormones, and to store it for later use. Doeking of LDL to 
the LDL reeeptor triggers reeeptor-mediated endoeytosis of the 
entire partiele. 

The major fimetion of HDLs, which are particularly rieh 
in phospholipids and proteins, is to seoop up and transport ex- 
eess eholesterol from peripheral tissues to the liver , where it is 
broken down and beeomes part of bile. The liver makes the pro- 
tein envelopes of the HDL partieles and then ejeets them into 
the bloodstream in eollapsed form, rather like deflated beaeh 
balls. Onee in the blood, these still-ineomplete HDL partieles 
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Table 24.6 Siimmary of Metabolie Functions of the Liver 


METABOLIC PROCESSES TARGETED 


FUNCTIONS 


Carbohydrate Metabolism 


Particularly important in 
maintaining blood glucose 
homeostasis 


Converts galaetose and fructose to glucose 

Stores glucose as glyeogen when blood glucose levels are high; in response to hormonal eontrols, 
performs glyeogenolysis and releases glucose to blood 

Gluconeogenesis: eonverts amino aeids and glyeerol to glucose when glyeogen stores are exhausted 
and blood glucose levels are falling 

Converts glucose to fats for storage 


Fat Metabolism 


Although most eells are eapable of 
some fat metabolism, liver bears 
the major responsibility 


Primary body site of beta oxidation (breakdown of fatty aeids to aeetyl CoA) 

Converts excess aeetyl CoA to ketone bodies for release to tissue eells 
Stores fats 

Forms lipoproteins for transport of fatty aeids, fats, and eholesterol in blood 

Synthesizes eholesterol from aeetyl CoA; eatabolizes eholesterol to bile salts, which are seereted in bile 


Protein Metabolism 


Without liver metabolism of 
proteins, severe survival problems 
ensue: many essential elotting 
proteins would not be made, and 
ammonia would not be disposed 
of, for example 


Deaminates amino aeids for their eonversion to glucose or for ATP synthesis; amount of 
deamination that occurs outside the liver is unimportant 

Forms urea for removal of ammonia from body; inability to perform this function (e.g., in eirrhosis 
or hepatitis) allows ammonia to accumulate in the blood 

Forms most plasma proteins (exceptions are gamma globulins and some hormones and enzymes); 
plasma protein depletion causes rapid mitosis of the hepatoeytes and actual growth of liver, which 
is coupled with inereased synthesis of plasma proteins until blood values are again normal 

Transamination: intereonversion of nonessential amino aeids; amount that occurs outside liver is 
inconsequential 


Vitamin/Mineral Storage 


Stores vitamin A (1-2 years' supply) 

Stores sizable amounts of vitamins D and B 12 (1-4 months' supply) 

Stores iron; other than iron bound to hemoglobin, most of body's supply is stored in liver as ferritin 


Biotransformation Functions 


Metabolizes aleohol and drugs by inaetivating them for excretion by the kidneys, and performs 
reaetions that may result in products which are more aetive, ehanged in aetivity, or less aetive 

Proeesses bilirubin resulting from RBC breakdown and excretes bile pigments in bile 

Metabolizes bloodborne hormones to forms that ean be excreted in urine 


■ 


fill with eholesterol pieked up from tissue eells and a pulled” 
from artery walls. HDL also provides the steroid-producing or- 
gans, like the ovaries and adrenal glands, with their raw material 
(eholesterol). 

ReeommendedTotal Cholesterol, HDL, 
and LDL Levels 

For adults, the reeommended total eholesterol level is 200 mg/ 
dl of blood (or substantially lower). Blood eholesterol levels 
above 200 mg/dl have been linked to atheroselerosis, which 
elogs the arteries and causes strokes and heart attaeks. However, 


it is not enough to simply measure total eholesterol. The form 
in which eholesterol is transported in the blood is more impor- 
tant elinieally. 

As a mle, high levels of HDLs are eonsidered good because 
the transported eholesterol is destined for degradation (think H 
for healthy). HDL levels above 60 are thought to proteet against 
heart disease, and levels below 40 are eonsidered undesirable. In 
the United States, HDL levels average 40-50 in males and 50-60 
in women. 

High LDL levels (130 or above) are eonsidered bad (think L 
for lousy) because when LDLs are excessive, potentially lethal 
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eholesterol deposits are laid down in the artery walls. The goal 
for LDL levels is 100 or less, but new guidelines for those at risk 
for eardiae disease reeommend 70 mg/dl or less. A good mle of 
thumb is that HDL levels ean t be too high and LDL levels ean t 
be too low. 
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Faetors Regiilating Blood Cholesterol Levels 

A negative feedbaek loop partially adjusts the amount of eholes- 
terol produced by the liver aeeording to the amount of eholes- 
terol in the diet. A high eholesterol intake inhibits its synthesis 
by the liver, but it is not a one-to-one relationship because the 
liver produces a eertain basal amount of eholesterol (about 85% 
of desirable values) even when dietary intake is high. Con- 
versely, severely restrieting dietary eholesterol, although helpful, 
does not markedly reduce blood eholesterol levels. 

However, the relative amounts of saturated and unsaturated 
fatty aeids in the diet do have an important effeet on blood eho- 
lesterol levels. Saturated fatty aeids stinmlate liver synthesis of 
eholesterol and inhibit its excretion from the body. In eontrast, 
unsaturated (mono- and polyunsaturated) fatty aeids (found in 
olive oil and in most vegetable oils, respeetively) enhanee excre- 
tion of eholesterol and its eatabolism to bile salts, thereby reduc- 
ing total eholesterol levels. 

The unhappy exception to this good news about unsaturated 
fats eoneerns trans fats, “healthy” oils that have been hardened 
by hydrogenation to make them more solid, such as some mar- 
garines. Trans fats actually have a worse effeet on blood eho- 
lesterol levels than saturated fats do. The trans fatty aeids spark 
a greater inerease in LDLs and a greater reduction in HDLs, 
producing the unhealthiest ratio of total eholesterol to HDL. 

The unsaturated omega-3 fatty aeids found in espeeially large 
amounts in some cold-water fish (such as salmon) lower the 
proportions of both saturated fats and eholesterol. The omega-3 
fatty aeids make blood platelets less stieky, thus helping prevent 
spontaneous elotting that ean bloek blood vessels. They also ap- 
pear to lower blood pressure, even in people with normal blood 
pressure. In those with moderate to high eholesterol levels, re- 
plaeing lipid- and eholesterol-rieh animal proteins in the diet 
with soy protein helps lower blood eholesterol. 

Faetors other than diet also influence blood eholesterol lev- 
els. For example, eigarette smoking and stress lower HDL lev- 
els, whereas regular aerobie exercise and estrogen lower LDL 
levels and inerease HDL levels. Interestingly, body shape pro- 
vides clues to risky blood levels of eholesterol and fats. “Apples” 
(people with upper body and abdominal fat, seen more often in 
men) tend to have higher levels of eholesterol and LDLs than 
“pears” (whose fat is loealized in the hips and thighs, a pattern 
more eommon in women). 

Most eells other than liver and intestinal eells obtain the bulk of 
the eholesterol they need for membrane synthesis from the blood. 
When a eell needs eholesterol, it makes membrane reeeptor pro- 
teins for LDL. LDL binds to the reeeptors, is engulfed in eoated pits 
by endoeytosis, and within 15 minutes the endoeytotie vesieles 
fuse with lysosomes, where the eholesterol is freed for use. When 
excessive eholesterol accumulates in a eell, it inhibits both the eells 
own eholesterol synthesis and its synthesis of LDL reeeptors. 



Homeostatie imbalanee 24.4 


Previously, high eholesterol and LDL:HDL ratios were eonsid- 
ered the most valid predietors of risk for atheroselerosis, eardio- 
vascular disease, and heart attaek. However, almost half of those 
who get heart disease have normal eholesterol levels, while 
others with poor lipid profiles remain free of heart problems. 
Presently, LDL levels and assessments of other cardiovascular 
disease risk faetors are believed to be more accurate indieators 
of whether treatment is needed, and many physieians reeom- 
mend dietary ehanges regardless of total eholesterol or HDL 
levels. 

Cholesterol-lowering dmgs such as statins are routinely pre- 
seribed for people with LDL levels over 130. It is estimated that 
more than 10 million Amerieans are now taking statins. + 



Check Your IJnderstanding 


25. If you had your ehoiee, would you prefer to have high blood 
levels of HDLs or LDLs? Explain your answer. 

26. What is the maximum reeommended eholesterol level for 
adults? 

27. What are trans fats and how do they affeet LDL and HDL 
levels? 

_ For ansvvers, see Appendix H. 


Energy Balanee 

Explain what is meant by body energy balanee. 
s Deseribe several theories of food intake regulation. 

When any fuel is burned, it consumes oxygen and liberates 
heat. The “burning” of food fuels by our eells is no exception. As 
we deseribed in Chapter 2, energy ean be neither ereated nor 
destroyed—only eonverted from one form to another. If we ap- 
ply this prineiple (actually the first law of thermodynamies) to 
eell metabolism, it means that bond energy released as foods 
are eatabolized must be preeisely balaneed by the total energy 
output of the body. For this reason, a dynamie balanee exists 
between the body s energy intake and energy output: 

Energy intake = energy output 

(heat + work + energy storage) 

Energy intake is the energy liberated during food oxidation. 
(Undigested foods are not part of the equation because they 
contribute no energy.) Energy output includes energy (1) im- 
mediately lost as heat (about 60% of the total), (2) used to do 
work (driven by ATP), and (3) stored as fat or glyeogen. Because 
losses of organie molecules in urine, feees, and perspiration are 
very small in healthy people, they are usually ignored in calcu- 
lating energy output. 

A elose look at this situation reveals that nearly all the energy 
derived from foodstuffs is eventiially eonverted to heat. Heat is 
lost during every cellular aetivity—when ATP bonds are formed 
and when they are eleaved to do work, as muscles eontraet, and 
through frietion as blood flows through blood vessels. Though 
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eells eannot use this energy to do work, the heat warms the 
tissues and blood and helps maintain the homeostatie body 
temperature that allows metabolie reaetions to occur eíheiently. 
Energy storage is an important part of the equation only during 
periods of growth and net fat deposit. 

When energy intake and energy output are balaneed, body 
weight remains stable. When they are not, weight is either 
gained or lost. Unhappily for many people, the body s weight- 
eontrolling systems appear to be designed more to proteet us 
against weight loss than weight gain. 


Obesity 

How fat is too fat? What distinguishes a person who is obese 
from one who is merely overweight? Lets take a look. 

The bathroom seale, though it helps to determine degrees 
of overweight, is an inaccurate guide because body weight tells 
little of body eomposition. Dense bones and well-developed 
muscles ean make a fit, healthy person teehnieally overweight. 
Arnold Schwarzenegger, for example, has tipped the seales at a 
hefty 257 lb. 

The oífieial medieal measure of obesity and body fatness is 
the body mass index (BMI), an index of a persons weight rela- 
tive to height. To estimate BMI, multiply weight in pounds by 
705 and then divide by your height in inehes squared: 

BMI = wt(lb) X 705/ht(inches) 2 

Overweight is defined by a BMI between 25 and 30 and earries 
some health risk. Obesity is a BMI greater than 30 and has a 
markedly inereased health risk. 

The most eommon view of obesity is that it is a eondition 
of excessive triglyeeride storage. We bewail our inability to rid 
ourselves of fat, but the real problem is that we keep refilling the 
storehouses by downing too many ealories. A body fat eontent 
of 18-20% of body weight (males and females respeetively) is 
deemed normal for adults. 

However its defined, obesity is perplexing and poorly under- 
stood, and the eeonomie toll of obesity-related disease is stag- 
gering. Chronic low-grade systemie inflammation aeeompanies 
obesity and contributes to insulin resistanee and type 2 diabetes 
mellitus. People who are obese also have a higher ineidenee of 
atheroselerosis, hypertension, heart disease, and osteoarthritis. 

The U.S. is big and getting bigger, at least around its middle. 
Two out of three adults are overweight. Of that number, one 
out of three is obese and one in twelve has diabetes. U.S. kids 
are getting fatter too: 20 years ago, 5% were overweight; today 
over 15% are and more are headed that way. Furthermore, be- 
cause kids are opting for video games and naehos instead of tag 
or touch football and an apple, their general cardiovascular fit- 
ness is deelining as well and health risks assoeiated with excess 
weight start frighteningly early. A Closer Look on pp. 942-943 
discusses weight-control methods used by some obese people. 

Regulation of Food Intake 

Control of food intake poses diíficult questions to researehers. 
For example, what type of reeeptor could sense the body s total 


ealorie eontent and alert us to start eating or put down that fork? 
Despite heroie researeh efiForts, no such single reeeptor type has 
been found. 

It has been known for some time that the hypothalamus, 
particularly its arcuate nucleus ( ARC ) and two other areas—the 
lateral hypothalamie area ( LHA ) and the ventromedial nucleus 
( VMN )—release several peptides that influence feeding behav- 
ior. Most importantly, this influence ultimately refleets the ae- 
tivity of two distinet sets of neurons—one set that promotes 
hunger and the other that causes satiety: 

■ The NPY/AgRP group of ARC releases neuropeptide Y 
(NPY) and agouti-related peptides, which eolleetively en- 
hanee appetite by stimulating the orexin-releasing seeond- 
order neurons of the LHA ( : igure 24.23, right side). 

■ The other neuron group in ARC eonsists of the POMC/ 
CART neurons, which suppress appetite by releasing the 
peptides pro-opiomelanoeortin (POMC) and eoeaine- and 
amphetamine-regulated transeript (CART). POMC and 
CART aet on the ventromedial nucleus, causing its neurons 
to release CRH (eortieotropin-releasing hormone), an im- 
portant appetite suppressor. 


Current theories of how feeding behavior and hunger are 
regulated focus on several faetors, most importantly (1) neu- 
ral signals from the digestive traet, (2) bloodborne signals 
related to body energy stores, and (3) hormones. To a smaller 
degree, body temperature and psyehologieal faetors also play 
a role. 

All these faetors appear to operate through feedbaek signals 
to the feeding eenters of the brain. Brain reeeptors include ther- 
moreeeptors, ehemoreeeptors (for glucose, insulin, and others), 
and reeeptors that respond to a number of speeifie peptides 
(leptin, neuropeptide Y, and others). The hypothalamie nuclei 
play an essential role in regulating hunger and satiety, but brain 
stem areas are also involved. Sensors in peripheral loeations 
have also been suggested, with the liver and gut itself (alimen- 
tary eanal) the prime eandidates. Controls of food intake eome 
in two varieties—short term and long term. 



Short-Term Regiilation of Food Intake I 

Short-term regulation of appetite and feeding behavior involves I 
neural signals from the GI traet, blood levels of nutrients, and " 
GI traet hormones. For the most part, the short-term signals 
target hypothalamie eenters via the solitary traet (and nucleus) 
of the brain stem (Figure 24.23). 


Neural Signals from the Digestive Traet One way the brain 
evaluates the eontents of the gut depends on vagal nerve fibers 
that earry on a two-way eonversation between gut and brain. 
For example, elinieal tests show that ingesting protein produces 
a 30-40% larger and longer response in vagal afferents than in- 
gesting the same amount of glucose. Furthermore, aetivating 
streteh reeeptors ultimately inhibits appetite, because GI traet 
distension sends signals along vagus nerve afferents that sup- 
press the appetite-enhaneing or hunger eenter. Using these sig- 
nals, together with others it reeeives, the brain ean deeode what 
is eaten and how much. 
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Figure 24.23 Model for hypothalamie 
eommand of appetite and food intake. 

The arcuate nucleus (ARC) of the brain 
eontains two sets of neurons with opposing 
effeets. Aetivating the NPY and orexin 
neurons enhanees appetite, whereas 
aetivating POMC/CART neurons has the 


opposite effeet. These eenters eonneet with 
interneurons in other brain eenters, and 
signals are transmitted through the brain 
stem to the body. Many appetite-regulating 
hormones aet through the ARC, though they 
may also exert direet effeets on other brain 
eenters. (AgRP = agouti-related peptide, 


ARC = arcuate nucleus, CART = eoeaine- 
and amphetamine-regulated transeript, 

CCK = eholeeystokinin, CRH = eortieotropin- 
releasing hormone, LHA = lateral 
hypothalamie area, NPY = neuropeptide Y, 
POMC = pro-opiomelanoeortin, 

VMN = ventromedial nucleus) 
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Nutrient Signals Related to Energy Stores Blood levels of 
glucose, amino aeids, and fatty aeids provide information to 
the brain that may help adjust energy intake to energy output. 
For example, nutrient signals that indieate fullness or satiety 
include: 

■ Rising blood glucose levels. When we eat, rising blood glu- 
eose levels ultimately depress eating (Figure 24.23). During 
fasting and hypoglyeemia, this signal is absent, resulting in 
hunger and “turning on ’ food-seeking behavior. 

The brain shows other responses to glucose and high- 
ealorie food as well. When we ingest sugar, the brains reward 
(pleasure) system c gives off fireworks” in the form of rising 
dopamine levels to a greater or lesser degree. Perhaps this re- 
sponse is the genesis of overeating (hedonistie) behavior. 

■ Elevated blood levels of amino aeids depress eating, but the 
preeise meehanism is unknown. 

■ Blood eoneentrations offatty aeids provide a meehanism for 
eontrolling hunger. The larger the amount of fatty aeids in 
the blood, the more eating behavior is inhibited. 


Hormones Gut hormones, including insulin and eholeeysto- 
kinin (CCK) released during food absorption, aet as satiety 
signals to depress hunger. Cholecystokinin, which bloeks the 
appetite-inducing effeet of NPY, is most important. 

In eontrast, glucagon and epinephrine levels rise during 
fasting and stimulate hunger. Ghrelin (Ghr), produced by the 


stomaeh, is a powerful appetite stimulant. In faet, ghrelin ap- 
pears to be the “dinner bell” or trigger for initiating a meal. Its 
level peaks just before mealtime, signaling the brain that it is 
time to eat, and then the level troughs out after the meal. 

Long-Term Regulation of Food Intake 

A key eomponent of the long-term eontrols of feeding behavior 
is the hormone leptin ( cc thin”). Seereted exclusively by adipose 
eells in response to an inerease in body fat mass, leptin indieates 
the body s total energy stores in fat tissue. (Thus adipose tissue 
aets as a “Fat-o-Stat” that sends ehemieal messages to the brain 
in the form of leptin.) 

When levels of leptin rise in the blood, it binds to reeeptors 
in ARC that speeifieally (1) suppress the release of neuropeptide 
Y and (2) stimulate the expression of CART. NPY is the most 
potent appetite stimulant known. By bloeking its release, leptin 
prevents the release of the appetite-enhaneing orexins from the 
LHA. This deereases appetite and food intake, eventually pro- 
moting weight loss. 

When fat stores shrink, leptin blood levels drop, an event 
that exerts opposite effeets on the two sets of ARC neurons. 
Consequently, appetite and food intake inerease, and (eventu- 
ally) weight gain occurs. 

Initially it seemed that leptin was the magie bullet that obesity 
researehers were looking for, but their hopes were soon dashed. 
Rising leptin levels do promote weight loss, but only to a eertain 
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point. Fmthermore, individuals who are obese have higher-than- 
normal leptin blood levels, but for some unknown reason, they are 
resistant to its aetion. Now the consensus is that leptins main role 
is to proteet against weight loss in times of nutritional deprivation. 

Although leptin has reeeived the most attention as a long- 
term appetite and metabolism regulator, there are several other 
players. Insulin, like leptin, inhibits NPY release in non-insulin- 
resistant individuals, but its eífeet is less potent. 


Additional Regulatory Faetors 

There is no easy answer to explain how body weight is regulated, 
but theories abound. Rising ambient temperature discourages 
food seeking, whereas eold temperature aetivates the hunger 
eenter. Depending on the individual, stress may inerease or de- 
erease food-seeking behavior, but ehronie stress in eombination 
with a junk food (high-fat and -sugar) diet promotes sharply 
inereased release of NP Y. 

Psyehologieal faetors are thought to be important in people 
who are obese, but even when psyehologieal faetors contribute 
to obesity, individuals do not eontimie to gain weight endlessly. 
Controls still operate but at a higher set-point weight. Certain ad- 
enovims infeetions, sleep deprivation, and even the eomposition 
of gut baeteria are additional faetors that may aífeet a persons fat 
mass and weight regulation, aeeording to some elinieal studies. 

Whew! How does all this information fìt together? So far we 
only have bits and pieees of the story, but Figure 24.23 shows the 
best current model based on animal studies. 



Check Your LPnderstanding 


28. What three groups of stimuli influence short-term regulation 
of feeding behavior? 

29. What is the most important long-term regulator of feeding 
behavior and appetite? 

_ For ansvvers, see Appendix H. 


Metabolie Rate and Heat Production 

S Define basal metabolie rate and total metabolie rate. Name 
faetors that influence eaeh. 

The body s rate of energy output, the metabolie rate, is the total 
heat produced by all the ehemieal reaetions and meehanieal work 
of the body. We ean measure metabolie rate direetly or indireetly. 
In the direet method , a person enters a ehamber ealled a ealorim- 
eter and water circulating around the ehamber absorbs heat liber- 
ated by the body. The rise in water temperature is direetly related 
to the heat produced by the persons body. The indireet method 
uses a respirometer to measure oxygen consumption, which is 
direetly proportional to heat production. For eaeh liter of oxygen 
used, the body produces about 4.8 keal of heat. 

Basal Metabolie Rate (BMR) 

Because many faetors influence metabolie rate, it is usually mea- 
sured under standardized eonditions. The person is in a postab- 
sorptive state (has not eaten for at least 12 hours), is reelining, and 
is mentally and physieally relaxed. The temperature of the room is 


a eomfortable 20-25°C. The measurement obtained under these 
circumstances, the basal metabolie rate (BMR), refleets the en- 
ergy the body needs to perform only its most essential aetivities, 
such as breathing and maintaining resting levels of organ function. 
Although named the basal metabolie rate, this measurement is not 
the lowest metabolie state of the body. That situation occurs dur- 
ing sleep, when skeletal muscles are eompletely relaxed. 

The BMR, often referred to as the “energy eost of living,” is 
reported in kiloealories per square meter of body surface per 
hour (kcal/m 2 /h). A 70-kg adult has a BMR of approximately 66 
keal/h. You ean approximate your BMR by multiplying weight 
in kilograms (2.2 lb = 1 kg) by 1 if you are male and by 0.9 if 
you are female. 

Several faetors influence BMR, inehiding body surface 
area, age, gender, body temperature, stress, and the hormone 
thyroxine. 

Body Surface Area BMR is related to overall weight and size, 
but the eritieal faetor is body surface area. As the ratio of body 
surface area to body volrnne inereases, heat loss to the environ- 
ment inereases and the metabolie rate must be higher to replaee 
the lost heat. For this reason, if two people weigh the same, the 
taller or thinner person will have the higher BMR. 


Age and Gender In general, the younger the person, the higher 
the BMR. Children and adoleseents require large amounts of 
energy for growth. In old age, BMR deelines dramatieally as 
skeletal muscles begin to atrophy. (This helps explain why el- 
derly people who fail to reduce their ealorie intake gain weight.) 

Gender also plays a role. Metabolie rate is disproportionately 
higher in males than in females, because males typieally have 
more muscle, which is very aetive metabolieally even during 
rest. Fatty tissue, present in greater relative amounts in females, 
is metabolieally more sluggish than muscle. 

Body Temperature Body temperature and BMR tend to rise 
and fall together. Fever markedly inereases metabolie rate above 
basal levels. 

Stress Whether physieal or emotional, stress inereases BMR 
by mobilizing the sympathetie nervous system. As norepineph- 
rine and epinephrine (released by adrenal medullary eells) 
flood into the blood, they raise BMR primarily by stimulating 
fat eatabolism. 

Thyroxine The amount of thyroxine produced by the thyroid 
gland is probably the most important hormonal faetor in de- 
termining BMR. For this reason, thyroxine has been dubbed 
the “metabolie hormone.” Its direet effeet on most body eells 
(except brain eells) is to inerease 0 2 consumption and heat pro- 
duction, presumably by aeeelerating the use of ATP to operate 
the sodium-potassium pump. As ATP reserves deeline, cellular 
respiration aeeelerates. Thus, the more thyroxine produced, the 
higher the BMR. 
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Homeostatie imbalanee 24.5 


Hyperthyroidism causes a host of problems resulting from the 
excessive BMR it produces. The body eatabolizes stored fats and 
tissue proteins and, despite inereased hunger and food intake, 
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Fat- -unwanted 7 íloved, and yet of- 
ten overabundant. Besides the physieal 
toll, the soeial Stigma and eeonomie 

disadvantages of obesity are legendary. A 
fat person pays higher insurance premiums, 
is diseriminated against in the job market, 
has fewer elothing ehoiees, and endures fre- 
quent humiliation throughout life. 

What Causes Obesity? 

It's a fair bet that few people ehoose to 
beeome obese. So what causes it? Some 
possibilities are: 

1. Overeating during ehildhood pro- 

motes adult obesity. Some believe that 
the "elean your plate" order sets the 
stage for adult obesity by inereasing the 
number of adipose eells formed during 
ehildhood. The more adipose eells there 
are, the more fat ean be stored. 

2. Obese people are more fuel 
effieient and more effeetive "fat 

storers." Although it is often assumed 
that people who are obese eat more, 
this is not neeessarily true—many 
actually eat less than people of 
normal weight. When yo-yo dieters 
lose weight, their metabolie rate falls 
sharply. But, when they subsequently 
gain weight, their metabolie rate 
temporarily inereases like a furnace 
being stoked. Eaeh successive weight 
loss occurs more slowly, but they regain 
weight three times as fast. 

Furthermore, fats paek more wallop 
per ealorie (are more fattening) than 
proteins or earbohydrates because of 
the way the body proeesses them. If we 
ingest 100 excess earbohydrate ealories, 
23 are used in metabolie proeessing and 
77 are stored. However, if the 100 excess 
ealories eome from fat, only 3 ealories are 
"burned" and the rest (97) are stored. 

These faets apply to everyone, but 
when you are obese the picture is even 
bleaker. "Fat" fat eells of overweight 
people: 



■ Sprout more alpha reeeptors, which 
favor fat accumulation. 

■ Send different molecular messages 
than "thin" fat eells. They spew 
out inflammatory eytokines (tumor 
neerosis faetor and others) that ean 
promote insulin resistanee and they 
release less adiponeetin, a hormone 
that improves the aetion of insulin 
in glucose uptake and storage. 

■ Have exceptionally effieient 
lipoprotein lipases, which unload 
fat from the blood (usually to 
fat eells). 

Although it would appear that the 
so-ealled satiety ehemieals (hormones 
and others) should prevent massive fat 
deposit, this seems not to be the ease 
in obese people. It may be that excess 
weight promotes not only insulin 
resistanee but leptin resistanee as well. 


3. Genetie predisposition. Morbid 
obesity is the destiny of those 
inheriting two obesity genes. These 
people, given extra ealories, will always 
lay them down as fat, as opposed to 
those that lay down more muscle with 
some of the excess. However, a true 
genetie predisposition for "fatness" 
appears to account for only about 5% 
of obese Amerieans. 

4. Viral infeetion. Surprisingly, a reeent 
study has shown a link between obesity 
and infeetion with a particular eold virus 
(adenovims 360). The virus has been 
shown to inerease the number and 

fat eontent of adipoeytes in laboratory 
animals, but further studies are needed 
to determine if there is a true cause-effect 
relationship in humans. 

Treatments—The Bad 
and the Good 

Some so-ealled treatments for obesity are 
almost more dangerous than the disease 
itself. Unfortunate strategies include the 
following. 

1. "Water pills." Diuretics prompt the 
kidneys to excrete more water and may 
cause a few pounds of weight loss for a 
few hours. They ean also cause serious 
dehydration and eleetrolyte imbalanee. 

2. Diets. Diet products and books 
sell well, but do they work and are 
they safe? There is a long-standing 
duel between those promoting low- 
earbohydrate (high-protein and -fat) 
regimens such as the Atkins and South 
Beaeh diets, and those espousing 

the traditional low-fat (high-complex 
earbohydrates) diet. 

eiinieal studies show that people 
on the low-carbohydrate diets lose 
weight more quickly at first, but 
plateau at 6 months. They seem to 
preferentially lose fat from the body 
trunk, a weight distribution pattern (the 


the person often loses weight. Bones weaken and muscles, in- 
cluding the heart, begin to atrophy. 

In eontrast, hypothyroidism results in slowed metabolism, 
obesity, and diminished thought proeesses. + 

Physieal Training Surprisingly, physieal training has little ef- 
feet on BMR. Although it would appear that athletes, espeeially 


those with greatly enhaneed muscle mass, should have much 
higher BMRs than nonathletes, there is little differenee between 
those of the same gender and body surface area. 

Total Metabolie Rate (TMR) 

The total metabolie rate (TMR) is the rate of kiloealorie eon- 
sumption needed to fuel all ongoing aetivities—involuntary 
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A CLOSER LOOK (continued) 


"apple") assoeiated with heart disease 
and diabetes mellitus. (This propensity 
to these diseases, ealled "metabolie 
syndrome," appears to be due to 
the large amounts of inflammatory 
eytokines released by viseeral fat eells.) 
When dieting continued for a year, 
those on the low-fat diets lost just as 
much weight as did those on the low- 
earbohydrate diets. Although there was 
eoneern that the low-carbohydrate diets 
would promote undesirable plasma 
eholesterol and lipid values 7 for the most 
part this has not been the ease. 

Diets that have users counting the 
glyeemie indexes of the food they eat, 
such as the New Glucose Revolution 
diet, distinguish between good earbs 
(whole grains, nonstarehy vegetables 
and fruits) and bad earbs (starehes, 
sugary foods, refined grains). Many 
physieians approve. 

The oldie-but-goodie Weight 
Watchers diet, which has dieters 
counting points, still works and allows 
virtually any food ehoiee as long as the 
allowed point count isn't exceeded. 

Some over-the-counter liquid 
high-protein diets eontain such poor- 
quality (ineomplete) protein that they 
are actually dangerous. The worst are 
those that eontain eollagen protein 
instead of milk or soybean sources. 

3. Surgery. Sometimes sheer desperation 
prompts surgical solutions: reducing 
stomaeh volume by banding; gastrie 
bypass surgery, which may involve 
stomaeh stapling and intestinal 
bypass surgery, or the more radieal 
biliopanereatie diversion (BPD); and 
liposuction (removing fat by suctioning). 

BPD rearranges the digestive traet. 
The surgeon removes up to two-thirds 
of the stomaeh and cuts the small 
intestine in half, suturing one portion 
to the stomaeh opening. This diverts 
panereatie juice and bile away from the 
"new intestine," so far fewer nutrients 
and no fats are absorbed. Patients 
ean eat anything they want without 


gaining weight, but exceeding the 
stomaeh eapaeity leads to the dumping 
syndrome (nausea and vomiting). 

Many BPD procedures have been 
remarkably effeetive at promoting 
weight loss and restoring health. Blood 
pressure returns to normal in many who 
were originally hypertensive, and sleep 
apnea is reduced. Additionally, up to 
86% of patients with long-standing 
type 2 diabetes mellitus find they are 
suddenly diabetes free or demonstrate a 
dramatie improvement in their regulation 
of the disease within weeks after the 
procedure. This result may prove to be 
the single greatest benefit of BPD. 

Liposuction reshapes the body by 
suctioning off fat deposits, but it is 
not a good ehoiee for losing weight. 

It earries all the risks of surgery, and 
unless eating habits ehange, fat depots 
elsewhere in the body overfill. 


4. Gastrointestinal liners. A Gl 

liner, which prevents food from 
eontaeting the first 20 inehes or 
so of the intestinal wall, is inserted 
endoseopieally through the mouth. 
Nutrients are still absorbed beyond the 
liner but in obviously reduced amounts. 
This deviee seems to help some obese 
individuals lose weight. 

5. Diet drugs and weight-loss 

supplements. Currently popular 
weight-loss drugs include phentermine, 
phendimetrazine, diethylpropion, and 
orlistat. Phentermine is one-half of the 
former fen-phen (Redux) eombination 
that caused heart problems, deaths, 
and litigation for its producer in the 
1990s. It aets by inereasing sympathetie 
nervous system aetivity, which raises 
blood pressure and heart rate and 
deereases hunger. Phendimetrazine and 
diethylpropion have amphetamine-like 
effeets, stimulating the eentral nervous 
system to inerease heart rate and blood 
pressure and deerease hunger. 

Orlistat (Xenical) interferes with 
panereatie lipase so that part of the 
fat eaten is not digested or absorbed, 


which also interferes with the 
absorption of fat-soluble vitamins. It is 
effeetive as a weight-loss agent, but its 
side effeets (diarrhea and anal leakage) 
are unpleasant to say the least. It also 
earries the risk of severe liver injury. 

Currently a number of drugs 
are being developed that aet at 
several different CNS sites, including 
neuropeptide Y inhibitors. 

Several over-the-counter weight- 
loss supplements that elaim to inerease 
metabolism and burn ealories have proved 
to be very dangerous. For example: 

■ Capsules eontaining usnic aeid, a 
ehemieal found in some liehens, 
damages hepatoeytes and has led to 
liver failure in a few eases. 

■ Ephedra-eontaining supplements 
are notorious—over 100 deaths and 
16,000 eases of problems including 
strokes, seizures, and headaehes 
have been reported. 

When it eomes to supplements, the 
burden of proof is on the U.S. FDA to 
show that the product is unsafe. For 
this reason, the true extent of problems 
caused by weight-loss supplements 
is not known—while the worst eases 
attraet attention, less serious ones go 
unreported or undiagnosed. 

So are there any good treatments for 
obesity? To be absolutely honest—not yet. 
However, animal studies have shown that 
aetivating brown fat counteracts weight 
gain and type 2 diabetes. The possibility 
that aetivated brown adipose tissue could 
deter or reverse obesity is definitely worth 
exploring. 

At present, the only realistie way to 
lose weight is to take in fewer ealories and 
inerease physieal aetivity. Fidgeting helps 
and so does resistanee exercise, which 
inereases muscle mass. Physieal exercise 
depresses appetite and inereases metabolie 
rate not only during aetivity but also for 
some time after. The only way to keep the 
weight off is to make dietary and exercise 
ehanges lifelong habits. 
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and voluntary. BMR accounts for a surprisingly large part of 
TMR. For example, a woman whose total energy needs per day 
are about 2000 keal may spend 1400 keal or so supporting vital 
body aetivities. 

Skeletal muscles make up nearly half of body mass, so skele- 
tal muscle aetivity causes the most dramatie short-term ehanges 
in TMR. Even slight inereases in muscular work ean cause 


remarkable leaps in TMR and heat production. When a well- 
trained athlete exercises vigorously for several minutes, TMR 
may inerease 20-fold and remain elevated for several hours after 
exercise stops. 

Food ingestion also induces a rapid inerease in TMR. This 
effeet, ealled food-induced thermogenesis, is greatest when 
proteins and aleohol are ingested. The heightened metabolie 
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Heat production 

• Basal metabolism 

• Muscular aetivity 
(shivering) 

• Thyroxine and 
epinephrine 
(stimulating effeets 
on metabolie rate) 




• Radiation 

• Conduction/ 
eonveetion 

• Evaporation 


• Temperature effeet 
(warmer eells 
metabolize faster, 
producing more heat) 




Figure 24.24 Body temperature remains eonstant as long as 
heat production and heat loss are balaneed. 


aetivity of the liver during such periods probably accounts for 
the bulk of additional energy use. In eontrast, fasting or very 
low ealorie intake depresses TMR and results in a slower break- 
down of body reserves. 



Check Your Understandingf 



30. VVhieh of the follovving contributes to a person's BMR? 
Kidney function, breathing, jogging, eating, fever. 

31. Samantha is tall and slim, but athletie and vvell toned. Her 
friend Ginger is short and stoeky, bordering on obese. 

VVhieh would be expected to have a greater BMR, relatively 
speaking? 

_ For ansvvers, see Appendix H. 


■ Regulation of Body Temperature 

Distinguish betvveen eore and shell body temperature. 

Deseribe how body temperature is regulated f and indieate 
the eommon meehanisms regulating heat production/ 
retention and heat loss from the body. 


As shown in gure 24.24, body temperature represents the 
balanee between heat production and heat loss. All body tissues 
produce heat, but those most aetive metabolieally produce the 
greatest amounts. When the body is at rest, most heat is gener- 
ated by the liver, heart, brain, kidneys, and endoerine organs, 
with the inaetive skeletal muscles accounting for only 20-30%. 

This situation ehanges dramatieally with even slight ehanges 
in muscle tone. When we are eold, shivering helps warm us up, 
and during vigorous exercise, skeletal muscles ean produce 30 
to 40 times more heat than the rest of the body. A ehange in 


muscle aetivity is one of the most important means of modify- 
ing body temperature. 

Body temperature averages 37°C ± 0.5°C (98.6°F) and is 
usually maintained within the range 35.8-38.2°C (96-101°F), 
despite eonsiderable ehange in external (air) temperature. A 
healthy individuals body temperature fluctuates approximately 
1°C (1.8°F) in 24 hours, lowest in early morning and highest in 
late afternoon or early evening. 

The adaptive value of temperature homeostasis beeomes ap- 
parent when we eonsider how temperature affeets enzymatie 
aetivity. At normal body temperature, eonditions are optimal 
for enzymatie aetivity. Rising body temperature aeeelerates en- 
zymatie eatalysis: With eaeh rise of 1°C, the rate of ehemieal 
reaetions inereases about 10%. If temperature rises above the 
homeostatie range, neurons are depressed and proteins begin 
to denature. Children below the age of 5 go into convulsions 
when body temperature reaehes 41°C (106°F), and 43°C (about 
109°F) appears to be the absolute limit for life. 

In eontrast, most body tissues ean withstand marked reduc- 
tions in temperature if other eonditions are carefully eontrolled. 
This faet underlies the use of body eooling during open heart 
surgery when the heart must be stopped. Low body tempera- 
ture reduces metabolie rate (and consequently nutrient require- 
ments of body tissues and the heart), allowing more time for 
surgery without incurring tissue damage. 

Core and Shell Temperatures 

Different body regions have different resting temperatures. 
The body s eore (organs within the skull and the thoraeie and 
abdominal eavities) has the highest temperature and its shell 
(essentially the skin) has the lowest temperature in most eir- 
cumstances. Of the two body sites used routinely to obtain body 
temperature elinieally, the rectum typieally has a temperature 
about 0.4°C (0.7°F) higher than the mouth and is a better indi- 
eator of eore temperature. 

It is eore temperature that is preeisely regulated. Blood serves 
as the major agent ofheat exchange between the eore and shell. 
Whenever the shell is warmer than the external environment, 
the body loses heat as warm blood is allowed to flush into skin 
eapillaries. On the other hand, when heat must be eonserved, 
blood largely bypasses the skin. This reduces heat loss and allows 
the shell temperature to fall toward that of the environment. 

For this reason, eore temperature stays relatively eonstant, 
but the temperature of the shell may fluctuate substantially, for 
example, between 20°C (68°F) and 40°C (104°F), as it adapts to 
ehanges in body aetivity and external temperature. (You really 
ean have eold hands and a warm heart.) 

Meehanisms of Heat Exchange 

Heat exchange between our skin and the external environ- 
ment works in the same way as heat exchange between inani- 
mate objeets Figure 24.25 . It helps to think of an objeets 
temperature—whether that objeet is a radiator or your skin— 
as a guide to its heat eontent (think £C heat eoneentration”). 
Then just remember that heat always flows down its eoneen- 
tration gradient from a warmer region to a eooler region. The 
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body uses four meehanisms of heat transfer—radiation, eon- 
duction, eonveetion, and evaporation. 

Radiation Radiation is the loss of heat in the form of infrared 
waves (thermal energy). Any objeet that is warmer than objeets 
in its environment—for example, a radiator and (usually) the 
body—will transfer heat to those objeets. Under normal eondi- 
tions, elose to half of your body heat loss occurs by radiation. 

Because radiant energy flows from warmer to eooler, radia- 
tion explains why a eold room warms up shortly after it fills with 
people (the “body heat furnace,” so to speak). Your body also 
gains heat by radiation, as demonstrated by the way your skin 
warms when you sunbathe. 

Conduction Conduction transfers heat from a warmer ob- 
jeet to a eooler one when the two are in direet eontaet with 
eaeh other. For example, when you step into a hot tub, some of 
the heat of the water transfers to your skin, and warm buttocks 
transfer heat to the seat of a ehair by conduction. 

Convection Convection is the proeess that occurs because 
warm air expands and rises and eool air, being denser, falls. 
Consequently, the warmed air enveloping the body is continu- 
ally replaeed by eooler air molecules. Convection substantially 
enhanees heat transfer from the body surface to the air because 
the eooler air absorbs heat by conduction more rapidly than the 
already-warmed air. 

Together, conduction and eonveetion account for 15-20% of 
heat loss to the environment. These proeesses are enhaneed by 
anything that moves air more rapidly aeross the body surface, 
such as wind or a fan, in other words, by foreed eonveetion. 

Evaporation The fourth meehanism by which the body 
loses heat is evaporation. Water evaporates because its mol- 
ecules absorb heat from the environment and beeome energetie 
enough—in other words, vibrate fast enough—to eseape as a 
gas, which we know as water vapor. The heat absorbed by water 
during evaporation is ealled heat of vaporization. The evapo- 
ration of water from body surfaces removes large amounts of 
body heat. Every gram of water that evaporates removes about 
0.58 keal of heat from the body. 

There is a basal level of body heat loss due to the continuous 
evaporation of water from the lungs and oral mucosa, and through 
the skin. The unnoticeable water loss occurring via these routes is 
ealled insensible water loss, and the aeeompanying heat loss is in- 
sensible heat loss. Insensible heat loss dissipates about 10% of the 
basal heat production of the body and is a eonstant not subject to 
body temperature eontrols. When neeessary, however, the bodys 
eontrol meehanisms do initiate heat-promoting aetivities to coun- 
terbalanee this insensible heat loss. 

Evaporative heat loss beeomes an aetive or sensible proeess 
when body temperature rises and sweating produces inereased 
amounts of water for vaporization. Extreme emotional states 
aetivate the sympathetie nervous system, causing body tem- 
perature to rise by one degree or so, and vigorous exercise ean 
raise body temperature as much as 2-3°C (3.6-5.4°F). Vigorous 
muscular aetivity ean produce and evaporate 1-2 L/h of per- 
spiration, removing 600-1200 keal of heat from the body eaeh 
hour. This is more than 30 times the amount of heat lost via 
insensible heat loss! 



Figure 24.25 Meehanisms of heat exchange. A vvoman 
enjoying a hot tub illustrates several meehanisms of heat exchange 
betvveen the body and its environment. (1) Conduction: Heat 
transfers from the hot vvater to the skin. (2) Radiation: Heat transfers 
from the exposed part of the body to the eooler air. (3) Convection: 
Warmed air moves avvay from the body via breezes. There may also 
be (4) evaporation of perspiration: Excess body heat is earried avvay. 
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When sweating is heavy and prolonged, espeeially in untrained 
individuals, losses of water and NaCl may cause painful muscle 
spasms ealled heat eramps. The solution is simple: Drink fluids. + 


Role of the Hypothalamus 

Although other brain regions contribute, the hypothalamus, 
particularly its preoptie region, is the main integrating eenter for 
thermoregulation. Together the heat-loss eenter (loeated more 
anteriorly) and the heat-promoting eenter make up the brains 

thermoregulatory eenters. 

The hypothalamus reeeives afferent input from (1) periph- 
eral thermoreeeptors loeated in the shell (the skin), and (2) 
eentral thermoreeeptors sensitive to blood temperature and 
loeated in the body eore including the anterior portion of the 
hypothalamus. Much like a thermostat, the hypothalamus re- 
sponds to this input by reflexively initiating appropriate heat- 
promoting or heat-loss aetivities. 

The eentral thermoreeeptors are more eritieally loeated than 
the peripheral ones, but varying inputs from the shell proba- 
bly alert the hypothalamus of the need to prevent temperature 
ehanges in the eore. In other words, they allow the hypothala- 
mus to antieipate ehanges to be made. 


r 
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Heat-Promoting Meehanisms 

When the external temperature is low or blood temperature falls 
for any reason, the heat-promoting eenter is aetivated. It triggers 
one or more of the following four meehanisms to maintain or 
inerease eore body temperature ( 1gure 24.26, bottom). 

1. Constriction of cutaneous blood vessels. Aetivation of 
the sympathetie vasoeonstrietor fibers serving the blood 
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Skin blood vessels 
dilate: eapillaries 
beeome flushed with 
warm blood; heat radiates 
from skin surface 






* 
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heat-loss 
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hypothalamus 




Stimulus 

inereased body 
temperature; 
blood warmer 
than hypothalamie 
set point 



Sweat glands seerete 
perspiration, which is 
vaporized by body heat, 
helping to eool the body 


Body temperature 
deereases: blood 
temperature 
deelines and 
hypothalamus 
heat-loss eenter 
“shuts off” 






Homeostasis: Normal body temperature (35.8 <€-38.2 °C) 
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Body temperature 
inereases: blood 
temperature rises 
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eenter “shuts off” 


Skin blood vessels eonstriet, which 
diverts blood from skin eapillaries 
to deeper tissues, minimizing 
overall heat loss from skin 

surface 
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Skeletal muscles 
aetivated when more 
heat must be generated; 
shivering begins 



Aetivates heat- 
promoting eenter 
in hypothalamus 



Figure 24.26 Meehanisms of body temperatiire regulation. 


vessels of the skin causes strong vasoeonstrietion. This re- 
striets blood to deep body areas and largely bypasses the 
skin. Because a layer of insulating subcutaneous (fatty) tis- 
sue separates the skin from deeper organs, this reduces 
heat loss from the shell dramatieally and lowers shell tem- 
perature toward that of the external environment. 



Homeostatie imbalanee 24.7 


Restrieting blood flow to the skin is not a problem for a brief 
period, but if it is prolonged (as during exposure to very eold 


weather), skin eells deprived of oxygen and nutrients begin to 
die. This extremely serious eondition is frostbite. + 

2. Shivering. Shivering—involuntary shuddering eontrae- 
tions—is triggered when brain eenters eontrolling muscle 
tone are aetivated and muscle tone reaehes suíhcient levels 
to alternately stimulate streteh reeeptors in antagonistie 
muscles. Shivering raises body temperature because skel- 
etal muscle aetivity produces large amounts of heat. 

3. inerease of metabolie rate. Cold stimulates the adre- 
nal medulla to release epinephrine and norepinephrine 
in response to sympathetie nerve stimuli, elevating the 
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metabolie rate and enhaneing heat production. This 
meehanism, ealled ehemieal (nonshivering) thermogen- 
esis, occurs in infants. Reeently, deposits of brown adipose 
tissue, a speeial kind of adipose tissue that dissipates en- 
ergy by producing heat by this meehanism, have also been 
demonstrated in adult humans. 

4. Enhaneed thyroxine release. When environmental tem- 
perature deereases gradually, as in the transition from 
summer to winter, the hypothalamus of infants releases 
thyrotropin-releasing hormone. This hormone aetivates the 
anterior pituitary to release thyroid-stimulating hormone , 
which induces the thyroid to liberate more thyroid hor- 
mone to the blood. Because thyroid hormone raises meta- 
bolie rate, body heat production rises. Adults do not show 
a similar TSH response to eold exposure. 

Besides these invohmtary adjustments, we humans make a 
number of behavioral modifieations to prevent overeooling of 
our body eore: 

■ Putting on more or warmer elothing to restriet heat loss (hat, 
gloves, and c< insulated” outer garments) 

■ Drinking hot fluids 

■ Changing posture to reduce exposed body surface area 
(hunching over or elasping the arms aeross the ehest) 

■ inereasing physieal aetivity to generate more heat (jumping 
up and down, elapping the hands) 

Heat-Loss Meehanisms 

Heat-loss meehanisms proteet the body from excessively high 
temperatures. Most heat loss occurs through the skin via radia- 
tion, conduction, eonveetion, and evaporation. 

How do heat-exchange meehanisms help us lose heat? The 
answer is quite simple. Whenever eore body temperature rises 
above normal, it inhibits the hypothalamie heat-promoting 
eenter. At the same time, it aetivates the heat-loss eenter and 
triggers one or both of the following (Figure 24.26, top): 

1. Dilation of cutaneous blood vessels. Inhibiting the vasomo- 
tor fibers serving blood vessels of the skin allows the vessels 
to dilate. As the blood vessels swell with warm blood, the 
shell loses heat by radiation, conduction, and eonveetion. 

2. Enhaneed svveating. If the body is extremely overheated 
or if the environment is so hot—over 33°C (about 92°F)— 
that heat eannot be lost by other means, evaporation be- 
eomes neeessary. Sympathetie fibers aetivate the sweat 
glands to spew out large amounts of perspiration. Evapo- 
ration of perspiration is an effieient means of ridding the 
body of surplus heat as long as the air is dry. 

However, when the relative humidity is high, evaporation oe- 
curs much more slowly. In such eases, the heat-liberating meeh- 
anisms eannot work well, and we feel miserable and irritable. 
Behavioral or vohmtary measures eommonly taken to reduce 
body heat in such circumstances include 

■ Reducing aetivity ( cc laying low”) 

■ Seeking a eooler environment (a shady spot) or using a deviee 
to inerease eonveetion (a fan) or eooling (an air eonditioner) 


■ Wearing light-eolored, loose elothing that refleets radiant 
energy. (This is actually eooler than being nude because bare 
skin absorbs most of the radiant energy striking it.) 
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Overexposure to a hot and humid environment makes normal 
heat-loss proeesses ineífeetive. The resulting hyperthermia 
(elevated body temperature) depresses the hypothalamus. At a 
eore temperature of around 41°C (105°F), heat-eontrol meeha- 
nisms are suspended, ereating a vicious positive feedbaek eyele. 
Inereasing temperatures inerease the metabolie rate, which in- 
ereases heat production. The skin beeomes hot and dry and, 
as the temperature continues to spiral upward, multiple organ 
damage beeomes a distinet possibility, including brain damage. 
This eondition, ealled heat stroke, ean be fatal unless eorreetive 
measures are initiated immediately (immersing the body in eool 
water and administering fluids). 

The terms heat exhaustion and exertion-induced heat ex- 
haustion are often used to deseribe the heat-assoeiated extreme 
sweating and eollapse of an individual during or following vig- 
orous physieal aetivity. This eondition, evideneed by elevated 
body temperature and mental confusion and/or fainting, is due 
to dehydration and consequent low blood pressure. In eontrast 
to heat stroke, heat-loss meehanisms are still flmetional in heat 
exhaustion. However, heat exhaustion ean rapidly progress to 
heat stroke if the body is not eooled and rehydrated promptly. 

Hypothermia (hi"po-ther'me-ah) is low body temperature 
resulting from prolonged uncontrolled exposure to eold. Vital 
signs (respiratory rate, blood pressure, and heart rate) deerease 
as cellular enzymes beeome sluggish. Drowsiness sets in and, 
oddly, the person beeomes eomfortable even though previously 
he or she felt extremely eold. Shivering stops at a eore tem- 
perature of 30-32°C (87-90°F) when the body has exhausted 
its heat-generating eapabilities. Uncorrected, hypothermia 
progresses to eoma and finally death (by eardiae arrest), when 
body temperatures approaeh 21°C (70°F). + 

Fever 

Fever is eontrolled hyperthermia. Most often, it results from in- 
feetion somewhere in the body, but it may be caused by eaneer, 
allergie reaetions, or CNS injuries. 

Whatever the cause, maerophages and other eells release 
eytokines, originally ealled pyrogens (literally, cc fire starters”), 
at least two of which are now known to be interleukins. These 
ehemieals aet on the hypothalamus, causing release of prosta- 
glandins which reset the hypothalamie thermostat to a higher- 
than-normal temperature, so that heat-promoting meehanisms 
kiek in. As a result of vasoeonstrietion, heat loss from the body 
surface deelines, the skin eools, and shivering begins to generate 
heat. These C chills” are a sure sign body temperature is rising. 

The temperature rises until it reaehes the new setting, and 
then is maintained at that setting until natural body defenses 
or medieations reverse the disease proeess. Chemical mes- 
sengers ealled eryogens (vasopressin and others) prevent fever 
from beeoming excessive and reset the thermostat to a lower (or 
normal) level. Then, heat-loss meehanisms swing into aetion. 
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Sweating begins and the skin beeomes flushed and warm. Phy- 
sieians have long reeognized these signs as signals that body 
temperature is falling (aah, she has passed the erisis). As we 
explained in Chapter 21, fever speeds healing by inereasing the 
metabolie rate, and it also appears to inhibit baeterial growth. 



Check Your Understanding 


32. VVhat is the body's eore? 

33. Cindy is flushed and her teeth are ehattering even though 
her bedroom temperature is 72°F. VVhy do you think this is 
happening? 

34. Hovv does eonveetion differ from conduction in causing heat 
loss? 

_ For ansvvers, see Appendix H. 


Developmental Aspeets 
of Nutrition and Metabolism 

s Deseribe the effeets of inadequate protein intake on the 
fetal nervous system. 

y Deseribe the cause and consequences of the low metabolie 
rate typieal of the elderly. 

List ways that medieations eommonly used by aged people 
may ínfluence their nutrition and health. 



Good nutrition is essential in utero, as well as throughout life. 
If the mother is ill nourished, the development of her infant is 
affeeted. Most serious is the laek of adequate ealories, proteins, 
and vitamins needed for fetal tissue growth, espeeially brain 
growth. Additionally, inadequate nutrients during the fìrst three 
years after birth will lead to mental defieits or learning disorders 
because brain growth continues during this time. Proteins are 
needed for muscle and bone growth, and calcium is required 
for strong bones. Although anabolie proeesses are less eritieal 
after growth is eompleted, sufficient nutrients are still essential 
to maintain normal tissue replaeement and metabolism. 
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There are many inborn errors of metabolism (or genetie disor- 
ders), but perhaps the two most eommon are eystie fibrosis (see 
Chapter 22) and phenylketonmia (PKU ) (fen"il-ke"to-nu're-ah). 

In PKU, tissue eells are unable to use the amino aeid phenyl- 
alanine (fen"il-al'ah-nèn), which is present in all protein foods. 
The defeet involves a defieieney of the enzyme that eonverts 
phenylalanine to tyrosine. Phenylalanine eannot be metabo- 
lized, so it and its deaminated products accumulate in the blood 
and aet as neurotoxins that cause brain damage and retarda- 
tion within a few months. These consequences are uncom- 
mon today because most states require a urine or blood test 
to identify affeeted newborns, and these ehildren are put on 
a low-phenylalanine diet. Expectant women with PKU are 
sometimes encouraged to follow a eontrolled phenylalanine 
diet during their pregnaney. 


There are a number of other enzyme defeets, elassified ae- 
eording to the impaired proeess as earbohydrate, lipid, or min- 
eral metabolie disorders. The earbohydrate defieit galaetosemia 
results from an abnormality in or laek of the liver enzymes 
needed to transform galaetose to glucose. Galaetose accumu- 
lates in the blood and leads to mental defieits. 

In the earbohydrate disorder glyeogen storage disease , 
glyeogen synthesis is normal, but one of the enzymes 
needed to eonvert it baek to glucose is missing. As excessive 
amounts of glyeogen are stored, its storage organs (liver and 
skeletal muscles) beeome glutted with glyeogen and enlarge 
tremendously. + 

With the exception of type 1 diabetes mellitus , ehildren free 
of genetie disorders rarely exhibit metabolie problems. How- 
ever, by middle age and particularly old age, type 2 diabetes 
mellitus beeomes a major problem, particularly in people who 
are obese. 

Metabolie rate deelines throughout the life span. In old age, 
muscle and bone wasting and deelining effieieney of the endo- 
erine system take their toll. Because many elderly are also less 
aetive, the metabolie rate is sometimes so low that it beeomes 
nearly impossible to obtain adequate nutrition without gaining 
weight. The elderly also use more medieations than any other 
group, at a time of life when the liver has beeome less effieient in 
its detoxifying duties. 

Many dmgs and popular remedies influence nutrition. For 
example: 

■ Some dmreties preseribed for eongestive heart faihire or hy- 
pertension (to flush flmds out of the body) ean cause severe 
hypokalemia by promoting excessive loss of potassium. 

■ Some antibioties—for example, sulfa drugs, tetraeyeline, and 
penieillin—interfere with food digestion and absorption. 
They may also cause diarrhea, further deereasing absorption. 

■ Although physieians discourage its use because it interferes 
with absorption of fat-soluble vitamins, mineral oil is still a 
popular laxative with the elderly. 

■ About half the elderly in the U.S. consume aleohol. When it 
is substituted for food, nutrient stores ean be depleted. Ex- 
eessive aleohol intake leads to absorption problems, eertain 
vitamin and mineral defieieneies, deranged metabolism, and 
damage to the liver and panereas. 

Although malnutrition and a waning metabolie rate present 
problems to some elderly, eertain nutrients—notably ghieose— 
appear to contribute to the aging proeess in all of us. Nonen- 
zymatie reaetions (the so-ealled browning reaetions) between 
glucose and proteins, long known to diseolor and toughen 
foods, may have the same effeets on body proteins. When en- 
zymes attaeh sugars to proteins, they do so at speeifie sites and 
the glyeoproteins produced play well-defined roles in the body. 
By eontrast, nonenzymatie binding of glucose to proteins (a 
proeess that inereases with age) is haphazard and eventually 
causes eross-links between proteins. This type of binding prob- 
ably contributes to lens clouding, and the general tissue stiffen- 
ing and loss of elastieity so eommon in the aged. 
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Check Your IJnderstanding 


35. List at least two reasons that metabolie rate deelines 
in old age. 

36. List two types of drugs or over-the-counter products that ean 
interfere with the nutrition of elderly people. 

_ For ansvvers, see Appendix H. 


Nutrition is one of the most overlooked areas in elinieal med- 
ieine. Yet, what we eat and drink influences nearly every phase 
of metabolism and plays a major role in our overall health. Now 
that we have examined the fates of nutrients in body eells, we are 
ready to study the urinary system, the organ system that works 
tirelessly to rid the body of nitrogen wastes resulting from me- 
tabolism and to maintain the purity of our internal fluids. 


Chapter Summary 
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Diet and Nutrition (pp. 907-913) 

1. Nutrients include water, earbohydrates, lipids, proteins, vitamins, 
and minerals. The bulk of the organie nutrients is used as fuel 

to produce cellular energy (ATP). The energy value of foods is 
measured in kiloealories (keal). 

2. Essential nutrients are those that are inadequately synthesized by 
body eells and must be ingested in the diet. 

Carbohydrates (p. 908) 

3. Carbohydrates are obtained primarily from plant products. 
Absorbed monosaeeharides other than glucose are eonverted to 
glucose by the liver. 

4. Monosaeeharides are used primarily for cellular fuel. Small 
amounts are used for nucleic aeid synthesis and to add sugar 
residues to plasma membranes. 

5. Reeommended earbohydrate intake for adults is 45-65% of daily 
ealorie intake. 

Lipids (pp. 908-910) 

6. Most dietary lipids are triglyeerides. The primary sources of 
saturated fats are animal products, tropieal oils, and hydrogenated 
oils; unsaturated fats are present in plant products, nuts, and eold- 
water fìsh. The major sources of eholesterol are egg yolk, meats, 
and milk products. 

7. Linoleie and linolenie aeids are essential fatty aeids. 

8. Triglyeerides provide reserve energy, cushion body organs, and 
insulate the body. Phospholipids are used to synthesize plasma mem- 
branes and myelin. eholesterol is used in plasma membranes and is 
the structural basis of vitamin D, steroid hormones, and bile salts. 

9. Fat intake should represent 30% or less of ealorie intake, and 
saturated and trans fats should be replaeed by mono- and 
polyunsaturated fats if possible. 

Proteins (pp. 910-911) 

10. Animal products provide high-quality eomplete protein 

eontaining all 10 essential amino aeids. Most plant products laek 
one or more of the essential amino aeids. 


11. Amino aeids are the structural building bloeks of the body and of 
important regulatory molecules. 

12. Protein synthesis ean and will occur if all essential amino aeids 
are present and sufficient earbohydrate (or fat) ealories are 
available to produce ATP. Otherwise, amino aeids will be burned 
for energy. 

13. Nitrogen balanee occurs when protein synthesis equals protein 
loss. 

14. A dietary intake of 0.8 g of protein per kg of body weight is 
reeommended for most healthy adults. 

Vitamins (pp. 911-913) 

15. Vitamins are organie compounds needed in minute amounts. 
Most aet as eoenzymes. The riehest sources are whole grains, 
vegetables, legumes, and frait. 

16. Except for vitamin D and the K and B vitamins made by enterie 
baeteria, vitamins are not made in the body. 

17. Water-soluble vitamins (B and C) are not stored to excess in the 
body. Fat-soluble vitamins include vitamins A, D, E, and K; all 
but vitamin K are stored and ean accumulate to toxic amounts. 

Minerals (p. 913) 

18. Besides calcium, phosphoras, potassimn, sulfur, sodium, 
ehloride, and magnesium, the body requires traee amounts of at 
least a dozen other minerals. 

19. Minerals are not used for energy. Some are used to mineralize 
bone; others are bound to organie compounds or exist as ions in 
body fluids, where they play various roles in eell proeesses and 
metabolism. 

20. Mineral uptake and excretion are eareffilly regulated to prevent 
mineral toxicity. The riehest sources of minerals are some meats, 
vegetables, nuts, and legumes. 

Overview of Metabolie Reaetions (pp. 913-917) 

1. Metabolism eneompasses all ehemieal reaetions neeessary to 
maintain life. Metabolie proeesses are either anabolie or eatabolie. 

2. Cellular respiration refers to eatabolie proeesses during which 
energy is released and some is captured in ATP bonds. 

3. Energy is released when organie compounds are oxidized. 
Cellular oxidation is aeeomplished primarily by removing 
hydrogen (eleetrons). When molecules are oxidized, others 
are simultaneously reduced by aeeepting hydrogen (or 
eleetrons). 

4. Most enzymes eatalyzing oxidation-reduction reaetions require 
eoenzymes as hydrogen aeeeptors. Two important eoenzymes in 
these reaetions are NAD + and FAD. 

5. In animal eells, the two meehanisms of ATP synthesis are 
substrate-level phosphorylation and oxidative phosphorylation. 

ÌP Muscular System; Topie: Muscle Metabolism, pp. 3-8. 
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Metabolism of Major Nutrients (pp. 917-930) 

Carbohydrate Metabolism (pp. 917-925) 

1. Carbohydrate metabolism is essentially glucose metabolism. 

2. Phosphorylation of ghieose on entry into eells eífeetively traps it 
in most tissue eells. 

3. Glucose is oxidized to earbon dioxide and water via three 
successive pathways: glyeolysis, Krebs eyele, and eleetron 
transport ehain. Some ATP is harvested in eaeh pathway, but the 
bulk is captured in the eleetron transport ehain. 

4. Glyeolysis is a reversible pathway in which glucose is eonverted 
to two pymvie aeid molecules; two molecules of reduced NAD + 
are formed, and there is a net gain of 2 ATP. Under aerobie 
eonditions, pymvie aeid enters the Krebs eyele; under anaerobie 
eonditions, it is reduced to laetie aeid. 

5. The Krebs eyele is fueled by pymvie aeid (and fatty aeids). To 
enter the eyele, pymvie aeid is eonverted to aeetyl CoA. The 
aeetyl CoA is then oxidized and decarboxylated. Complete 
oxidation of two pymvie aeid molecules yields 6 C0 2 , 8 NADH 
+ H + , 2 FADH 2 , and a net gain of 2 ATP. Much of the energy 
originally present in the bonds of pymvie aeid is now present in 
the reduced eoenzymes. 

6. In the eleetron transport ehain, (a) reduced eoenzymes are 
oxidized by delivering hydrogen to a series of oxidation- 
reduction aeeeptors; (b) hydrogen is split into hydrogen ions and 
eleetrons (as eleetrons mn downhill from aeeeptor to aeeeptor, 
the energy released is used to pump H + into the mitoehondrial 
intermembrane spaee, which ereates an eleetroehemieal proton 
gradient); (e) the energy stored in the eleetroehemieal proton 
gradient drives H + baek through ATP synthase, which uses the 
energy to form ATP; (d) H + and eleetrons are eombined with 
oxygen to form water. 

7. For eaeh glucose molecule oxidized to earbon dioxide and 
water, there is a net gain of 32 ATP: 4 ATP from substrate-level 
phosphorylation and 28 ATP from oxidative phosphorylation. 
The shuttle for reduced NAD + produced in the eytosol may use 2 
ATP of that amount. 

8. When cellular ATP reserves are high, glucose eatabolism is 
inhibited and ghieose is eonverted to glyeogen (glyeogenesis) or 
to fat (lipogenesis). Much more fat than glyeogen is stored. 

9. When blood glucose levels begin to fall, glyeogenolysis occurs, 
in which glyeogen stores are eonverted to ghieose. The liver ean 
also perform gluconeogenesis, the formation of ghieose from 
nonearbohydrate (fat or protein) molecules. 

ÌP Muscular System; Topie: Muscle Metabolism, pp. 10-22. 

Lipid Metabolism (pp. 926-928) 

10. End products of lipid digestion (and eholesterol) are transported 
in blood in the form of ehylomierons. 

11. Glyeerol is eonverted to glyeeraldehyde 3-phosphate and enters 
the Krebs eyele or is eonverted to ghieose. 

12. Fatty aeids are oxidized by beta oxidation into aeetie aeid 
fragments. These are bound to eoenzyme A and enter the Krebs 
eyele as aeetyl CoA. Dietary fats not needed for energy or 
structural materials are stored in adipose tissue. 

13. There is a continual turnover of fats in fat depots. Breakdown of 
fats to fatty aeids and glyeerol is ealled lipolysis. 

14. When excessive amounts of fats are used, the liver eonverts aeetyl 
CoA to ketone bodies and releases them to the blood. Excessive 
levels of ketone bodies (ketosis) lead to metabolie aeidosis. 

15. All eells use phospholipids and eholesterol to build their plasma 
membranes. The liver forms many fhnetional molecules from lipids. 


Protein Metabolism (pp. 928-930) 

16. To be oxidized for energy, amino aeids are eonverted to keto 
aeids that ean enter the Krebs eyele. This involves transamination, 
oxidative deamination, and keto aeid modifieation. 

17. Amine groups removed during deamination (as ammonia) are 
eombined with earbon dioxide by the liver to form urea. Urea is 
excreted in urine. 

18. Deaminated amino aeids may also be eonverted to fatty aeids and 
glucose. 

19. Amino aeids are the body s most important building 
bloeks. Nonessential amino aeids are made in the liver by 
transamination. 

20. In adults, most protein synthesis serves to replaee tissue proteins 
and to maintain nitrogen balanee. 

21. Protein synthesis requires the presenee of all 10 essential amino 
aeids. If any are laeking, amino aeids are used as energy fuels. 

Metabolie States of the Body (pp. 930-935) 

Catabolic-Anabolic Steady State of the Body (pp. 930-931) 

1. The amino aeid pool provides amino aeids for synthesis of 
proteins and amino aeid derivatives, ATP synthesis, and energy 
storage. To be stored, amino aeids are first deaminated and then 
eonverted to fats or glyeogen. 

2. The earbohydrate-fat pool primarily provides fiiels for ATP 
synthesis and other molecules that ean be stored as energy 
reserves. 

3. The nutrient pools are eonneeted by the bloodstream; fats, 
earbohydrates, and proteins may be intereonverted via eommon 
intermediates. 

Absorptive State (pp. 931-933) 

4. During the absorptive state (during and shortly after a meal), 
glucose is the major energy source; needed structural and 
fimetional molecules are made; excess earbohydrates, fats, and 
amino aeids are stored as glyeogen and fat. 

5. Events of the absorptive state are eontrolled by insulin, which 
enhanees the entry of glucose (and amino aeids) into eells and 
aeeelerates its use for ATP synthesis or storage as glyeogen or fat. 

Postabsorptive State (pp. 933-935) 

6. The postabsorptive state is the period when bloodborne fiiels 
are provided by breakdown of energy reserves. Glucose is 
made available to the blood by glyeogenolysis, lipolysis, and 
gluconeogenesis. Ghieose sparing begins. During prolonged 
fasting, the brain also begins to metabolize ketone bodies. 

7. Events of the postabsorptive state are eontrolled largely by 
glucagon and the sympathetie nervous system, which mobilize 
glyeogen and fat reserves and trigger gluconeogenesis. 

The Metabolie Role of the Liver (pp. 935-938) 

1. The liver is the bodys main metabolie organ and it plays a eraeial 
role in proeessing (or storing) virtually every nutrient group. It 
helps maintain blood energy sources, metabolizes hormones, and 
detoxifies drags and other substances. 

Gholesterol Metabolism and Regulation of Blood Gholesterol 

Levels (pp. 935-938) 

2. The liver synthesizes eholesterol, eatabolizes eholesterol and 
seeretes it in the form of bile salts, and makes lipoproteins. The 
liver makes a basal amount of eholesterol (85%) even when 
dietary eholesterol intake is excessive. 
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3. LDLs transport triglyeerides and eholesterol from the liver to the 
tissues, whereas HDLs transport eholesterol from the tissues to 
the liver (for eatabolism and elimination). 

4. Excessively high LDL levels are implieated in atheroselerosis, 
cardiovascular disease, and stroke. 

Energy Balanee (pp. 938-948) 

1. Body energy intake (derived from food oxidation) is preeisely 
balaneed by energy output (heat, work, and energy storage). 
Eventually, all of the energy intake is eonverted to heat. 

Obesity (p. 939) 

2. When energy balanee is maintained, weight remains stable. 
When excess amounts of energy are stored, the result is obesity 
(eondition of excessive fat storage resulting in a BMI above 30). 

Regiilation of Food Intake (pp. 939-941) 

3. The hypothalamus (particularly its arcuate nucleus) and other 
brain eenters are involved in regulating eating behavior. 

4. Faetors thought to be involved in regulating food intake include 
(a) neural signals from the gut to the brain; (b) nutrient signals 
related to total energy storage; (e) plasma eoneentrations 

of hormones that eontrol events of the absorptive and 
postabsorptive states, and hormones that provide feedbaek 
signals to brain feeding eenters (leptin appears to exert the main 
long-term eontrols of appetite and energy metabolism); (d) body 
temperature, psyehologieal faetors, and others. 

Metabolie Rate and Heat Production (pp. 941-944) 

5. Energy used by the body per hour is the metabolie rate. 

6. Basal metabolie rate (BMR), reported in kcal/m 2 /h, is the 
measurement obtained when the person is at eomfortable room 
temperature, supine, relaxed, and in the postabsorptive state. 
BMR indieates energy needed to drive only the resting body 
proeesses. 

7. Faetors influencing metabolie rate include body surface area, 
age and gender, body temperature, stress, and thyroxine; also the 
speeifie dynamie aetion of foods, and muscular aetivity. 

Regulation of Body Temperature (pp. 944-948) 

8. Body temperature refleets the balanee between heat production 
and heat loss and is normally 37°C (± 0.5°C), which is optimal 
for physiologieal aetivities. 

9. At rest, most body heat is produced by the liver, heart, brain, 
kidneys, and endoerine organs. Aetivation of skeletal muscles 
causes dramatie inereases in body heat production. 

10. The body eore (organs within the skull and the ventral body 
eavity) generally has the highest temperature. The shell (the skin) 
is the heat-exchange surface, and is usually eoolest. 


11. Blood serves as the major heat-exchange agent between the eore 
and the shell. When skin eapillaries are fhished with blood and 
the skin is warmer than the environment, the body loses heat. 
When blood is withdrawn to deep organs, heat loss from the shell 
is inhibited. 

12. Heat-exchange meehanisms include radiation, conduction, 
eonveetion, and evaporation. Evaporation, the eonversion of 
water to water vapor, requires the absorption of heat. For eaeh 
gram of water vaporized, about 0.6 keal of heat is absorbed. 

13. The hypothalamus aets as the bodys thermostat. Its heat- 
promotion and heat-loss eenters reeeive inputs from peripheral 
and eentral thermoreeeptors, integrate these inputs, and initiate 
responses leading to heat loss or heat promotion. 

14. Heat-promoting meehanisms include eonstrietion of skin 
vasculature, and shivering. If environmental eold is prolonged, 
the thyroid gland may be stiimilated to release more thyroxine. 

15. When heat must be removed from the body, dermal blood 
vessels dilate, allowing heat loss through radiation, conduction, 
and eonveetion. When greater heat loss is mandated (or the 
environmental temperature is so high that radiation and 
conduction are ineffeetive), sweating is initiated. Evaporation 
of perspiration is an effieient means of heat loss as long as the 
humidity is low. 

16. Proffise sweating ean lead to heat exhaustion, indieated by a rise 
in temperature, a drop in blood pressure, and eollapse. When 
the body eannot rid itself of surplus heat, body temperature rises 
to the point where all thermoregulatory meehanisms beeome 
ineffeetive—a potentially lethal eondition ealled heat stroke. 

17. Fever is eontrolled hyperthermia, which follows thermostat 
resetting to higher levels by prostaglandins and initiation of 
heat-promotion meehanisms, evideneed by the ehills. When the 
disease proeess is reversed, heat-loss meehanisms are initiated. 


Developmental Aspeets of Nutrition 

and Metabolism (pp. 948-949) 

1. Good nutrition is essential for normal fetal development and 
normal growth during ehildhood. 

2. Inborn errors of metabolism include eystie fibrosis, PKU, 
glyeogen storage disease, galaetosemia, and many others. 
Hormonal disorders, such as laek of insulin or thyroid hormone, 
may also lead to metabolie abnormalities. Diabetes mellitus is 
the most signifieant metabolie disorder in middle-aged and older 
adults. 

3. In old age, metabolie rate deelines as enzyme and endoerine 
systems beeome less effieient and skeletal muscles atrophy. 
Reduced ealorie needs make it difficult to obtain adequate 
nutrition without beeoming overweight. 

4. Elderly individuals ingest more medieations than any other age 
group, and many of these dmgs negatively affeet their nutrition. 
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Review Questions 




Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. Which of the following reaetions would liberate the most energy? 

(a) eomplete oxidation of a molecule of sucrose to C0 2 and water, 

(b) eonversion of a molecule of ADP to ATP, (e) respiration of a 


molecule of ghieose to laetie aeid, (d) eonversion of a molecule of 
glucose to earbon dioxide and water. 

2. The formation of ghieose from glyeogen is (a) ghieoneogenesis, 
(b) glyeogenesis, (e) glyeogenolysis, (d) glyeolysis. 

3. The net gain of ATP from the eomplete metabolism (aerobie) of 
ghieose is elosest to (a) 2, (b) 30, (e) 3, (d) 4. 
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4. Which of the following best defines cellular respiration? (a) intake 
of earbon dioxide and output of oxygen by eells, (b) excretion of 
waste products, (e) inhalation of oxygen and exhalation of earbon 
dioxide, (d) oxidation of substances by which energy is released 
in usable form to the eells. 

5. What is formed during aerobie respiration when eleetrons are 
passed down the eleetron transport ehain? (a) oxygen, (b) water, 
(e) ghieose, (d) NADH + H + . 

6. Metabolie rate is relatively low in (a) youth, (b) physieal exercise, 
(e) old age, (d) fever. 

7. In a temperate elimate under ordinary eonditions, the greatest 
loss of body heat occurs through (a) radiation, (b) conduction, 

(e) evaporation, (d) none of the above. 

8. Which of the following is not a function of the liver? 

(a) glyeogenolysis and gluconeogenesis, (b) synthesis of 
eholesterol, (e) detoxification of aleohol and dmgs, (d) synthesis 
of glucagon, (e) deamination of amino aeids. 

9. Amino aeids are essential (and important) to the body for all 
the following except (a) production of some hormones, 

(b) production of antibodies, (e) formation of most structural 
materials, (d) as a source of quick energy. 

10. A person has been on a hunger strike for seven days. Compared 
to normal, he has (a) inereased release of fatty aeids from adipose 
tissue, and ketosis, (b) elevated ghieose eoneentration in the 
blood, (e) inereased plasma insulin eoneentration, (d) inereased 
glyeogen synthase (enzyme) aetivity in the liver. 

11. Transamination is a ehemieal proeess by which (a) protein is 
synthesized, (b) an amine group is transferred from an amino 
aeid to a keto aeid, (e) an amine group is eleaved from the amino 
aeid, (d) amino aeids are broken down for energy. 

12. Three days after removing the panereas from an animal, the 
researeher finds a persistent inerease in (a) aeetoaeetie aeid 
eoneentration in the blood, (b) urine volume, (e) blood glucose, 
(d) all of the above. 

13. Hunger, appetite, obesity, and physieal aetivity are interrelated. 
Thus, (a) hunger sensations arise primarily from the stimulation 
of reeeptors in the stomaeh and intestinal traet in response to 
the absenee of food in these organs; (b) obesity, in most eases, 

is a result of the abnormally high enzymatie aetivity of the fat- 
synthesizing enzymes in adipose tissue; (e) in all eases of obesity, 
the energy eontent of the ingested food has exceeded the energy 
expenditure of the body; (d) in a normal individual, inereasing 
blood glucose eoneentration inereases hunger sensations. 

14. Body temperature regulation is (a) influenced by temperature 
reeeptors in the skin, (b) influenced by the temperature of the 
blood perfusing the heat regulation eenters of the brain, (e) 
subject to both neural and hormonal eontrol, (d) all of the above. 

15. Which of the following yields the greatest ealorie value per gram? 
(a) fats, (b) proteins, (e) earbohydrates, (d) all are equal in ealorie 
value. 

Short Answer Essay Questions 

16. What is cellular respiration? What is the eommon role of FAD 
and NAD + in cellular respiration? 

17. Deseribe the site, major events, and outcomes of glyeolysis. 

18. Pymvie aeid is a product of glyeolysis, but it is not the substance 
that joins with the pickup molecule to enter the Krebs eyele. 

What is that substance? 

19. Define glyeogenesis, glyeogenolysis, gluconeogenesis, and 
lipogenesis. Which is (are) likely to be occurring (a) shortly 
after a earbohydrate-rieh meal, (b) just before waking up in the 
morning? 


20. What is the harmfiil result when excessive amounts of fats are 
burned for energy? Name two eonditions that might lead to this 
result. 

21. Make a flowchart that indieates the pivotal intermediates through 
which glucose ean be eonverted to fat. 

22. Distinguish between the role of HDLs and that of LDLs. 

23. List some faetors that influence plasma eholesterol levels. Also list 
the sources and fates of eholesterol in the body. 

24. What is meant by “body energy balanee,” and what happens if the 
balanee is not preeise? 

25. Explain the effeet of the following on metabolie rate: thyroxine 
levels, eating, body surface area, muscular exercise, emotional 
stress, starvation. 

26. Explain the terms c eore” and “shell” relative to body temperature 
balanee. What serves as the heat-transfer agent from one to the 
other? 

27. Compare and eontrast meehanisms of heat loss with meehanisms 
of heat promotion, and explain how these meehanisms determine 
body temperature. 

1 ] Critical Thinking 

TOU anc * ^' n ' ca * Applieation 

Questions 

1. Calculate the mimber of ATP molecules that ean be harvested 
during the eomplete oxidation of an 18-earbon fatty aeid. (Take a 
deep breath and think about it—you ean do it.) 

2. Every year dozens of elderly people are found dead in their 
unheated apartments and listed as vietims of hypothermia. What 
is hypothermia, and how does it kill? Why are the elderly more 
susceptible to hypothermia than the young? 

3. Frank Moro has been diagnosed as having severe atheroselerosis 
and high blood eholesterol levels. He is told that he is at risk for a 
stroke or a heart attaek. First, what foods would you suggest that 
he avoid like the plague? What foods would you suggest he add or 
substitute? What aetivities would you reeommend? 

4. In the 1940s, some physieians preseribed low doses of a ehemieal 
ealled dinitrophenol (DNP) to help patients lose weight. This 
dmg therapy was abandoned after a few patients died. DNP 
uncouples the ehemiosmotie maehinery. Explain how this causes 
weight loss. 

5. While attempting to sail solo from Los Angeles to Tahiti, Simon 
encountered a storm that marooned him on an uninhabited 
island. He was able, using his ingenuity and a poeket knife, to 
obtain plenty of fish to eat, and roots were plentifiil. However, the 
island was barren of fraits and soon his gums began to bleed and 
he started to develop several infeetions. Analyze his problem. 

6. Gregor, a large beefy man, eame home from the doetor s oífiee 
and eomplained to his wife that his blood tests C£ were bad.” He 
told her that the doetor said he would have to give up some of his 
steaks and butter. He went on to mourn the faet that he would 
have to start eating more eottage eheese and olive oil instead. 
What kind of problem was revealed by his cc bad” blood tests? 

How should his wife respond to his ehoiee of food substitutes and 
why? What foods should she suggest? 
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Related eiinieal Terms 

Appetite A desire for food. A psyehologieal phenomenon dependent 
on memory and assoeiations, as opposed to hunger, which is a 
physiologieal need to eat. 

Familial hypereholesterolemia (hi"per-ko-les"ter-ol-e'me-ah). An 
inherited eondition in which the LDL reeeptors are absent or 
abnormal, the uptake of eholesterol by tissue eells is bloeked, and 
the total eoneentration of eholesterol (and LDLs) in the blood is 
enormously elevated. Atheroselerosis develops at an early age, 
heart attaeks begin in the third or fourth deeade, and most die 
by age 60 from eoronary artery disease. Treatment entails dietary 
modifieations, exercise, and cholesterol-reducing dmgs. 

Kwashiorkor (kwash"e-or'kor) Severe protein and ealorie defieieney 
which is particularly devastating in ehildren, resulting in mental 


retardation and faihire to grow. A consequence of malmitrition 
or starvation, it is eharaeterized by a bloated abdomen because 
the amount of plasma proteins is inadequate to keep fluid in the 
bloodstream. Skin lesions and infeetions are likely. 

Marasmus (mah-raz'mus) Protein-ealorie malnutrition, 

aeeompanied by progressive wasting. Often due to ingesting 
food of very poor quality. Growth for age is severely stunted. 

Piea (pi'kah) Oraving and eating substances not normally eonsidered 
nutrients, such as elay, eornstareh, or dirt. 

Skin-fold test Clinical test of body fatness. A skin fold in the baek of 
the arm or below the scapula is measured with a ealiper. A fold 
over 1 ineh in thiekness indieates excess fat. Also ealled the fat- 
fold test. 



Case Study 


Nutrition and Metabolism 


Kyle Boulard, a 35-year-old male, is 
believed to be one of the primary 
causes of the aeeident on Route 
91. Passengers on the bus reported 
that Mr. Boulard vvas elearly intoxicated vvhen he boarded the 
bus. Aeeording to these reports, Mr. Boulard behaved erratieally, 
appeared disoriented, and left his seat and staggered dovvn the 
aisle. Just prior to the aeeident, he had stumbled into the driver's 
eompartment. Paramedies found Mr. Boulard in a disoriented state 
vvhen they arrived on the seene, but noted only minor injuries. A 
"fruity aeetone eombined vvith aleohol" smell vvas noted on his 
breath. What follovvs is a summary of the notable test results: 


General 


Blood 


llrine 


BP: 95/58 pH: 7.1 


Odor: "fruity aeetone 


// 


HR: 110 


Glucose: 345 mg/dl pH: 4.3 


Ketone bodies 
22 mg/dl 

Blood aleohol: 
110 mg/dl 


Glucose: strongly positive 


1. llrine glucose is usually negative. LJsing the information in 
Appendix F, look up normal values for blood pH, blood glucose, 
blood ketone bodies, and urine pH, and identify vvhether eaeh 
test result is normal or abnormal. 

2. A "fruity aeetone eombined vvith aleohol" smell vvas deteeted 
in Mr. Boulard's breath, and in his urine. Which substance is 
producing the "fruity aeetone" smell? 

3. Where in the body are ketone bodies produced? What energy 
source does the body use to produce these substances? 

4. The production of large amounts of ketone bodies is often seen 
vvhen glucose is not readily available as an energy source (e.g., 
in starvation). In Mr. Boulard's ease, large amounts of glucose 
are in the blood. Explain vvhy his body is producing ketones in 
the presenee of such large amounts of glucose. 

5. Explain hovv the pH of Mr. Boulard's blood and urine is related 
to the ketone bodies measured in eaeh of these fluids. 
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Kidney Anatomy (pp. 955-963) 

Loeation and External Anatomy 
(pp. 955-956) 

Internal Gross Anatomy (pp. 956-957) 
Blood and Nerve Supply (pp. 957-958) 
Nephrons (pp. 958-963) 

Kidney Physiology: Meehanisms 
of Llrine Formation (pp. 963-977) 

Llrine Formation, Step 1: Glomemlar 
Filtration (pp. 965-968) 



Th 





Urine Formation, Step 2: Tubular 
Reabsorption (pp. 968-972) 

Urine Formation, Step 3: Tubular 
Seeretion (pp. 972-973) 

Regulation of Urine Concentration 
and Volume (pp. 973-977) 

Ginieal Evaluation of Kidney 
Function (pp. 977-979) 

Renal Clearance (p. 978) 

Urine (pp. 978-979) 


E very day the kidneys filter nearly 200 liters of fluid from our blood- 

stream, allowing toxins, metabolie wastes, and excess ions to leave the body in 
urine while returning needed substances to the blood. Much like a water purifica- 
tion plant that keeps a eity s water drinkable and disposes of its wastes, the kidneys are 
usually unappreciated until they malfiinetion and body fluids beeome eontaminated. 

The kidneys perform a ehemieal balaneing aet that would be trieky even for the best 
ehemieal engineer. They maintain the body s internal environment by: 

■ Regulating the total volume of water in the body and the total eoneentration of solutes 
in that water (osmolality). 

■ Regulating the eoneentrations of the various ions in the extracellular fluids. (Even 
relatively small ehanges in some ion eoneentrations such as K + ean be fatal.) 

■ Ensuring long-term aeid-base balanee. 

■ Excreting metabolie wastes and foreign substances such as drugs or toxins. 


Llrine Transport, Storage, 
and Elimination (pp. 979-982) 

Ureters (pp. 979-980) 

Urinary Bladder (pp. 980-981) 

Urethra (pp. 981-982) 

Micturition (p. 982) 

Developmental Aspeets of the Llrinary 
System (pp. 982-985) 
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Hepatie veins (cut) 

Esophagus (cut) 
Inferior vena eava 


Adrenal gland 
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gure 25.1 The urinary system. Anterior vievv of the female urinary organs. (Most 
unrelated abdominal organs have been omitted.) 


■ Producing erythropoietin and renin (re'nin; ren — kidney), 
important molecules for regulating red blood eell produc- 
tion and blood pressure, respeetively. 

■ Converting vitamin D to its aetive form. 

■ Carrying out gluconeogenesis during prolonged fasting (see 
p. 924). 

The urine-forming kidneys are emeial eomponents of 
the urinary system gure 25.1! . The urinary system also 
includes: 

■ Ureters —paired tubes that transport urine from the kidneys 
to the urinary bladder 

■ JJrinary bladder —a temporary storage reservoir for urine 

■ JJrethra —a tube that earries urine from the bladder to the 
body exterior 

Kidney Anatomy 

s Deseribe the gross anatomy of the kidney and its eoverings. 

Loeation and External Anatomy 

The bean-shaped kidneys lie in a retroperitoneal position (be- 
tween the dorsal body wall and the parietal peritoneum) in 
the superior lrnnbar region Figure 25.2 . Extending approxi- 
mately from T 12 to L 3 , the kidneys reeeive some proteetion from 
the lower part of the rib eage (Figure 25.2b). The right kidney is 
crowded by the liver and lies slightly lower than the left. 


An adults kidney has a mass of about 150 g (5 ounces) and its 
average dimensions are 11 em long, 6 em wide, and 3 em thiek— 
about the size of a large bar of soap. The lateral surface is convex. 
The medial surface is eoneave and has a vertieal eleft ealled the 
renal hilum that leads into an internal spaee within the kidney 
ealled the renal sinns. The ureter, renal blood vessels, lymphaties, 
and nerves all join eaeh kidney at the hilum and occupy the sinus. 
Atop eaeh kidney is an adrenal (or suprarenal) gland , an endo- 
erine gland that is functionally unrelated to the kidney. 

Three layers of supportive tissue surround eaeh kidney (Fig- 
ure 25.2a). From superficial to deep, these are: 

■ The renal faseia, an outer layer of dense fìbrous eonneetive 
tissue that anehors the kidney and the adrenal gland to sur- 
rounding structures 

■ The perirenal fat capsule, a fatty mass that surrounds the 
kidney and cushions it against blows 

■ The fibrous capsule, a transparent capsule that prevents in- 
feetions in surrounding regions from spreading to the kidney 


r 


25 


L 



Homeostatie imbalanee 25.1 


The kidneys fatty eneasement holds them in their normal body 
position. If the amount of fatty tissue dwindles (as with extreme 
emaeiation or rapid weight loss), one or both kidneys may 
drop to a lower position, an event ealled renal ptosis (to'sis; cc a 
fall”). Renal ptosis may cause a ureter to beeome kinked, caus- 
ing urine to baek up and exert pressure on kidney tissue. Backup 
of urine from ureteral obstruction or other causes is ealled 
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gure 25.2 Position of the kidneys against the posterior 
body wall. (a) Cross seetion vievved from inferior direetion. Note 
the retroperitoneal position and the supportive tissue layers of the 
kidney. (b) Posterior in situ vievv shovving relationship of the kidneys 
to the 12th ribs. 
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I hydronephrosis (hi"dro-nè-fro'sis; “water in the kidney”). Hy- 
dronephrosis ean severely damage the kidney, leading to neero- 
sis (tissue death) and renal failure. + 

Intemal Gross Anatomy 

A frontal seetion through a kidney reveals three distinet regions: 
cortex , medulla , and pelvis Figure 25.3; . The most superfìcial 
region, the renal cortex, is light-eolored and has a granular ap- 
pearanee. Deep to the cortex is the darker, reddish-brown re- 
nal medulla, which exhibits eone-shaped tissue masses ealled 
medullary or renal pyramids. The broad base of eaeh pyra- 
mid faees toward the cortex, and its apex, or papilla (“nipple”), 
points internally. The pyramids appear striped because they are 
formed almost entirely of parallel bundles of mieroseopie urine- 
eolleeting tubules and eapillaries. The renal columns, inward 
extensions of eortieal tissue, separate the pyramids. Eaeh pyra- 
mid and its surrounding eortieal tissue constitutes one of ap- 
proximately eight lobes of a kidney. 


The renal pelvis, a funnel-shaped tube, is continuous with 
the ureter leaving the hilum. Branehing extensions of the pelvis 
form two or three major ealyees (ka'lih-séz; singular: calyx). 
Eaeh major calyx subdivides to form several minor ealyees, 
cup-shaped areas that enelose the papillae. 

The ealyees eolleet urine, which drains continuously from 
the papillae, and empty it into the renal pelvis. The urine then 
flows through the renal pelvis and into the ureter, which moves 
it to the bladder to be stored. The walls of the ealyees, pelvis, 
and ureter eontain smooth muscle that eontraets rhythmieally 
to propel urine by peristalsis. 



Homeostatie imbalanee 25.2 


Pyelitis (pi"é-li'tis) is an infeetion of the renal pelvis and ealy- 
ees. infeetions or inflammations that affeet the entire kidney are 
pyelonephritis (pi"é-lo-né-fri'tis). Kidney infeetions in females 
are usually caused by feeal baeteria that spread from the anal re- 
gion to the urinary traet. Less oft en they result from bloodborne 
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(a) Photograph of right kidney, frontal seetion 


(b) Diagrammatie view 


gure 25.3 Internal anatomy of the kidney. Frontal seetions. (For a related image, 
see A BriefAtlas of the Human Body, Figure 71.) 


baeteria (traveling from other infeeted sites) that lodge and 
multiply in a kidney. 

In severe eases of pyelonephritis, the kidney swells, abseesses 
form, and the pelvis fills with pus. Untreated, the kidney may be 
severely damaged, but antibiotie therapy ean usually treat the 
infeetion successfully. + 

Blood and Nerve Supply 

Traee the blood supply through the kidney. 

The kidneys continuously eleanse the blood and adjust its eom- 
position, so it is not surprising that they have a rieh blood sup- 
ply. Under normal resting eonditions, the large renal arteries 
deliver one-fourth of the total eardiae output (about 1200 ml) to 
the kidneys eaeh minute. 

The renal arteries exit at right angles from the abdominal 
aorta, and the right renal artery is longer than the left because 
the aorta lies to the left of the midline. As eaeh renal artery 
approaehes a kidney, it divides into five segmental arteries 
(Figure 25.4’ . Within the renal sinus, eaeh segmental artery 
branehes further to form several interlobar arteries. 


At the cortex-medulla junction, the interlobar arteries braneh 
into the arcuate arteries (ar'ku-àt) that areh over the bases of 
the medullary pyramids. Small eortieal radiate arteries (also 
ealled interlobular arteries) radiate outward from the arcuate 
arteries to supply the eortieal tissue. More than 90% of the blood 
entering the kidney perfuses the renal cortex. 

Afferent arterioles branehing from the eortieal radiate arter- 
ies begin a complex arrangement of mieroseopie blood vessels. 
These vessels are key elements of kidney fimetion, and we will 
examine them in the next seetion when we deseribe the nephron. 

Veins pretty much traee the pathway of the arterial supply in 
reverse (Figure 25.4). Blood leaving the renal cortex drains se- 
quentially into the eortieal radiate, arcuate, interlobar, and fi- 
nally renal veins. (There are no segmental veins.) The renal veins 
exit from the kidneys and empty into the inferior vena eava. Be- 
cause the inferior vena eava lies to the right of the vertebral eol- 
umn, the left renal vein is about twice as long as the right. 

The renal plexus, a variable network of autonomic nerve fi- 
bers and ganglia, provides the nerve supply of the kidney and its 
ureter. An offshoot of the eeliae plexus, the renal plexus is largely 
supplied by sympathetie fibers from the most inferior thoraeie and 
first himbar splanehnie nerves, which course along with the renal 
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(a) Frontal seetion illustrating major blood vessels 


Aorta 


Inferior vena eava 


Renal artery 


Renal vein 


Segmental artery 


Interlobar vein 


Interlobar artery 


Arcuate artery 


Cortical radiate artery 


Afferent arteriole 



Arcuate vein 



Gortieal radiate vein 



n 


Peritubular eapillaries 
— or vasa reeta 


Efferent arteriole 



Glomerulus (eapillaries) 


I 

Nephron-assoeiated blood vessels 

(see Figure 25.7) 
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(b) Path of blood flow through renal blood vessels 


Figure 25.4 Blood vessels of the kidney. 


artery to reaeh the kidney. These sympathetie vasomotor fibers 
regulate renal blood flow by adjusting the diameter of renal arte- 
rioles and also influence the formation of urine by the nephron. 



CheckYour IJnderstanding 



1. Roger is hit in the lovver baek by an errant baseball. What 
proteets his kidneys from this meehanieal trauma? 

2. From inside to oiitside, list the three layers of supportive 
tissue that surround eaeh kidney. Where is the parietal 
peritoneum in relation to these layers? 

3. The lumen of the ureter is continuous vvith a spaee inside the 
kidney. This spaee has branehing extensions. What are the 
names of this spaee and its extensions? 


For ansvvers, see Appendix H. 


Nephrons 

Deseribe the anatomy of a nephron. 


Eaeh nephron eonsists of a renal corpuscle and a renal tubule. 
All of the renal corpuscles are loeated in the renal cortex, while 
the renal tubules begin in the cortex and then pass into the me- 
dulla before returning to the cortex. 

Renal Corpuscle 

Eaeh renal corpuscle eonsists of a tuft of eapillaries ealled a 
glomerulus (glo-mer'u-lus; glom = ball of yarn) and a cup- 
shaped hollow structure ealled the glomerular capsule (or 
Bowman’s capsule). The glomemlar capsule eompletely sur- 
rounds the glomerulus, much as a well-worn baseball glove en- 
eloses a ball, and is continuous with its renal tubule. 

Glomerulus The endothelium ofthe glomemlar eapillaries is fen- 
estrated (penetrated by many pores), which makes these eapillar- 
ies exceptionally porous. This property allows large amounts of 
solute-rich but virtually protein-free fluid to pass from the blood 
into the glomemlar capsule. This plasma-derived fluid or filtrate 
is the raw material that the renal tubules proeess to form urine. 


Nephrons (nef'ronz) are the structural and fimetional units of 
the kidneys. Eaeh kidney eontains over 1 million of these tiny 
blood-proeessing units, which earry out the proeesses that form 
urine Figure 25.5] . In addition, there are thousands of eolleet- 
ing ducts , eaeh of which eolleets fluid from several nephrons 
and eonveys it to the renal pelvis. 


Glomerular Capsule The glomemlar capsule has an external 
parietal layer and a viseeral layer that elings to the glomemlar 
eapillaries. 

■ Th eparietal layer is simple squamous epithelium (Figures 25.5, 
25.8, and 25.10a). This layer contributes to the capsule structure 
but plays no part in forming filtrate. 
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Figure 25.S Loeation and structure of nephrons. Sehematie vievv of a nephron depieting 
the structural eharaeteristies of epithelial eells forming its various regions. 
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(a) Photomierograph of renal eortieal tissue (180x) 



(b) Seanning eleetron mierograph 
of renal tubules (250x) 


gure 25.6 Renal eortieal tissue. 


■ The viseeral layer , which elings to the glomemlar eapillaries, 
eonsists of highly modified, branehing epithelial eells ealled 
podoeytes (pod'o-sìts; “foot eells”) (see Figure 25.10a and 
b). The octopus-like podoeytes terminate in foot proeesses, 
which interdigitate as they eling to the basement membrane 
of the glomerulus. The elefts or openings between the foot 
proeesses are ealled filtration slits. Through these slits, fil- 
trate enters the capsular spaee inside the glomemlar capsule. 




25 




We deseribe the filtration membrane , the filter that lies between 
the blood in the glomemhis and the filtrate in the capsular 
spaee, on p. 965. 

Renal Tubule and Collecting Duct 

The renal tubule is about 3 em (1.2 inehes) long and has three ma- 
jor parts. It leaves the glomemlar capsule as the elaborately eoiled 
proximal convoluted tubule , drops into a hairpin loop ealled the 
nephron loop , and then winds and twists again as the distal eon- 
voluted tubule before emptying into a eolleeting duct. The terms 
proximal and distal indieate the relationship of the convoluted 
tubules to the renal corpuscle—filtrate from the renal corpuscle 
passes through the proximal convoluted tubule first and then the 
distal convoluted tubule, which is thus a further away” from the 
renal corpuscle. The meandering nature of the renal tubule in- 
ereases its length and enhanees its filtrate proeessing eapabilities. 

Throughout their length, the renal tubule and eolleeting duct 
eonsist of a single layer of polar epithelial eells on a basement 
membrane. However, eaeh region has a unique histology that 
refleets its role in proeessing filtrate. 


Proximal Convo!uted Tubule (PCT) The walls of the proximal 
convoluted tubule are formed by cuboidal epithelial eells with 
large mitoehondria, and their apieal (luminal) surfaces bear 
dense mierovilli (Figure 25.5 and : igure 25.6). Just as in the 
intestine, this brush border dramatieally inereases the surface 
area and eapaeity for reabsorbing water and solutes from the 
filtrate and seereting substances into it. 


Nephron Loop The U-shaped nephron loop (formerly ealled 
the loop of Henle) has deseending and aseending limbs. The 
proximal part of the deseending limb is continuous with the 
proximal tubule and its eells are similar. The rest of the deseend- 
ing limb, ealled the deseending thin limb , eonsists of a simple 
squamous epithelium. The epithelium beeomes cuboidal or 
even low columnar in the aseending part of the nephron loop, 
which is therefore ealled the thiek aseending limb. In most neph- 
rons, the entire aseending limb is thiek but in some nephrons, 
the thin segment extends around the bend as the aseending thin 
limb. The thiek and thin parts of the nephron loop are also re- 
ferred to as thiek and thin segments. 

Distal Convoluted Tubule (DCT) The epithelial eells of the dis- 
tal convoluted tubule, like those of the PCT, are cuboidal and 
eonfined to the cortex, but they are thinner and almost entirely 
laek mierovilli (Figure 25.5). 

Collecting Duct Eaeh eolleeting duct eontains two eell types. 
The more numerous prineipal eells have sparse, short mierovilli 
and are responsible for maintaining the body s water and Na + 
balanee. The interealated eells are cuboidal eells with abundant 
mierovilli. There are two varieties of interealated eells (types A 
and B), and eaeh plays a role in maintaining the aeid-base bal- 
anee of the blood. 

Eaeh eolleeting duct reeeives filtrate from many nephrons. 
The eolleeting ducts run through the medullary pyramids, giv- 
ing them their striped appearanee. As the eolleeting ducts ap- 
proaeh the renal pelvis, they fuse together and deliver urine into 
the minor ealyees via papillae of the pyramids. 

Classes of Nephrons 

Nephrons are generally divided into two major groups, eortieal 
and juxtamedullary gure 25.7a). 

■ Cortical nephrons account for 85% of the nephrons in the kid- 
neys. Except for small parts of their nephron loops that dip into 
the outer medulla, they are loeated entirely in the cortex. 
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Cortical nephron 
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gure 25/, Blood vessels of eortieal and juxtamedullary nephrons. (a) 

Arrovvs indieate direetion of blood flovv. Capillary beds from adjaeent nephrons 
(not shovvn) overlap. (b) Seanning eleetron mierograph of a east of blood 
vessels assoeiated vvith nephrons (60x). Vievv looking dovvn onto the cortex. 
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gure 25.8 Juxtaglomerular complex (JGC) of a nephron. Mesangial eells that surround 
the glomemlar eapillaries (glomerular mesangial eells) are not part of the JGC. 


■ Juxtamedullary nephrons (juks"tah-mé'dul-ah-re) origi- 
nate elose to ( juxta = near to) the cortex-medulla junction, 
and they play an important role in the kidneys ability to pro- 
duce eoneentrated urine. They have long nephron loops that 
deeply invade the medulla, and their aseending limbs have 
both thin and thiek segments. 


arterioles, they only experience low pressure. As a result, these 
low-pressure, porous eapillaries readily absorb solutes and 
water from the tubule eells as these substances are reelaimed 
from the fìltrate. Renal tubules are elosely paeked together, so 
the peritubular eapillaries of eaeh nephron absorb substances 
from several adjaeent nephrons. 



Nephron Capillary Beds 

The renal tubule of every nephron is elosely assoeiated with two 
eapillary beds: the glomerulus and the peritubular eapillaries 
(Figure 25.7). In addition, juxtamedullary nephrons are assoei- 
ated with speeial eapillaries ealled the vasa reeta. 


Glomerulus The glomerulus, in which the eapillaries run in 
parallel, is speeialized for filtration. It differs from all other 
eapillary beds in the body in that it is both fed and drained 
by arterioles—the afferent arteriole and efferent arteriole, re- 
speetively. This arrangement maintains the high pressure in the 
glomerulus that is needed for filtration, a proeess we discuss on 
p. 965. Filtration produces a large amount of fluid, most (99%) 
of which is reabsorbed by the renal tubule eells and returned to 
the blood in the peritubular eapillary beds. 

The afferent arterioles arise from the eortieal radiate arteries 
that ran through the renal cortex. The efferent arterioles feed 
into either the peritubular eapillaries or the vasa reeta. 


Peritubular Capillaries The peritubular eapillaries eling 
elosely to adjaeent renal tubules and empty into nearby 
vemiles. Because they arise from the high-resistanee efferent 


Vasa Reeta Notiee in Figure 25.7a that the efferent arterioles 
serving the juxtamedullary nephrons tend not to break up into 
meandering peritubular eapillaries. Instead they form bun- 
dles of long straight vessels ealled vasa reeta (va'sah rek'tah; 
“straight vessels”) that extend deep into the medulla paralleling 
the longest nephron loops. The thin-walled vasa reeta play an 
important role in forming eoneentrated urine, as we will de- 
seribe shortly. 

In summary, the nephrons have two functionally different 
eapillary beds separated by efferent arterioles. The first eapil- 
lary bed (the glomerulus) produces the filtrate. The seeond (a 
eombination of peritubular eapillaries and vasa reeta) reelaims 
most of that filtrate. 

Juxtaglomerular Complex (JGC) 

Eaeh nephron has a juxtaglomerular complex (JGC) (juks" 
tah-glo-mer'u-lar), a region where the most distal portion of 
the aseending limb of the nephron loop lies against the afferent 
arteriole feeding the glomerulus (and sometimes the efferent 
arteriole) igure 25.8]. Both the aseending limb and the affer- 
ent arteriole are modified at the point of eontaet. 
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The JGC includes three populations of eells that help regulate 

the rate of filtrate formation and systemie blood pressure. 

■ The maeiila densa (mak'u-lah den'sah; “dense spot”) is 
a group of tall, elosely paeked eells in the aseending limb 
of the nephron loop that lies adjaeent to the granular eells 
(Figure 25.8). The macula densa eells are ehemoreeeptors 
that monitor the NaCl eontent of the filtrate entering the 
distal convoluted tubule. 

■ Granular eells [also ealled juxtaglomerular ( JG ) cells\ are in 
the arteriolar walls. They are enlarged smooth muscle eells 
with prominent seeretory granules eontaining the enzyme 
renin (see p. 621). Granular eells aet as meehanoreeeptors 
that sense the blood pressure in the afferent arteriole. 

■ Extraglomerular mesangial eells lie between the arteriole and 
tubule eells, and are intereonneeted by gap junctions. These 
eells may pass regulatory signals between macula densa and 
granular eells. 

We discuss the physiologieal role of the JGC in the next seetion. 



CheckYour IJnderstanding 


4. Name the tubular eomponents of a nephron in the order that 
filtrate passes through them. 

5. What are the structural differenees between juxtamedullary 
and eortieal nephrons? 

6. What type of eapillaries are the glomemlar eapillaries? What 
is their function? 

_ For ansvvers, see Appendix H. 


Afferent arteriole 


Cortical 

radiate 

artery 



Three major 
renal proeesses: 


Llrine 




O 

O 




Glomemlar filtration 
Tubular reabsorption 
Tubular seeretion 


Glomeriilar 

eapillaries 


Efferent arteriole 


Glomerular capsule 


Renal tubule and 
eolleeting duct 
eontaining filtrate 


Peritubular 

eapillary 


To eortieal radiate vein 


Kidney Physiology: 

Meehanisms of llrine Formation 

If you had to design a system to ehemieally balanee and eleanse 
the blood, how would you do it? Conceptually, its really very 
simple. The body solves this problem in the following way. First, 
it cc dumps” eell- and protein-free blood into a separate cc waste 
eontainer.” From this eontainer, it reelaims everything the body 
needs to keep (which is almost everything filtered). Finally, 
the kidney seleetively adds speeifie things to the eontainer, fine- 
tuning the body s ehemieal balanee. Anything left in the eon- 
tainer beeomes urine. This is basieally how nephrons work. 

Urine formation and the adjustment of blood eomposition 
involve three proeesses gure 25.9): 

O Glomemlar filtration. Glomemlarfiltration ( cc dumping into 
the waste eontainer”) takes plaee in the renal corpuscle and 
produces a eell- and protein-free filtrate. 

© Tubular reabsorption. Tubular reabsorption (“reelaiming 
what the body needs to keep”) is the proeess of seleetively 
moving substances from the filtrate baek into the blood. It 
takes plaee in the renal tubules and eolleeting ducts. Tu- 
bular reabsorption reelaims almost everything filtered—all 
of the glucose and amino aeids, and some 99% of the wa- 
ter, salt, and other eomponents. Anything that is not reab- 
sorbed beeomes urine. 


)ure 25.9 A sehematie, uncoiled nephron showing the 
three major renal proeesses that adjust plasma eomposition. 

Eaeh kidney actually has more than a million nephrons aeting in 
parallel. 


© Tubular seeretion. Tubular seeretion (“seleetively adding 
to the waste eontainer”) is the proeess of seleetively mov- 
ing substances from the blood into the filtrate. Like tubular 
reabsorption, it occurs along the length of the tubule and 
eolleeting duct. 

The kidneys proeess an enormous volume of blood eaeh day. 
Of the approximately 1200 ml of blood that passes through the 
glomeruli eaeh minute, some 650 ml is plasma, and about one- 
fifth of this (120-125 ml) is foreed into the glomemlar capsules 
as filtrate. This is equivalent to filtering your entire plasma vol- 
ume more than 60 times eaeh day! Considering the magnitude 
of their task, it is not surprising that the kidneys (which account 
for only 1% of body weight) consume 20-25% of all oxygen 
used by the body at rest. 

Filtrate and urine are quite different. Filtrate eontains every- 
thing found in blood plasma except proteins. Urine eontains 
unneeded substances such as excess salts and metabolie wastes. 
The kidneys proeess about 180 L (47 gallons!) of blood-derived 
fluid daily. Of this amount, less than 1% (1.5 L) typieally leaves 
the body as urine; the rest returns to the circulation. 
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(b) Filtration slits between the podoeyte foot proeesses 


(e)Three layers of the filtration membrane 


gure 25.10 The filtration membrane. (a) The viseeral (inner) layer of the glomeriilar 
capsule eonsists of podoeytes that surround the glomerular eapillaries. Some podoeytes and the 
basement membrane have been removed to shovv the fenestrations (pores) in the underlying 
eapillary vvall. (b) Seanning eleetron mierograph of the viseeral layer (6000x). (e) Diagram of a 
seetion through the filtration membrane shovving all three structural elements. 
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llrine Formation, Step 1: 

Glomemlar Filtration 

Deseribe the forees (pressures) that promote or counteract 

glomerular filtration. 

✓ Compare the intrinsie and extrinsic eontrols of the 

glomemlar filtration rate. 

Glomerular filtration is a passive proeess in which hydrostatie 
pressure forees fluids and solutes through a membrane. The 
glomemli ean be viewed as simple meehanieal filters because 
filtrate formation does not direetly consume metabolie energy. 
Lets first look at the structure of the filtration membrane and 
then see how it works. 

The Filtration Membrane 

The filtration membrane lies between the blood and the in- 
terior of the glomemlar capsule. It is a porous membrane that 
allows free passage of water and sohites smaller than plasma 
proteins. As Figure 25.1 Oe shows, its three layers are: 

1. Fenestrated endothelium of the glomemlar eapillaries. 

The fenestrations (eapillary pores) allow all blood eompo- 
nents except blood eells to pass through. 

2. Basement membrane. The basement membrane lies be- 
tween the other two layers and is eomposed of their fused 
basal laminae. It forms a physieal barrier that bloeks all 
but the smallest proteins while still permitting most other 
solutes to pass. The glyeoproteins of the gel-like base- 
ment membrane give it a negative eharge. As a result, the 
basement membrane eleetrieally repels many negatively 
eharged macromolecular anions such as plasma proteins, 
reinforeing the bloekade based on molecular size. 

3. Foot proeesses of podoeytes of the glomemlar capsule. 
The viseeral layer of the glomerular capsule is made of po- 
doeytes that have filtration slits between their foot pro- 
eesses. If any macromolecules manage to make it through 
the basement membrane, slit diaphragms —thin mem- 
branes that extend aeross the filtration slits—prevent al- 
most all of them from traveling farther. 

Macromolecules that get “hung up” in the filtration mem- 
brane are engulfed by speeialized perieytes ealled glomemlar 
mesangial eells (Figure 25.8). 

Molecules smaller than 3 nm in diameter—such as water, 
glucose, amino aeids, and nitrogenous wastes—pass freely from 
the blood into the glomemlar capsule. As a result, these sub- 
stanees usually have similar eoneentrations in the blood and the 
glomemlar filtrate. Larger molecules pass with greater diíficulty, 
and those larger than 5 nm are generally barred from entering 
the tubule. Keeping the plasma proteins in the eapillaries main- 
tains the eolloid osmotie (oneotie) pressure of the glomemlar 
blood, preventing the loss of all its water to the capsular spaee. 
The presenee of proteins or blood eells in the urine usually indi- 
eates a problem with the filtration membrane. 



Efferent 

arteriole 


Glomerular 

capsule 


Afferent 

arteriole 




NFP = Net filtration pressure 

= outward pressures - inward pressures 

= (HP gc ) - (HP cs + OP gc ) 

= (55)-(15+ 30) 

= 10 mm Hg 

Figure 25.11 Forees determining net filtration pressure 

(NFP). The pressure values eited in the diagram are approximate. 

HPge = hydrostatie pressure of glomerular eapillaries, OP gc = osmotie 
pressure of glomerular eapillaries, HP CS = hydrostatie pressure of 
capsular spaee. 


PressuresThat Affeet Filtration 


The prineiples that govern filtration from the glomerulus are the 
same as those that govern filtration from any eapillary bed. Focus 
on Bulk Flow Aeross Capillary Walls (Figure 19.17 on p. 718) 
shows filtration in normal eapillary beds. Figure 25.11 applies 
these prineiples to the glomemlar eapillaries of the nephron. 

Outward Pressures Outward pressures promote filtrate 
formation. 

■ The hydrostatie pressure in glomerular eapillaries (HP gc ) 

is essentially glomemlar blood pressure. It is the ehief foree 
pushing water and solutes out of the blood and aeross the 
filtration membrane. The blood pressure in the glomerulus is 
extraordinarily high (approximately 55 mm Hg eompared to 
an average of 26 mm Hg or so in other eapillary beds) and it 
remains high aeross the entire eapillary bed. This is because 
the glomerular eapillaries are drained by a high-resistanee 
efferent arteriole whose diameter is smaller than the afferent 
arteriole that feeds them. As a result, filtration occurs along 
the entire length of eaeh glomemlar eapillary and reabsorp- 
tion does not occur as it would in other eapillary beds. 

■ Theoretieally, the eolloid osmotie pressme in the capsular 
spaee of the glomemlar capsule would “pull” filtrate into the 
tubule. However, this pressure is essentially zero because vir- 
tually no proteins enter the capsule, so we will not eonsider it 
further. 
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lnward Pressures Two inward forees inhibit filtrate formation 
by opposing HP gc . 

■ The hydrostatie pressure in the capsular spaee (HP CS ) is the 
pressure exerted by filtrate in the glomemlar capsule. HP CS 
is much higher than hydrostatie pressure surrounding most 
eapillaries because filtrate is eonfined in a small spaee with a 
narrow outlet. 

■ The eolloid osmotie pressure in glomerular eapillaries 

(OP gc ) is the pressure exerted by the proteins in the blood. 

As shown in Figure 25.11, the above pressures determine 
the net filtration pressure (NFP). NFP largely determines the 
glomemlar filtration rate, which we eonsider next. 


endoerine systems maintain blood pressure. In extreme ehanges 
of blood pressure (mean arterial pressure less than 80 or greater 
than 180 mm Hg), extrinsic eontrols take preeedenee over in- 
trinsie eontrols in an efiFort to prevent damage to the brain and 
other emeial organs. 

GFR ean be eontrolled by ehanging a single variable— 
glomemlar hydrostatie pressure. All major eontrol meehanisms 
aet primarily to ehange this one variable. If the glomemlar 
hydrostatie pressure rises, NFP rises and so does GFR. If the 
glomemlar hydrostatie pressure falls by as little as 18%, GFR 
drops to zero. Clearly hydrostatie pressure in the glomerulus 
must be tightly eontrolled. Let s see how the intrinsie and extrin- 
sie meehanisms aeeomplish this feat. 
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Glomemlar Filtration Rate (GFR) 

The glomerular filtration rate is the volrnne of filtrate formed 
eaeh minute by the eombined aetivity of all 2 million glomemli 
of the kidneys. GFR is direetly proportional to eaeh of the fol- 
lowing faetors: 

■ Net filtration pressure. NFP is the main eontrollable fae- 
tor. Of the pressures determining NFP, the most important 
is hydrostatie pressure in the glomerulus. This pressure ean 
be eontrolled by ehanging the diameter of the afferent (and 
sometimes the efferent) arterioles, as we will see shortly. 

■ Total surface area available for filtration. Glomemlar eap- 
illaries have a huge surface area (eolleetively equal to the 
surface area of the skin). Glomemlar mesangial eells sur- 
rounding these eapillaries ean fine-tune GFR by eontraeting 
to adjust the total surface area available for filtration. 

■ Filtration membrane permeability. Glomemlar eapillaries 
are thousands of times more permeable than other eapillar- 
ies because of their fenestrations. 

The huge surface area and high permeability of the filtration 
membrane explain how the relatively modest 10 mm Hg NFP 
ean produce huge amounts of filtrate. Furthermore, the NFP in 
the glomerulus favors filtration over the entire length of the eap- 
illary, unlike other eapillary beds where filtration occurs only at 
the arteriolar end and reabsorption occurs at the venous end. As 
a result, the adult kidneys produce about 180 L of filtrate daily, 
in eontrast to the 2 to 4 L formed daily by all other eapillary beds 
eombined. This 180 L of filtrate per day translates to the normal 
GFR of 120-125 ml/min. 


Regulation of Glomemlar Filtration 

GFR is tightly regulated to serve two crucial and sometimes 
opposing needs. The kidneys need a relatively eonstant GFR to 
make filtrate and do their job maintaining extracellular homeo- 
stasis. On the other hand, the body as a whole needs a eonstant 
blood pressure, and this is elosely tied to GFR in the following 
way: Assuming nothing else ehanges, an inerease in GFR in- 
ereases urine output, which reduces blood volume and blood 
pressure. The opposite holds true for a deerease in GFR. 

Two types of eontrols serve these two different needs. Intrin- 
sie eontrols (renal autoregulation) aet loeally within the kidney 
to maintain GFR, while extrinsic eontrols by the nervous and 


intrinsie Controls: Renal Autoregulation By adjusting its 
own resistanee to blood flow, a proeess ealled renal autoregu- 
lation, the kidney ean maintain a nearly eonstant GFR de- 
spite fluctuations in systemie arterial blood pressure. Renal 
autoregulation uses two different meehanisms: (1) a myogenie 
meehanism and (2) a tubuloglomerular feedbaek meehanism 
(Figure 25.12, left side). 

1. Myogenie meehanism. The myogenie meehanism (mi"o- 
jen'ik) refleets a property of vascular smooth muscle—it 
eontraets when stretehed and relaxes when not stretehed. 
Rising systemie blood pressure stretehes vascular smooth 
muscle in the arteriolar walls, causing the afferent arte- 
rioles to eonstriet. This eonstrietion restriets blood flow 
into the glomerulus and prevents glomeralar blood pres- 
sure from rising to damaging levels. Deelining systemie 
blood pressure causes dilation of afferent arterioles and 
raises glomeralar hydrostatie pressure. Both responses 
help maintain normal NFP and GFR. 

2. Tubuloglomerular feedbaek meehanism. Autoregula- 
tion by the flow-dependent tubuloglomerular feedbaek 
meehanism is “direeted” by the macula densa eells of the 
juxtaglomerular complex (see Figure 25.8). These eells, lo- 
eated in the walls of the aseending limb of the nephron 
loop, respond to filtrate NaCl eoneentration (which varies 
direetly with filtrate flow rate). When GFR inereases, there 
is not enough time for reabsorption and the eoneentration 
of NaCl in the filtrate remains high. The macula densa eells 
respond to high levels of NaCl in filtrate by releasing vaso- 
eonstrietor ehemieals (ATP and others) that cause intense 
eonstrietion of the afferent arteriole, reducing blood flow 
into the glomerulus. This drop in blood flow deereases the 
NFP and GFR, slowing the flow of filtrate and allowing 
more time for filtrate proeessing (NaCl reabsorption). 

On the other hand, the low NaCl eoneentration of 
slowly flowing filtrate inhibits ATP release from macula 
densa eells, causing vasodilation of the afferent arterioles 
(Figure 25.12). This allows more blood to flow into the 
glomerulus, thus inereasing NFP and GFR. 

Autoregulatory meehanisms maintain a relatively eonstant 
GFR over an arterial pressure range from about 80 to 180 mm 
Hg. Consequently, normal day-to-day ehanges in our blood 
pressure (such as during exercise, sleep, or ehanges in posture) 
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intrinsie meehanisms direetly regulate GFR despite 
moderate ehanges in blood pressure (between 80 
and 180 mm Hg mean arterial pressure). 

i 

Extrinsic meehanisms indireetly regulate GFR 
by maintaining systemie blood pressure, which 
drives filtration in the kidneys. 
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gure 25.12 Physiologieal meehanisms regulating glomemlar filtration rate (GFR) in the 
kidneys. (Note that vvhile the extrinsic eontrols are aimed at maintaining blood pressure, they also 
maintain GFR sinee bringing blood pressure baek up allovvs the kidneys to maintain GFR.) 




do not cause large ehanges in water and solute excretion. 
However, the intrinsie eontrols eannot handle extremely low 
systemie blood pressure, such as might result from serious hem- 
orrhage ( hypovolemie shoek). Onee the mean arterial pressure 
drops below 80 mm Hg, autoregulation eeases and extrinsic 
eontrols take over. 

Extrinsic Gontrois: Neural and Hormonal Meehanisms The 

purpose of the extrinsic eontrols regulating the GFR is to main- 
tain systemie blood pressure (Figure 25.12, right side). 

1. Sympathetie nervous system eontrols. Neural renal eon- 
trols serve the needs of the body as a whole—sometimes 


to the detriment of the kidneys. When the volume of the 
extracellular fluid is normal and the sympathetie nervous 
system is at rest, the renal blood vessels are dilated and 
renal autoregulation meehanisms prevail. However, when 
the extracellular fluid volume is extremely low (as in hypo- 
volemie shoek during severe hemorrhage) it is neeessary 
to shunt blood to vital organs and neural eontrols may 
override autoregulatory meehanisms. This could reduce 
renal blood flow to the point of damaging the kidneys. 

When blood pressure falls, norepinephrine released 
by sympathetie nerve fibers (and epinephrine released by 
the adrenal medulla) causes vascular smooth muscle to 
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eonstriet, inereasing peripheral resistanee and bringing 
blood pressure baek up toward normal. This is the barore- 
eeptor reflex we discussed in Chapter 19. As part of this 
reflex, the afferent arterioles also eonstriet. Constriction of 
the afferent arterioles deereases GFR and so helps restore 
blood volume and blood pressure to normal. 

2. Renin-angiotensin-aldosterone meehanism. As we dis- 
cussed in Chapter 19 (p. 709), the renin-angiotensin- 
aldosterone meehanism is the bodys main meehanism 
for inereasing blood pressure. Without adequate blood 
pressure (as might be due to hemorrhage, dehydration, 
ete.), glomemlar filtration is not possible, so this meeha- 
nism regulates GFR indireetly. 

Low blood pressure causes the gramilar eells of the jux- 
taglomerular complex to release renin by one or more of 
three pathways: 

■ Direet stinmlation of granular eells. As part of the 
baroreeeptor reflex, renal sympathetie nerves aetivate 
(3 r - adrenergie reeeptors that cause the granule eells to 
release renin. 

■ Stinmlation ofthe granular eells by input from aetivated 
macula densa eells. Low blood pressure or vasoeonstrie- 
tion of the afferent arterioles by the sympathetie nervous 
system reduces GFR, slowing down the flow of filtrate 
through the renal tubules. When macula densa eells 
sense the low NaCl eoneentration of this shiggishly flow- 
ing filtrate, they signal the granular eells to release renin. 
They may signal by releasing less ATP (also thought to be 
the tubuloglomerular feedbaek messenger), by releasing 
more of the prostaglandin PGE 2 , or both. 

■ Reduced streteh of granular eells. Gramilar eells aet as 
meehanoreeeptors. A drop in mean arterial blood pres- 
sure reduces the tension in the gramilar eells plasma 
membranes and stimulates them to release more renin. 

Other Faetors Affeeting GFR Renal eells produce a battery 
of ehemieals, many of which aet as paraerines (loeal signaling 
molecules) affeeting renal arterioles. These include adenosine 
and prostaglandin E 2 ( PGE 2 ); adenosine ean be produced ex- 
tracellularly from released ATP. In addition, the kidney makes 
its own loeally aeting angiotensin II that reinforees the effeets of 
hormonal angiotensin II deseribed in Chapter 19 (p. 707). 



Homeostatie imbalanee 25.3 


Abnormally low urinary output (less than 50 ml/day), ealled 
anuria (ah-nu're-ah), may indieate that glomemlar blood pres- 
sure is too low to cause filtration. Renal faihire and anuria ean 
also result from situations in which the nephrons stop function- 
ing, inehiding acute nephritis, transfusion reaetions, and crush 
injuries. + 



Check Your Llnderstanding' 


7. Extrinsic and intrinsie eontrols of GFR serve tvvo different 
purposes. What are they? 

8. Calculate net filtration pressure given the follovving values: 
glomemlar hydrostatie pressure = 50 mm Hg, blood eolloid 


osmotie pressure = 25 mm Hg, capsular hydrostatie pressure 
= 20 Hg. 

9. Which of the pressures that determine NFP is regulated by 
both intrinsie and extrinsic eontrols of GFR? 

_ For ansvvers, see Appendix Fi. 


Urine Formation, Step 2: 

Tubular Reabsorption 

Deseribe the meehanisms underlying vvater and solute 
reabsorption from the renal tubules into the peritubular 
eapillaries. 

Deseribe how sodium and water reabsorption are regulated 
in the distal tubule and eolleeting duct. 

Our total plasma volume filters into the renal tubules about 
every 22 minutes, so all our plasma would drain away as urine 
in less than 30 minutes were it not for tubular reabsorption, 
which quickly reelaims most of the tubule eontents and returns 
them to the blood. Tubular reabsorption is a seleetive transepi- 
thelial proeess that begins as soon as the filtrate enters the proxi- 
mal tubules. 

To reaeh the blood, reabsorbed substances follow either the 
transcellular or paracellular route gure 25.13! . In the trans- 
cellular route, transported substances move through the apieal 
membrane , the eytosol, and the basolateral membrane of the 
tubule eell and then the endothelimn of the peritubular eap- 
illaries. Movement of substances in the paracellular route— 
between the tubule eells—is limited by the tight junctions 
eonneeting these eells. In the proximal nephron, however, 
these tight junctions are “leaky” and allow water and some im- 
portant ions (Ca 2+ , Mg 2+ , K + , and some Na + ) to pass through 
the paracellular route. 

Given healthy kidneys, virtually all organie nutrients such as 
glucose and amino aeids are eompletely reabsorbed to maintain 
or restore normal plasma eoneentrations. On the other hand, 
the reabsorption of water and many ions is continuously regu- 
lated and adjusted in response to hormonal signals. Depending 
on the substances transported, the reabsorption proeess may 
be aetive or passive. Aetive tubular reabsorption requires ATP 
either direetly (primary aetive transport) or indireetly (seeond- 
ary aetive transport; see Figure 3.11, p. 75) for at least one of its 
steps. Passive tubular reabsorption eneompasses diffusion, fa- 
eilitated diffusion, and osmosis—proeesses in which substances 
move down their eleetroehemieal gradients. 

The transport meehanisms that are so important for kidney 
eell fimetion are the same ones used by all other eells. You may 
wish to review these basie transport meehanisms on pp. 67-79 
to refresh your memory. 

Tubular Reabsorption of Sodium 

Sodium ions are the single most abundant eation in the filtrate, 
and about 80% of the energy used for aetive transport is devoted 
to reabsorbing them. Sodium reabsorption is almost always ae- 
tive and via the transeelhilar route. Lets begin with the ATP- 
driven step. 
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gure 25.13 Transeelliilar and paracellular routes of tubular reabsorption. Generally, 
vvater and solutes move into the peritubular eapillaries through intercellular elefts. For simplieity, 
transporters, ion ehannels, intercellular elefts, and aquaporins are not depieted. 


Sodium Transport Aeross the Basolateral Membrane Na + 

is aetively transported out of the tubule eell by primary aetive 
transport —a Na + -K + ATPase pump in the basolateral mem- 
brane ( i jure 25.14 (T)). From there, the bulk flow of water 
sweeps Na + into adjaeent peritubular eapillaries. This bulk flow 
of water and solutes into the peritubular eapillaries is rapid be- 
cause the blood there has low hydrostatie pressure and high os- 
motie pressure (remember, most proteins remain in the blood 
instead of filtering out into the tubule). 

Sodiiim Transport Aeross the Apieal Membrane Aetive 
pumping of Na + from the tubule eells results in a strong elee- 
troehemieal gradient that favors its entry at the apieal faee 
via seeondary aetive transport (symport or antiport) earriers 
(Figure 25.14 ( 2 ), ( 3 )) or via faeilitated diffhsion through ehan- 
nels (not illustrated). This occurs because (1) the pump main- 
tains the intracellular Na + eoneentration at low levels, and 
(2) the K + pumped into the tubule eells almost immediately dif- 
fuses out into the interstitial flmd via leakage ehannels, leaving 
the interior of the tubule eell with a net negative eharge. 

Because eaeh tubule segment plays a slightly different role 
in reabsorption, the preeise meehanism by which Na + is reab- 
sorbed at the apieal membrane varies. 


ereated by Na + -K + pumping at the basolateral membrane) in- 
clude glucose, amino aeids, some ions, and vitamins. In nearly 
all these eases, an apieal earrier moves Na + down its eoneentra- 
tion gradient as it eotransports (symports) another solute (Fig- 
ure 25.14 (3)). Cotransported solutes move aeross the basola- 
teral membrane by faeilitated diffhsion via other transport pro- 
teins (not shown) before moving into the peritubular eapillaries. 


Passive Tubular Reabsorption of Water The movement of 
Na + and other solutes establishes a strong osmotie gradient, and 
water moves by osmosis into the peritubular eapillaries. Trans- 
membrane proteins ealled aquaporins aid this proeess by aeting 
as water ehannels aeross eell membranes (Figure 25.14 ( 4 )). 

In continuously water-permeable regions of the renal tu- 
bules, such as the PCT, aquaporins are always present in the 
tubule eell membranes. Their presenee “obliges” the body to 
absorb water in the proximal nephron regardless of its state of 
over- or underhydration. This water flow is referred to as oblig- 
atory water reabsorption. 

Aquaporins are virtually absent in the apieal membranes 
of the eolleeting duct unless antidiuretic hormone (ADH) is 
present. Water reabsorption that depends on ADH is ealled fae- 
ultative water reabsorption. 



Tiibiilar Reabsorption of Nutrients, Water, and lons 

The reabsorption of Na + by primary aetive transport provides 
the energy and the means for reabsorbing almost every other 
substance, including water. 

Seeondary Aetive Transport Substances reabsorbed by see- 
ondary aetive transport (the “push” eomes from the gradient 


Passive Tubular Reabsorption of Solutes As water leaves the 
tubules, the eoneentration of solutes in the filtrate inereases and, 
if able, they too follow their eoneentration gradients into the 
peritubular eapillaries. This phenomenon—solutes following 
solvent—explains the passive reabsorption of a number of sol- 
utes present in the filtrate, such as lipid-soluble substances, eer- 
tain ions, and some urea (Figure 25.14 ( 5 ), (6)). It also explains in 
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Figure 25.14 Reabsorption by PCT eells. Though not illustrated here, most organie 
nutrients reabsorbed in the PCT move through the basolateral membrane by faeilitated 
diffusion. Mierovilli have been omitted for simplieity. 


part why lipid-soluble drugs and environmental pollutants are 
difficult to excrete: Sinee lipid-soluble compounds ean generally 
pass through membranes, they will follow their eoneentration 
gradients and be reabsorbed, even if this is not “desirable.” 

As Na + ions move through the tubule eells into the peritubu- 
lar eapillary blood, they also establish an eleetrieal gradient that 
favors passive reabsorption of anions (primarily Cl _ ) to restore 
eleetrieal neutrality in the filtrate and plasma. 

Transport Maximum 

The transeelhilar transport systems for the various solutes are 
quite speeifie and limited. There is a transport maximum (T m ) 
for nearly every substance that is reabsorbed using a transport 
protein in the membrane. The T m (reported in mg/min) refleets 
the number of transport proteins in the renal tubules available 
to ferry a particular substance. In general, there are plenty of 
transporters (and therefore high T m values) for substances such 
as glucose that need to be retained, and few or no transporters 
for substances of no use to the body. 


When the transporters are saturated—that is, all bound to 
the substance they transport—the excess is excreted in urine. 
This is what happens in individuals who beeome hyperglyeemie 
because of uncontrolled diabetes mellitus. As plasma levels of 
glucose approaeh and exceed 180 mg/dl, the ghieose T m is ex- 
eeeded and large amounts of glucose may be lost in the urine 
even though the renal tubules are still fimetioning normally. 

Reabsorptive Capabilities of the Renal Tubules 
and Collecting Ducts 

Table 25.1 eompares the reabsorptive abilities of various re- 
gions of the renal tubules and eolleeting ducts. 

Proximal Convoluted Tubule The entire renal tubule is in- 
volved in reabsorption to some degree, but the PCT eells are by 
far the most aetive “reabsorbers” and the events just deseribed 
occur mainly in this tubular segment. Normally, the PCT reab- 
sorbs all of the ghieose and amino aeids in the filtrate and 65% 
of the Na + and water. The bulk of the eleetrolytes are reabsorbed 
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Table 25.1 Reabsorption Capabilities of Different Segments of the Renal Tubules and Collecting Ducts 


TUBULE SEGMENT SUBSTANCE REABSORBED MECHANISM 

Proximal Convoluted Tubule (PCT) 



Sodium ions (Na + ) 

Virtually all nutrients (glucose, amino 
aeids, vitamins, some ions) 

Cl“, K + , Mg 2+ , Ca 2+ , and other ions 

hco 3 - 

Water 


Lipid-soluble solutes 
Urea 


Primary aetive transport via basolateral Na + -K + pump; erosses apieal 
membrane through ehannels, symporters, or antiporters 

Seeondary aetive transport vvith Na + 

Passive paracellular diffusion driven by eleetroehemieal gradient 

Seeondary aetive transport linked to H + seeretion and Na + 
reabsorption (see ehapter 26) 

Osmosis; driven by solute reabsorption (obligatory vvater 
reabsorption) 

Passive diffusion driven by the eoneentration gradient ereated by 
reabsorption of vvater 

Primarily passive paracellular diffusion driven by ehemieal gradient 


Nephron Loop 


Deseending limb 
Aseending limb 



Water 
Na + , Cl“, K + 


Ca 2+ , Mg 2+ 


Osmosis 

Seeondary aetive transport of Cl", Na + , and K + via Na + -K + -2CI" 
eotransporter in thiek portion; paracellular diffusion; Na + -H + 
antiport 

Passive paracellular diffusion driven by eleetroehemieal gradient 


Distal Convoluted Tubule (DCT) 



Primary aetive Na + transport at basolateral membrane; seeondary 
aetive transport at apieal membrane via Na + -CI" symporter and 
ehannels; aldosterone-regulated at distal portion 

Passive uptake via PTH-modulated ehannels in apieal membrane; 
primary and seeondary aetive transport (antiport with Na + ) in 
basolateral membrane 


Collecting Duct 



Na + , K + , HC0 3 -, Cr 


Water 

Urea 


Primary aetive transport of Na + (requires aldosterone); passive 
paracellular diffusion of some Cl"; eotransport of Cl" and HC0 3 "; K + 
is both reabsorbed and seereted (aldosterone dependent), usually 
resulting in net K + seeretion 

Osmosis; eontrolled (facultative) water reabsorption; ADH required 
to insert aquaporins 

Faeilitated diffusion in response to eoneentration gradient in the 
deep medulla region; reeyeles and contributes to medullary osmotie 
gradient 


by the time the filtrate reaehes the nephron loop. Nearly all of 
the uric aeid and about half of the urea are reabsorbed in the 
proximal tubule, but both are later seereted baek into the filtrate. 

Nephron Loop Beyond the PCT, the permeability of the tu- 
bule epithelmm ehanges dramatieally. Here, for the first time, 


water reabsorption is not coupled to solute reabsorption. Water 
ean leave the deseending limb of the nephron loop but not the 
aseending limb, where aquaporins are searee or absent in the 
tubule eell membranes. For reasons that we will explain shortly, 
these permeability difiFerenees play a vital role in the kidneys’ 
ability to form dilute or eoneentrated urine. 
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The rule for water is that it leaves the deseending (but not the 
aseending) limb of the nephron loop. The opposite is tme for 
sohites. Virtually no solute reabsorption occurs in the deseend- 
ing limb, but solutes are reabsorbed both aetively and passively 
in the aseending limb. 

In the thin segment of the aseending limb, Na + moves 
passively down the eoneentration gradient ereated by water 
reabsorption. In the thiek aseending limb, a Na + -K + -2C1 _ sym- 
porter is the main means of Na + entry at the apieal surface. A 
Na + -K + ATPase operates at the basolateral membrane to ereate 
the ionie gradient that drives the symporter. The thiek aseend- 
ing limb also has Na + -H + antiporters. In addition, some 50% of 
Na + passes via the paraeelkilar route in this region. 
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Distal Convoluted Tubule and Collecting Duct While reab- 
sorption in the PCT and nephron loop does not vary with the 
bodys needs, reabsorption in the DCT and eolleeting duct 
is fine-tuned by hormones. Because most of the filtered wa- 
ter and sohites have been reabsorbed by the time the DCT is 
reaehed, only a small amount of the filtered load is subject to 
this fine tuning (e.g., about 10% of the originally filtered NaCl 
and 25% of the water). We introduce hormones that aet at the 
DCT and eolleeting duct here but discuss them in more detail 
in Chapter 26. 

■ Antidiuretic hormone (ADH). As its name reveals, ADH 
inhibits dimesis (di"u-re'sis), or urine output. ADH makes 
the prineipal eells of the eolleeting ducts more permeable to 
water by causing aquaporins to be inserted into their apieal 
membranes. The amount of ADH determines the number of 
aquaporins, and thus the amount of water that is reabsorbed 
there. When the body is overhydrated, extracellular fluid os- 
molality deereases, deereasing ADH seeretion by the poste- 
rior pituitary (see p. 599) and making the eolleeting ducts 
relatively impermeable to water. ADH also inereases urea 
reabsorption by the eolleeting ducts, as we will deseribe later. 

■ Aldosterone. Aldosterone fine-tunes reabsorption of the re- 
maining Na + . Deereased blood volume or blood pressure, or 
high extracellular K + eoneentration (hyperkalemia), ean cause 
the adrenal cortex to release aldosterone to the blood. Except 
for hyperkalemia (which direetly stimulates the adrenal cortex 
to seerete aldosterone), these eonditions promote the renin- 
angiotensin-aldosterone meehanism (see Figure 25.12). 

Aldosterone targets the prineipal eells of the eolleeting 
ducts and eells of the distal portion of the DCT (prodding 
them to synthesize and retain more apieal Na + and K + ehan- 
nels, and more basolateral Na + -K + ATPases). As a result, little 
or no Na + leaves the body in urine. In the absenee of aldo- 
sterone, these segments reabsorb much less Na + and about 
2 % of Na + filtered daily ean be lost—an amount ineompatible 
with life. 

Physiologieally, aldosterones role is to inerease blood 
volume, and therefore blood pressure, by enhaneing Na + 
reabsorption. In general, water follows Na + if aquaporins are 
present. Aldosterone also reduces blood K + eoneentrations 
because aldosterone-induced reabsorption of Na + is coupled 
to K + seeretion in the prineipal eells of the eolleeting duct. 
That is, as Na + enters the eell, K + moves into the lumen. 


■ Atrial natriuretic peptide (ANP). In eontrast to aldoste- 
rone, which aets to eonserve Na + , ANP reduces blood Na + , 
thereby deereasing blood volrnne and blood pressure. Re- 
leased by eardiae atrial eells when blood volume or blood 
pressure is elevated, ANP exerts several efiFeets that lower 
blood Na + eontent, including direet inhibition of Na + reab- 
sorption at the eolleeting ducts. 

■ Parathyroid hormone (PTH). Aeting primarily at the DCT, 
PTH inereases the reabsorption of Ca 2+ . 


llrine Formation, Step 3: Tubular Seeretion 

Deseribe the importanee of tubular seeretion and list 
several substances that are seereted. 

The most important way to elear plasma of unwanted sub- 
stanees is to simply not reabsorb them from the filtrate. Another 
way is tubular seeretion —essentially, reabsorption in reverse. 
Tubular seeretion moves seleeted substances (such as H + , K + , 
NH 4 + , ereatinine, and eertain organie aeids and bases) from the 
peritubular eapillaries through the tubule eells into the filtrate. 
Also, some substances (such as HC0 3 _ ) that are synthesized in 
the tubule eells are seereted. 

The urine eventually excreted eontains both filtered and se- 
ereted substances. With one major exception (K + ), the PCT is 
the main site of seeretion, but the eortieal parts of the eolleeting 
ducts are also aetive (Figure 25.15). 

Tubular seeretion is important for 

■ Disposing of substances, such as eertain drugs and metabolites, 
that are tightly bound to plasma proteins. Because plasma 
proteins are generally not filtered, the substances they bind 
are not filtered and so must be seereted. 

■ Eliminating undesirable substances or end products that have 
been reabsorbed by passive proeesses. Urea and uric aeid, two 
nitrogenous wastes, are both handled in this way. Urea han- 
dling in the nephron is eomplieated and will be discussed 
on p. 976, but the net effeet is that 40-50% of the urea in the 
filtrate is excreted. 

■ Ridding the body ofexcess K + . Because virtually all K + present 
in the filtrate is reabsorbed in the PCT and aseending nephron 
loop, nearly all K + in urine eomes from aldosterone-driven 
aetive tubular seeretion into the late DCT and eolleeting 
ducts. 

■ Controlling blood pH. When blood pH drops toward the 
aeidie end of its homeostatie range, the renal tubule eells ae- 
tively seerete more H + into the filtrate and retain and gener- 
ate more HC0 3 _ (a base). As a result, blood pH rises and the 
urine drains off the excess H + . Conversely, when blood pH 
approaehes the alkaline end of its range, CU is reabsorbed 
instead of HC0 3 _ , which is allowed to leave the body in 
urine. We will discuss the kidneys role in pH homeostasis in 
more detail in Chapter 26. 

Figure 25.15 summarizes tubular reabsorption and seeretion 
in the various parts of the nephron and eolleeting duct. 
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Cortex 


65% of filtrate voliime 

reabsorbed 

•H 2 0 

• Na + , HC0 3 ~, and 
many other ions 

• Glucose, amino aeids, 
and other nutrients 



H + and NH 4 + 
Some drugs 


\ / 


• h 2 o 


Outer 

medulla 


\ J 


Regulated reabsorption 

• Na + (by aldosterone; 
Cl“ follovvs) 

• Ca 2+ (by parathyroid 
hormone) 
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Regulated 
seeretion 
• K + (by 
aldosterone) 



Regulated 
reabsorption 
•H 2 0 (byADH) 

• Na + (by 
aldosterone; Cl“ 
follows) 

• Urea (inereased 
byADH) 


/ 



Inner 

medulla 


Regulated 
seeretion 
• K + (by 
aldosterone) 



• Reabsorption or seeretion 
to maintain blood pH 
deseribed in Chapter 26; 
involves H + , HCO 
and NH 4 + 




Reabsorption 

Seeretion 


Figure 25.1 Summary of tubular reabsorption and 
seeretion. The various regions of the renal tubule earry out 
reabsorption and seeretion and maintain a gradient of osmolality 
vvithin the medullary interstitial fluid. Color gradients represent 
varying osmolality at different points in the interstitial fluid. 



Check Your LJnderstanding' 


10. In vvhieh part of the nephron does most reabsorption occur? 

11. Hovv are primary and seeondary aetive transport proeesses 
(both shovvn in Figure 25.14) different? 

12. Hovv does the movement of Na + drive the reabsorption of 
vvater and solutes? 

13. List several substances that are seereted into the kidney 
tubules. 

_ For ansvvers, see Appendix H. 


Chapter 25 The Urinary System 


Regulation of Uríne Concentrat on 
and Volume 

Deseribe the meehanisms responsible for the medullary 
osmotie gradient. 

✓ Explain formation of dilute versus eoneentrated urine. 


From day to day, and even hour to hour, our intake and loss of 
flmds ean vary dramatieally. For example, when you run on a hot 
summer day, you dehydrate as you rapidly lose fluid as sweat. On 
the other hand, if you drink a piteher of lemonade while sitting on 
the poreh, you overhydrate. In response, the kidneys make adjust- 
ments to keep the solute eoneentration of body fhiids eonstant at 
about 300 mOsm, the normal osmotie eoneentration of blood 
plasma. Maintaining eonstant osmolality of extracellular fluids is 
eraeial for preventing eells, particularly in the brain, from shrink- 
ing or swelling from the osmotie movement of water. 

Reeall from Ohapter 3 (p. 72) that a sohitions osmolality is 
the eoneentration of solute partieles per kilogram of water. Be- 
cause 1 osmol (equivalent to 1 mole of partieles) is a fairly large 
unit, the milliosmol (mOsm) (mir'e-oz'mól), equal to 0.001 os- 
mol, is generally used. In the discussion that follows, we use 
mOsm to indieate mOsm/kg. 

The kidneys keep the sohite load of body fhiids eonstant by 
regulating urine eoneentration and volume. When you dehy- 
drate, your kidneys produce a small volume of eoneentrated 
urine. When you overhydrate, your kidneys produce a large vol- 
ume of dilute urine. 

The kidneys aeeomplish this feat using countercurrent meeh- 
anisms. In the kidneys, the term countercurrent means that flmd 
flows in opposite direetions through adjaeent segments of the 
same tube eonneeted by a hairpin turn + (see Figure 25.16). This 
arrangement makes it possible to exchange materials between 
the two segments. d 

Two types of countercurrent meehanisms determine urine 
eoneentration and volume: 


■ The countercurrent nmltiplier is the interaetion between 
the flow of filtrate through the aseending and deseending 
limbs of the long nephron loops of juxtamedullary nephrons. 

■ The countercurrent exchanger is the flow of blood through 
the aseending and deseending portions of the vasa reeta. 

These countercurrent meehanisms establish and maintain 
an osmotie gradient extending from the cortex through the 
depths of the medulla. This gradient—the medullary osmotie 
gradient —allows the kidneys to vary urine eoneentration 
dramatieally. 

How do the kidneys form the osmotie gradient? Focus on 
the Medullary Osmotie Gradient gure 25.16) explores the 
answer to this question. 



*The term “countercurrent” is eommonly misunderstood to mean that the 
direetion of fluid flow in the nephron loops is opposite that of the blood in the 
vasa reeta. In faet, there is no one-to-one relationship between individual nephron 
loops and eapillaries of the vasa reeta as might be suggested by two-dimensional 
diagrams such as Figure 25.16. Instead, there are many tubules and eapillaries 
paeked together. Eaeh tubule is surrounded by many blood vessels, whose flow is 
not neeessarily counter to flow in that tubule (see Figure 25.7). 

(Text continues onp. 976.) 
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Mediillary Osmotie Gradient 


Figure 25.16 Juxtamedullary nephrons ereate an osmotie gradient within the 
renal medulla that allows the kidney to produce urine of varying eoneentration. 






The three key players and their 
orientation in the osmotie gradient: 


(a) The long nephron loops of 

juxtamedullary nephrons ereate 
the gradient. They aet as 

countercurrent multipliers. 


(b) The vasa reeta preserve the 
gradient.They aet as 

countercurrent exchangers. 



J (c) The eolleeting ducts of 

all nephrons use the gradient 
to adjust urine osmolality. 




The osmolality of the medullary 
interstitial fluid progressively 
inereases from the 300 mOsm of 
normal body fluid to 1200 mOsm 
at the deepest part of the medulla. 


(a) Long nephron loops of juxtamedullary nephrons ereate the gradient. 


The countercurrent multiplier depends on three properties These properties establish a positive feedbaek eyele that 

of the nephron loop to establish the osmotie gradient. uses the flow of fluid to multiply the power of the salt pumps. 


Fluid flovvs in the 
opposite direetion 
(countercurrent) 
through two 
adjaeent parallel 
seetions of a 
nephron loop. 


The deseending 
limb is permeable 
to water, but not 
to salt. 



NaCI 


The aseending limb 

is impermeable to 
water, and pumps 
out salt. 


Water leaves the 
deseending limb 



ìlnterstitial fluid 


í Osmolality of filtrate 
in deseending limb 


osmolality 


NaCI 



Salt is pumped out 
of the aseending limb 


tOsmolality of filtrate 
entering the aseending 
limb 
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| (a) (continued) As water and solutes are reabsorbed, the loop first eoneentrates the filtrate, then dilutesit! 
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@ Filtrate is at its most dilute 
as it leaves the nephron loop. At 
100 mOsm, it is hypo-osmotie to 
the interstitial fluid. 


© Na + and Cl" are pumped out 
of the filtrate. This inereases the 
interstitial fluid osmolality. 



(D 


(b) Vasa reeta preserve the gradient. 



(e) Collecting ducts use the gradient. 


The entire length of the vasa reeta is highly permeable to water 
and soliites. Due to countercurrent exchanges between eaeh 
seetion of the vasa reeta and its surrounding interstitial fluid, the 
blood vvithin the vasa reeta remains nearly isosmotie to the 
surrounding fluid. As a result, the vasa reeta do not undo the 
osmotie gradient as they remove reabsorbed water and solutes. 


Blood from 
efferent 
arteriole 


To vein 



Vasa reeta 


1200 


The countercurrent 
flow of fluid moves 
through two adjaeent 
parallel seetions of 
the vasa reeta. 



Llnder the eontrol of antidinretie hormone, the eolleeting 
ducts determine the final eoneentration and volume of 
urine.This proeess is fully deseribed in Figure 25.17. 
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The Countercurrent Miiltiplier 

Take some time to study the meehanism of the countercurrent 
multiplier in Figure 25.16a. The countercurrent multiplier de- 
pends on aetively transporting solutes out of the aseending limb 
(“Start” of the positive feedbaek eyele). 

Although the two limbs of the nephron loop are not in 
direet eontaet with eaeh other, they are elose enough to in- 
fluence eaeh others exchanges with the interstitial fluid they 
share. The more NaCl the aseending limb extrudes, the more 
water diffhses out of the deseending limb and the saltier the 
filtrate in the deseending limb beeomes. The aseending limb 
then uses the inereasingly “salty” filtrate left behind in the de- 
seending limb to raise the osmolality of the medullary inter- 
stitial fluid even further. This establishes a positive feedbaek 
eyele that produces the high osmolality of the flmds in the 
deseending limb and interstitial fluid. 

Notiee at the top of the right page of Figure 25.16 that there 
is a eonstant differenee in filtrate eoneentration (200 mOsm) 
between the two limbs of the nephron loop, and between the 
aseending limb and the interstitial fluid. This differenee refleets 
the power of the aseending limbs NaCl pumps, which are just 
powerful enough to ereate a 200 mOsm differenee between the 
inside and outside of the aseending limb. A 200 mOsm gradi- 
ent by itself would not be enough to allow excretion of very 
eoneentrated urine. The beauty of this system lies in the faet 
that, because of countercurrent flow, the nephron loop is able 
to “multiply” these small ehanges in solute eoneentration into 
a gradient ehange along the vertieal length of the loop (both 
inside and outside) that is eloser to 900 mOsm (1200 mOsm - 
300 mOsm). 

Notiee also that while much of the Na + and Cl _ reabsorption 
in the aseending limb is aetive (via Na + -K + -2C1 _ eotransport- 
ers in the thiek aseending limb), some is passive (mostly in the 
thin portion of the aseending limb). 

The Countercurrent Exchanger 

The vasa reeta aet as countercurrent exchangers (Figure 
25.16b). Countercurrent exchange does not ereate the medul- 
lary gradient, but preserves it (1) by preventing rapid removal 
of salt from the medullary interstitial spaee, and (2) by remov- 
ing reabsorbed water. As a result, blood leaving and reenter- 
ing the cortex via the vasa reeta has nearly the same solute 
eoneentration. 

The water pieked up by the aseending vasa reeta includes not 
only water lost from the deseending vasa reeta, but also water 
reabsorbed from the nephron loop and eolleeting duct. As a 
result, the volume of blood at the end of the vasa reeta is greater 
than at the beginning. 


Formation of Dilute or Concentrated Llrine 

As we have just seen, the kidneys go to a great deal of trouble to 
ereate the medullary osmotie gradient. But for what purpose? 
Without this gradient, you would not be able to raise the eon- 
eentration of urine above 300 mOsm—the osmolality of inter- 
stitial fluid. As a result, you would not be able to eonserve water 
when you are dehydrated. 


igure 25.17 shows the bodys response to either over- 
hydration or dehydration and ADHs role in eontrolling the 
production of dilute or eoneentrated urine. When we are over- 
hydrated, ADH production deereases and the osmolality of 
urine falls as low as 100 mOsm. If aldosterone (not shown) is 
present, the DCT and eolleeting duct eells ean remove Na + and 
seleeted other ions from the filtrate, making the urine that en- 
ters the renal pelvis even more dilute. The osmolality of urine 
ean plunge as low as 50 mOsm, about one-sixth the eoneentra- 
tion of glomemlar filtrate or blood plasma. 

When we are dehydrated, the posterior pituitary releases 
large amounts of ADH and the solute eoneentration of urine 
may rise as high as 1200 mOsm, the eoneentration of interstitial 
fluid in the deepest part of the medulla. With maximal ADH 
seeretion, up to 99% of the water in the filtrate is reabsorbed 
and returned to the blood, and only half a liter per day of highly 
eoneentrated urine is excreted. The ability of our kidneys to pro- 
duce such eoneentrated urine is eritieally tied to our ability to 
survive without water. 

Urea Reeyeling and the Mediillary Osmotie Gradient 

Were not quite done yet. Theres one last pieee of the puzzle left— 
urea. We usually think of urea as simply a metabolie waste prod- 
uct, but eonserving water is so important that the kidneys actually 
use urea to help form the medullary gradient (Figure 25.17). 

1. Urea enters the filtrate by faeilitated diffhsion in the as- 
eending thin limb of the nephron loop. 

2 . As the filtrate moves on, the eortieal eolleeting duct usu- 
ally reabsorbs water, leaving urea behind. 

3. When filtrate reaehes the portion of the eolleeting duct in 
the deep medullary region, urea, now highly eoneentrated, 
moves by faeilitated diffiision out of the tubule into the 
interstitial fluid of the medulla. These movements of urea 
form a pool of urea that reeyeles baek into the aseending 
thin limb of the nephron loop and contributes substan- 
tially to the high osmolality in the medulla. 

Antidiuretic hormone enhanees urea transport out of the 
medullary eolleeting duct. When ADH is present, it inereases 
urea reeyeling and strengthens the medullary osmotie gradient, 
allowing more eoneentrated urine to be formed. 

Diuretics 

There are several types of diuretics, ehemieals that enhanee uri- 
nary output. Aleohol, essentially a sedative, encourages diuresis 
by inhibiting release of ADH. Other diuretics inerease urine 
flow by inhibiting Na + reabsorption and the obligatory water 
reabsorption that normally follows. Examples include many 
dmgs preseribed for hypertension or the edema of eongestive 
heart faihire. Most diuretics inhibit Na + -associated symporters. 
“Loop diuretics” [like furosemide (Lasix)] are powerful because 
they inhibit formation of the medullary gradient by aeting at the 
aseending limb of the nephron loop. Thiazides are less potent 
and aet at the DCT. An osmotie dimetie is a substance that is not 
reabsorbed and that earries water out with it (for example, the 
high blood glucose levels of a diabetes mellitus patient). 
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[ (a) If we were so overhydrated we had no ADH... 
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Figure 25.1 Meehanism for forming dilute or eoneentrated urine. Under the eontrol 
of antidiuretic hormone (ADH), the eolleeting ducts fine-tune urine eoneentration using the 
medullary osmotie gradient. 



CheckYour Understanding 


14. Deseribe the speeial eharaeteristies of the deseending 
and aseending limbs of the nephron loop that cause the 
formation of the medullary osmotie gradient. 

15. Under what eonditions is ADH released from the posterior 
pituitary? What effeet does ADH have on the eolleeting 
ducts? 

_ For ansvvers, see Appendix H. 


Clinical Evaluation of Kidney 

Fiinetion 

Define renal elearanee and explain how this value 
summarizes the way a substance is handled by the kidney. 

Deseribe the normal physieal and ehemieal properties of urine. 

List several abnormal urine eomponents, and name the 
eondition eharaeterized by the presenee of deteetable 
amounts of eaeh. 
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UNIT 4 Maintenanee of the Body 


Sinee the time of the aneient Greek Hippoerates, physieians 
have examined their patients urine for signs of disease. How- 
ever, to fully understand renal function, we need to analyze both 
blood and urine. For example, renal function is often assessed by 
measuring levels of nitrogenous veastes in blood, whereas deter- 
mination of renal elearanee requires that both blood and urine 
be tested. Normal blood and urine values for various substances 
are found in Appendix F. 


Renal dearanee 

Renal elearanee refers to the volume of plasma from which the 
kidneys elear (eompletely remove) a particular substance in a 
given time, usually 1 minute. Renal elearanee tests are done to 
determine the GFR, which allows us to deteet glomerular dam- 
age and follow the progress of renal disease. 

The renal elearanee rate (C) of any substance, in ml/min, is 
calculated from the equation 

C = UV/P 


where 


U = eoneentration of the substance in urine (mg/ml) 
V = flow rate of urine formation (ml/min) 

P = eoneentration of the substance in plasma (mg/ml) 
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Because it is freely filtered and neither reabsorbed nor se- 
ereted by the kidneys, inulin (in'u-lin) is the standard used to 
determine the GFR. Inulin is a plant polysaeeharide that has a 
renal elearanee value equal to the GFR. When inulin is infiised 
such that its plasma eoneentration is 1 mg/ml (P = 1 mg/ml), 
then generally U = 125 mg/ml, and V — 1 ml/min. Therefore, 
its renal elearanee isC= (125 X 1)/1 = 125 ml/min, meaning 
that in 1 minute the kidneys have eleared all the inulin present 
in 125 ml of plasma. 

The elearanee value tells us about the net handling of a sub- 
stanee by the kidneys. There are three possible eases: 

■ A elearanee value less than that of inulin means that the sub- 
stanee is reabsorbed. For example, urea has a C of 70 ml/min, 
meaning that of the 125 ml of glomemlar filtrate formed 
eaeh minute, approximately 70 ml is eompletely eleared of 
urea, while the urea in the remaining 55 ml is reeovered and 
returned to the plasma. If the C is zero (such as for glucose 
in healthy individuals), reabsorption is eomplete or the sub- 
stanee is not filtered. 


■ If the C is equal to that of inulin, there is no net reabsorption 
or seeretion. 


■ If the C is greater than that of inulin, the tubule eells are seeret- 
ing the substance into the filtrate. This is the ease with most 
dmg metabolites. Knowing a dmgs renal elearanee value is es- 
sential because if it is high, the drug dosage must also be high 
and administered frequently to maintain a therapeutic level. 


Creatinine, which has a C of 140 ml/min, is freely filtered 
but also seereted in small amounts. It is often used nevertheless 
to give a <c quick and dirty” estimate of GFR because it does not 
need to be intravenously infiised into the patient as does inulin. 
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Chronic renal disease, defined as a GFR of less than 60 ml/min 
for at least three months, often develops silently and insidiously 
over many years. Filtrate formation deereases gradually, nitrog- 
enous wastes accumulate in the blood, and blood pH drifts to- 
ward the aeidie range. The leading cause of ehronie renal disease 
is diabetes mellitus (44% of new eases), with hypertension a 
elose seeond (28% of new eases). Other causes include repeated 
kidney infeetions, physieal trauma, and ehemieal poisoning by 
heavy metals. 

In renal failure (GFR <15 ml/min), filtrate formation de- 
ereases or stops eompletely. The elinieal syndrome assoeiated 
with renal faihire is ealled uremia (literally <c urine in the blood”) 
and includes fatigue, anorexia, nausea, mental ehanges, and 
muscle eramps. 

While uremia was onee attributed to accumulation of ni- 
trogenous wastes (particularly urea), we now know that urea 
is not espeeially toxic. Rather, this multiorgan failure is caused 
by the interplay of multiple faetors, particularly ionie and 
hormonal imbalanees (including anemia due to laek of eryth- 
ropoietin), as well as metabolie abnormalities and accumu- 
lation of various toxic molecules that interfere with normal 
metabolism. 

At this point, the treatment options are hemodialysis or a 
kidney transplant. Hemodialysis uses an ‘artifieial kidney” ap- 
paratus, passing the patient s blood through a membrane tubing 
that is permeable only to seleeted substances. The tubing is im- 
mersed in a solution that differs slightly from normal eleansed 
plasma. As blood circulates through the tubing, substances such 
as nitrogenous wastes and K + present in the blood (but not in 
the bath) diffiise out of the blood into the surrounding solution. 
Meanwhile, substances to be added to the blood, mainly buff- 
ers for H + (and glucose for malnourished patients), move from 
the bathing solution into the blood. In this way, hemodialysis 
retains or adds needed substances, while removing wastes and 
excess ions. + 


llrine 

Physieal Characteristics 

Color and Transpareney Freshly voided urine is elear and 
pale to deep yellow. Its yellow eolor is due to urochrome (u'ro- 
króm), a pigment that results when the body destroys hemo- 
globin. The more eoneentrated the urine, the deeper the eolor. 

An abnormal eolor (such as pink, brown, or a smoky tinge) 
may result from eating eertain foods (beets, rhubarb) or from 
the presenee of bile pigments or blood in the urine. Addition- 
ally, some eommonly preseribed drugs and vitamin supple- 
ments alter the eolor of urine. Cloudy urine may indieate a 
urinary traet infeetion. 

Odor Fresh urine is slightly aromatie, but if allowed to stand, 
it develops an ammonia odor as baeteria metabolize its urea 
solutes. Some drugs and vegetables alter the usual odor of urine, 
as do some diseases. For example, in uncontrolled diabetes mel- 
litus the urine smells frnity because of its aeetone eontent. 
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PH Urine is usually slightly aeidie (around pH 6), but ehanges 
in body metabolism or diet may cause the pH to vary from 
about 4.5 to 8.0. A predominantly aeidie diet that eontains large 
amounts of protein and whole wheat products produces aeidie 
urine. A vegetarian ( alkaline ) diet, prolonged vomiting, and 
baeterial infeetion of the urinary traet all cause the urine to be- 
eome alkaline. 

Speeifie Gravity The ratio of the mass of a substance to the 
mass of an equal volume of distilled water is its speeifie gravity. 
Because urine is water plus solutes, a given volrnne has a greater 
mass than the same vohime of distilled water. The speeifie grav- 
ity of distilled water is 1.0 and that of urine ranges from 1.001 to 
1.035, depending on its solute eoneentration. 


ehemieal Composition 

Water accounts for about 95% of urine volume; the remain- 
ing 5% eonsists of sohites. The largest eomponent of urine by 
weight, apart from water, is urea, which is derived from the 
normal breakdown of amino aeids. Other nitrogenous wastes 
in urine include uric aeid (an end product of nucleic aeid me- 
tabolism) and ereatinine (a metabolite of ereatine phosphate, 
which is found in large amounts in skeletal muscle tissue where 
it stores energy to regenerate ATP). 

Normal sohite constituents of urine, in order of deereasing 
eoneentration, are urea, Na + , K + , P0 4 3- , S0 4 2- , ereatinine, and 
uric aeid. Much smaller but highly variable amounts of Ca 2+ , 
Mg 2+ , and HC0 3 ~ are also present. 

Unusually high eoneentrations of any solute, or the presenee 
of abnormal substances such as blood proteins, WBCs (pus), or 
bile pigments, may indieate pathology [Table 25.2). (Normal 
urine values are listed in Appendix F.) 



Check Your Llnderstanding' 


16. What would you expect the normal elearanee value for 
amino aeids to be? Explain. 

17. What are the three major nitrogenous wastes excreted in the 
urine? 

_ For ansvvers, see Appendix H. 


Llrine 'ransport, Storage, 
and Elimination 

The kidneys form urine continuously and the ureters transport 
it to the bladder. It is usually stored in the bladder until its release 
through the urethra is eonvenient, a proeess ealled mietmition. 

llreters 

✓ Deseribe the general loeation, structure # and function of 
the ureters. 



Kidney 


Renal 

pelvis 


Llreter 


llrinary 

bladder 


Figure 25.18 Pyelogram. This X-ray image was obtained using a 
eontrast medium to show the ureters, kidneys, and urinary bladder. 


obliquely through the posterior bladder wall. This arrangement 
prevents backflow of urine because any inerease in bladder 
pressure eompresses and eloses the distal ends of the ureters. 

Histologieally, the ureter wall has three layers Fi ure 25.19' . 
From the inside out: 

■ The mucosa eontains a transitional epithelium that is eon- 
tinuous with the mucosae of the kidney pelvis superiorly and 
the bladder medially. 

■ The muscularis is eomposed ehiefly of two smooth muscle 
sheets: the internal longitudinal layer and the external eir- 
cular layer. An additional smooth muscle layer, the external 
longitudinal layer, appears in the lower third of the ureter. 

■ The adventitia eovering the ureter s external surface is typieal 
fibrous eonneetive tissue. 


r 
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The ureter plays an aetive role in transporting urine. ineoming 
urine distends the ureter and stimulates its muscularis to eon- 
traet, propelling urine into the bladder. (Urine does not reaeh the 
bladder through gravity alone.) The strength and frequency of 
the peristaltie waves are adjusted to the rate of urine formation. 
Both sympathetie and parasympathetie fibers innervate eaeh ure- 
ter, but neural eontrol of peristalsis appears to be insignifieant 
eompared to the way ureteral smooth muscle responds to streteh. 


The ureters are slender tubes that eonvey urine from the kidneys 
to the bladder (Figure 25.1 and :gure 25.18). Eaeh ureter 
begins at the level of L 2 as a continuation of the renal pel- 
vis. From there, it deseends behind the peritoneum and mns 
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On oeeasion, calcium, magnesium, or uric aeid salts in urine 
may erystallize and preeipitate in the renal pelvis, forming re- 
nal calculi (kal'ku-li; calculus = little stone), or kidney stones. 
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Table 25.2 

Abnormal LJrinary Constituents 

SUBSTANCE 

NAME OF CONDITION 

POSSIBLE CAUSES 

Glucose 

Glycosuria 

Diabetes mellitus 

Proteins 

Proteinuria, albuminuria 

Nonpathologieal: excessive physieal exertion, pregnaney 

Pathologieal (over 150 mg/day): heart failure, severe hypertension, glomerulonephritis, 
often initial sign of asymptomatie renal disease 

Ketone bodies 

Ketonuria 

Excessive formation and accumulation of ketone bodies, as in starvation and untreated 
diabetes mellitus 

Hemoglobin 

Hemoglobinuria 

Various: transfusion reaetion, hemolytie anemia, severe burns, ete. 

Bile pigments 

Bilirubinuria 

Liver disease (hepatitis, eirrhosis) or obstmetion of bile ducts from liver or gallbladder 

Erythroeytes 

Hematuria 

Bleeding urinary traet (due to trauma, kidney stones, infeetion, or eaneer) 

Leukocytes (pus) 

Pyuria 

Urinary traet infeetion 
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Most ealeiili are under 5 mm in diameter and pass through the 
urinary traet without causing problems. However, larger calculi 
ean obstmet a ureter and bloek urine drainage. inereasing pres- 
sure in the kidney causes excruciating pain, which radiates from 
the flank to the anterior abdominal wall on the same side. Pain 
also occurs during peristalsis when the eontraeting ureter wall 
eloses in on the sharp calculi. 

Predisposing eonditions are frequent baeterial infeetions of 
the urinary traet, urine retention, high blood levels of calcium, 
and alkaline urine. Surgical removal of calculi has been almost 
entirely replaeed by shoek wave lithotripsy , a noninvasive pro- 
cedure that uses ultrasonic shoek waves to shatter the calculi. 
The pulverized, sandlike remnants of the calculi are then pain- 
lessly eliminated in the urine. People with a history of kidney 
stones are encouraged to drink enough water to keep their 
urine dilute. + 
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Figure 25.19 Cross-sectional view of the ureter wall (10x). 

The prominent mucosal folds seen in an empty ureter streteh and 
flatten to aeeommodate large pulses of urine. 


Urinary Bladder 

Deseribe the general loeation, structure # and function of 
the urinary bladder. 

The urinary bladder is a smooth, eollapsible, muscular sae that 
stores urine temporarily. 

Llrinary Bladder Anatomy 

The bladder is loeated retroperitoneally on the pelvie floor just 
posterior to the pubic symphysis. The prostate (part of the male 
reproductive system) lies inferior to the bladder neek, which 
empties into the urethra. In females, the bladder is anterior to 
the vagina and uterus (see Figure 27.12 on p. 1035). 

The interior of the bladder has openings for both ureters and 
the urethra Figure 25.20 . The smooth, triangular region of 
the bladder base outlined by these three openings is the trigone 
(tri'gón; trigon = triangle), important elinieally because infee- 
tions tend to persist in this region. 

The bladder wall has three layers: a mucosa eontaining tran- 
sitional epithelium, a thiek muscular layer, and a fibrous ad- 
ventitia (except on its superior surface, where it is eovered by 
the peritoneum). The muscular layer, ealled the detmsor (de- 
tru'sor; Cí to thrust out”)> eonsists of intermingled smooth mus- 
ele fibers arranged in inner and outer longitudinal layers and a 
middle circular layer. 

llrine Storage Capacity 

The bladder is very distensible and uniquely suited for its func- 
tion of urine storage. When empty, the bladder eollapses into its 
basie pyramidal shape and its walls are thiek and thrown into 
folds ( rugae ). As urine accumulates, the bladder expands, be- 
eomes pear shaped, and rises superiorly in the abdominal eav- 
ity. The muscular wall stretehes and thins, and rugae disappear. 
These ehanges allow the bladder to store more urine without a 
signifieant rise in internal pressure. 

A moderately full bladder is about 12 em (5 inehes) long 
and holds approximately 500 ml (1 pint) of urine, but it ean 
hold nearly double that if neeessary. When tense with urine, it 
ean be palpated well above the pubic symphysis. The maximum 
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(b) Female. 


gure 25.20 Structure of the urinary bladder and urethra. 

The anterior vvall of the bladder has been cut avvay to reveal the 
position of the trigone. 


Ereetile tissue 
of penis 


External urethral 
orifiee 


(a) Male. The long male urethra has three regions: prostatie, 
intermediate, and spongy. 


eapaeity of the bladder is 800-1000 ml and when it is overdis- 
tended, it may burst. 


Llrethra 

✓ Deseribe the general loeation, structure # and function of 
the urethra. 

Compare the course # length, and functions of the male 
urethra vvith those of the female. 


The urethra is a thin-walled muscular tube that drains urine 
from the bladder and eonveys it out of the body. The epithe- 
lium of its mucosal lining is mostly pseudostratified columnar 
epithelium. However, near the bladder it beeomes transitional 


epithelium, and near the external opening it ehanges to a pro- 
teetive stratified squamous epithelium. 

At the bladder-urethra junction, the detmsor smooth muscle 
thiekens to form the internal urethral sphineter (Figure 25.20). 
This invohmtary sphineter, eontrolled by the autonomic ner- 
vous system, keeps the urethra elosed when urine is not being 
passed and prevents leaking between voiding. 

The external urethral sphineter surrounds the urethra as 
it passes through the urogenital diaphragm. This sphineter is 
formed of skeletal muscle and is voluntarily eontrolled. The le- 
vator ani muscle of the pelvie floor also serves as a voluntary 
eonstrietor of the urethra (see Table 10.7, pp. 344-345). 

The length and functions of the urethra differ in the two 
sexes. In females the urethra is only 3-4 em (1.5 inehes) long 
and fibrous eonneetive tissue binds it tightly to the anterior 
vaginal wall. Its external opening, the external urethral orifiee, 
lies anterior to the vaginal opening and posterior to the elitoris. 

In males the urethra is approximately 20 em (8 inehes) long 
and has three regions. 

The prostatie urethra, about 2.5 em (1 ineh) long, runs 
within the prostate. 

The intermediate part of the urethra (or membranous ure- 
thra ), which runs through the urogenital diaphragm, extends 
about 2 em from the prostate to the beginning of the penis. 

The spongy urethra, about 15 em long, passes through the 
penis and opens at its tip via the external urethral orifiee. 
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The male urethra has a double function: It earries semen as well 
as urine out of the body. We discuss its reproductive function in 
Chapter 27. 
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Because the females urethra is very short and its external orifiee 
is elose to the anal opening, improper toilet habits (wiping baek 
to front after defeeation) ean easily earry feeal baeteria into the 
urethra. Actually, most minary traet infeetions occur in sexually 
aetive women, because intercourse drives baeteria from the va- 
gina and external genital region toward the bladder. The use of 
spermieides magnifies this problem, because the spermieide kills 
helpfiil baeteria, allowing infectious feeal baeteria to eolonize the 
vagina. Overall, 40% of all women get urinary traet infeetions. 

The urethral mucosa is continuous with that of the rest of the 
urinary traet, and an inflammation of the urethra ( methritis) 
ean aseend the traet to cause bladder inflammation ( eystitis ) or 
even renal inflammations ( pyelitis or pyelonephritis) . Symptoms 
of urinary traet infeetion include dysuria (painfiil urination), 
urinary urgency and frequency , fever, and sometimes cloudy or 
blood-tinged urine. When the kidneys are involved, baek pain 
and a severe headaehe often occur. Antibioties easily cure most 
urinary traet infeetions. + 


Micturition 

✓ Define micturition and deseribe its neural eontrol. 
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Micturition (mik"tu-rish'un; mietm = urinate), also ealled uri- 
nation or voiding. , is the aet of emptying the urinary bladder. For 
micturition to occur, three things must happen simultaneously: 
(1) the detrasor must eontraet, (2) the internal urethral sphineter 
must open, and (3) the external urethral sphineter must open. 

The detrasor and its internal urethral sphineter are eomposed 
of smooth muscle and are innervated by both the parasympathetie 
and sympathetie nervous systems, which have opposing aetions. 
The external urethral sphineter, in eontrast, is skeletal muscle, 
and therefore is innervated by the somatie nervous system. 

How are the three events required for micturition eoordi- 
nated? Micturition is most easily understood in infants where 
a spinal reflex eoordinates the proeess. As urine accumulates, 
distension of the bladder aetivates streteh reeeptors in its walls. 
Impulses from the aetivated reeeptors travel via viseeral afferent 
fibers to the saeral region of the spinal eord. Viseeral afferent im- 
pulses, relayed by sets of interneurons, excite parasympathetie 
neurons and inhibit sympathetie neurons gure 25.21] . As a 
result, the detrusor eontraets and the internal sphineter opens. 
Viseeral afferent impulses also deerease the firing rate of so- 
matie efferents that normally keep the external urethral sphine- 
ter elosed. This allows the sphineter to relax so urine ean flow. 

Between ages 2 and 3, deseending circuits from the brain 
have matured enough to begin to override reflexive urination. 
The pons has two eenters that partieipate in eontrol of micturi- 
tion. The pontine storage eenter inhibits micturition, whereas 
the pontine mietmition eenter promotes this reflex. Afferent im- 
pulses from bladder streteh reeeptors are relayed to the pons, as 


well as to higher brain eenters that provide the conscious aware- 
ness of bladder fiillness. 

Lower bladder volmnes primarily aetivate the pontine storage 
eenter, which inhibits urination by suppressing parasympathetie 
and enhaneing sympathetie output to the bladder. When a person 
ehooses not to void, reflex bladder eontraetions subside within a 
minute or so and urine continues to accumulate. Because the ex- 
ternal sphineter is voluntarily eontrolled, we ean ehoose to keep 
it elosed and postpone bladder emptying temporarily. After addi- 
tional urine has eolleeted, the micturition reflex occurs again and, 
if urination is delayed again, is damped onee more. 

The urge to void gradually beeomes greater and greater, and 
micturition usually occurs before urine volume exceeds 400 ml. 
After normal micturition, only about 10 ml of urine remains in 
the bladder. 
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After the toddler years, ineontinenee is usually a result of weak- 
ened pelvie muscles following ehildbirth or surgery, physieal 
pressure during pregnaney, or nervous system problems. In 
stress ineontinenee , a sudden inerease in intra-abdominal pres- 
sure (during laughing and coughing) forees urine through the 
external sphineter. This eondition is eommon during pregnaney 
when the heavy uterus stretehes the muscles of the pelvie floor 
and the urogenital diaphragm that support the external sphine- 
ter. In overflow ineontinenee , urine dribbles from the urethra 
whenever the bladder overfills. 

In urinary retention, the bladder is unable to expel its 
eontained urine. Urinary retention is eommon after general 
anesthesia (it takes a little time for the detrasor to regain its 
aetivity). Urinary retention in men often refleets hypertrophy 
of the prostate, which narrows the urethra, making it difficult 
to void. When urinary retention is prolonged, a slender drain- 
age tube ealled a eatheter (kath'é-ter) must be inserted through 
the urethra to drain the urine and prevent bladder trauma from 
excessive stretehing. + 



Check Your Understanding 


18. A kidney stone bloeking a ureter would interfere with urine 
flow to which organ? Why would the pain occur in waves? 

19. What is the trigone of the bladder, and which landmarks 
define its borders? 

20. Name the three regions of the male urethra. 

21. How does the detmsor respond to inereased firing of the 
parasympathetie fibers that innervate it? How does this 
affeet the internal urethral sphineter? 

_ For ansvvers, see Appendix Fi. 


Developmental Aspeets 
of the LJrinary System 

Traee the embryonie development of the urinary organs. 

List several ehanges in urinary system anatomy and 
physiology that occur with age. 
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Figure 25.21 Control of micturition. 


As the kidneys develop in a young embryo, it almost seems as if 
they are unable to “make up their mind” how to go about it. Three 
different sets of kidneys develop from the urogenital ridges , paired 
elevations of the intermediate mesoderm that give rise to both the 
urinary organs and reproductive organs Figure 25.22] . Only 
the last set persists to beeome adult kidneys. 

During the fourth week of development, the first tubule 
system, the pronephros (pro-nef'ros; “prekidney”), forms and 
then quickly degenerates as a seeond, lower set appears. Al- 
though the pronephros never functions and is gone by the sixth 
week, the pronephrie duct that eonneets it to the eloaea persists 
and is used by the later-developing kidneys. (The eloaea is the 
terminal part of the gut that opens to the body exterior.) 

As the seeond renal system, the mesonephros (mez"o-nef 
ros; “middle kidney”), elaims the pronephrie duct, it eomes to 
be ealled the mesonephrie duct (Figure 25.22a, b). The meso- 
nephrie kidneys degenerate (with remnants ineorporated into 
the male reproductive system) onee the third set, the metaneph- 
ros (mef'ah-nef ros; “after kidney”), makes its appearanee 
(Figure 25.22b, e). 

The metanephros starts to develop at about five weeks as hol- 
low ureteric buds that push superiorly from the mesonephrie 



duct into the urogenital ridge, inducing the mesoderm there to 
form nephrons. The distal ends of the ureteric buds form the re- 
nal pelves, ealyees, and eolleeting ducts, and their unexpanded 
proximal parts, now ealled the ureteric ducts, beeome the ure- 
ters (Figure 25.22d). 

Because the kidneys develop in the pelvis and then aseend to 
their final position, they reeeive their blood supply from succes- 
sively higher sources. Although the lower blood vessels usually 
degenerate, they sometimes persist, and for this reason multiple 
renal arteries are eommon. The metanephrie kidneys excrete 
urine by the third month of fetal life, and most of the amniotie 
fluid that surrounds a developing fetus is fetal urine. Nonethe- 
less, the fetal kidneys do not work nearly as hard as they will 
affer birth because exchange through the plaeenta allows the 
mother s urinary system to elear most of the undesirable sub- 
stanees from the fetal blood. 

As the metanephros is developing, the eloaea subdivides to 
form the future rectum and anal eanal and the urogenital sinus, 
into which the urinary and genital ducts empty. The urinary 
bladder and the urethra then develop from the urogenital sinus 
(Figure 25.22b-d). 
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gure 25.22 Development of the urinary system in the embryo. Red arrovvs indieate 
the direetion of metanephros migration as it develops. 



Homeostatie imbalanee 25.8 


Three of the most eommon eongenital abnormalities of the uri- 
nary system are horseshoe kidney, hypospadias, and polyeystie 
kidney. 

When aseending from the pelvis the kidneys are very elose 
together, and in 1 out of 600 people they fuse aeross the midline, 
forming a single, U-shaped horseshoe kidney. This eondition is 
usually asymptomatie, but it may be assoeiated with other kid- 
ney abnormalities, such as obstructed drainage, that inerease 
the risk of frequent kidney infeetions. 

Hypospadias (hi"po-spa'de-as), found in male infants only, 
is the most eommon eongenital abnormality of the urethra. It 
occurs when the urethral orifìee is loeated on the ventral surface 
of the penis. This problem is eorreeted surgically when the ehild 
is around 12 months old. 

Polyeystie kidney disease (PKD ) is a group of disorders eharae- 
terized by the presenee of many fluid-fìlled eysts in the kidneys. 
These interfere with renal function, ultimately leading to renal 
failure. These disorders ean be grouped into two general forms: 

■ Autosomal dominant PKD , the less severe form, is much 

more eommon, affeeting 1 in 500 people. The eysts develop 


so gradually that they produce no symptoms until about 40 
years of age. Then both kidneys begin to enlarge as blister- 
like eysts eontaining fluid accumulate. The damage caused by 
these eysts progresses slowly, and many vietims live without 
problems until their 60s. Ultimately, however, the kidneys 
beeome “knobby ’ and grossly enlarged, reaehing a mass of 
up to 14 kg (30 lb) eaeh. 

■ Autosomal reeessive PKD is more severe and much less eom- 
mon, affeeting 1 in 20,000 people. Almost half of newborns 
with reeessive PKD die just after birth, and survivors gener- 
ally develop renal failure in early ehildhood. 

Mutations assoeiated with PKD have been identified in two 
gene families that eode for signaling proteins. These signaling 
proteins form a meehanoreeeptor complex that is part of the pri- 
mary cilium (see p. 91) that deteets the flow of fluid past kidney 
eells. It is not yet elear how defeets in these proteins lead to eyst 
formation. As yet, the only treatments are the usual treatments 
for kidney failure—renal dialysis or a kidney transplant. + 

Because its bladder is very small and its kidneys are less able 
to eoneentrate urine for the first two months, a newborn baby 
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voids 5 to 40 times daily, depending on fluid intake. By 2 months, 
infants void approximately 400 ml/day, and the amount stead- 
ily inereases until adoleseenee, when adult urine output (about 
1500 ml/day) is aehieved. 

ineontinenee, the inability to eontrol micturition, is nor- 
mal in infants because their nervous systems have not matured 
enough to eontrol the external urethral sphineter. Reflex void- 
ing occurs eaeh time a babys bladder fills enough to aetivate 
the streteh reeeptors. Control of the vokmtary urethral sphine- 
ter goes hand in hand with nervous system development. By 
15 months, most toddlers know when they have voided. By 24 
months, some ehildren are ready to begin toilet training. Day- 
time eontrol usually is aehieved first. It is unrealistic to expect 
eomplete nighttime eontrol before age 4. 

From ehildhood through late middle age, most urinary sys- 
tem problems are infectious eonditions. Eseheriehia eoli (esh"é- 
rik'e-ah ko'li) baeteria are normal residents of the digestive 
traet and generally cause no problems there, but these baeteria 
account for 80% of all urinary traet infeetions. Sexually trans- 
mitted infeetions ean also inflame the urinary traet and elog 
some of its ducts. Childhood streptoeoeeal infeetions such as 
strep throat and searlet fever, if not treated promptly, may cause 
long-term inflammatory renal damage. 

Only about 3% of elderly people have histologieally normal 
kidneys, and kidney hinetion deelines with advaneing age. The 
kidneys shrink as the nephrons deerease in size and number, 
and the tubule eells beeome less effieient. By age 80, the GFR 
is only half that of young adults, possibly due to atheroselerotie 
narrowing of the renal arteries. Diabeties are particularly at risk 
for renal disease, accounting for almost half of new eases. 


The bladder of an aged person is shmnken, with less than 
half the eapaeity of a young adult (250 ml versus 600 ml). Loss 
of bladder tone causes an annoying inerease in frequency of 
micturition. Nocturia (nok-tu're-ah), the need to get up during 
the night to minate, plagues almost two-thirds of this popula- 
tion. Many people eventually experience ineontinenee, which 
ean usually be treated with exercise, medieations, or surgery. 



Check Your Understanding 


22. Name the three sets of embryonie kidneys in the order that 
they develop. 

23. List tvvo faetors that might contribute to urinary retention in 
elderly men. 

_ For ansvvers, see Appendix H. 


The ureters, urinary bladder, and urethra play important 
roles in transporting, storing, and eliminating urine from the 
body, but when the term “urinary system” is used, it is the 
kidneys that capture eenter stage. As summarized in System 
Connections in Chapter 26, other organ systems of the body 
contribute to the well-being of the urinary system in many 
ways. In turn, without continuous kidney ffinetion, the elee- 
trolyte and fluid balanee of the blood is dangerously disturbed, 
and internal body fluids quickly beeome eontaminated with 
nitrogenous wastes. No body eell ean eseape the harmffil ef- 
feets of such imbalanees. 

Now that we have deseribed renal meehanisms, we are ready 
to integrate kidney fimetion into the larger topie of fluid and 
eleetrolyte balanee in the body—the focus of Chapter 26. 


Chapter Siimmary 
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the pelvis (ealyees) surround and eolleet urine draining from the 
apiees of the medullary pyramids. 


Blood and Nerve Supply (pp. 957-958) 

4. The kidneys reeeive 25% of the total eardiae output per minute. 

5. The vascular pathway through a kidney is as follows: renal artery 
-> segmental arteries -> interlobar arteries -> arcuate arteries 

-> eortieal radiate arteries -> afferent arterioles -> glomemli -> 
efferent arterioles -> peritubular eapillary beds -> eortieal radiate 
veins -> arcuate veins -> interlobar veins -> renal vein. 

6. The nerve supply of the kidneys is derived from the renal plexus. 



Kidney Anatomy (pp. 955-963) 

Loeation and External Anatomy (pp. 955-956) 

1. The paired kidneys are retroperitoneal in the superior kimbar 
region. 

2. A fìbrous capsule, a perirenal fat capsule, and renal faseia 
surround eaeh kidney. The perirenal fat capsule helps hold the 
kidneys in position. 

Internal Gross Anatomy (pp. 956-957) 

3. A kidney has a superfìcial cortex, a deeper medulla eonsisting 
mainly of medullary pyramids, and a medial pelvis. Extensions of 


Nephrons (pp. 958-963) 

7. Nephrons are the structural and fimetional units of the kidneys. 

8. Eaeh nephron eonsists of a glomerulus (a high-pressure eapillary 
bed), a glomerular capsule, and a renal tubule that is continuous 
with the capsule. Subdivisions of the renal tubule (from the 
glomeralar capsule) are the proximal convoluted tubule, nephron 
loop, and distal convoluted tubule. A seeond eapillary bed, the 
low-pressure peritubular eapillary bed, is elosely assoeiated with 
the renal tubule of eaeh nephron. 

9. The more numerous eortieal nephrons are loeated almost 
entirely in the cortex; only a small part of their nephron loop 
penetrates into the medulla. Glomerali of juxtamedullary 
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nephrons are loeated at the cortex-medulla junction, and their 
nephron loops dip deeply into the medulla. Instead of direetly 
forming peritubular eapillaries, the eíferent arterioles of many 
juxtamedullary nephrons form unique bundles of straight vessels, 
ealled vasa reeta, that serve tubule segments in the medulla. 
Juxtamedullary nephrons and the vasa reeta play an important 
role in establishing the medullary osmotie gradient. 

10. Collecting ducts reeeive urine from many nephrons and help 
eoneentrate urine. They form the medullary pyramids. 

11. The juxtaglomerular complex is at the point of eontaet between 
the afferent arteriole and the most distal part of the aseending 
limb of the nephron loop. It eonsists of the gramilar eells, the 
macula densa, and extraglomerular mesangial eells. 

ÌP llrinary System; Topie: Anatomy Review f pp. 1-20. 

Kidney Physiology: Meehanisms of Urine Formation 

(pp. 963-977) 

1. Functions of the nephrons include glomerular filtration, tubular 
reabsorption, and tubular seeretion. Via these hmetional 
proeesses, the kidneys regulate the volume, eomposition, and pH 
of the blood, and eliminate nitrogenous metabolie wastes. 

Urine Formation, Step 1: Glomerular Filtration (pp. 965-968) 

2. The fìltration membrane eonsists of the fenestrated glomeralar 
endothelium, the intervening basement membrane, and the 
podoeyte-eontaining viseeral layer of the glomeralar capsule. It 
permits free passage of substances smaller than (most) plasma 
proteins. 

3. The glomerali function as hlters. High glomeralar blood pressure 
(55 mm Hg) occurs because the glomerali are fed and drained by 
arterioles, and the afferent arterioles are larger in diameter than 
the efferent arterioles. 

4. About one-hhh of the plasma howing through the kidneys is 
hltered from the glomerali into the glomeralar capsule. 

5. Usually about 10 mm Hg, the net hltration pressure (NFP) is 
determined by the relationship between forees favoring hltration 
(glomeralar hydrostatie pressure) and forees that oppose it (eapsrilar 
hydrostatie pressure and blood eolloid osmotie pressure). 

6. The glomerular hltration rate (GFR) is direetly proportional to 
the net hltration pressure and is about 125 ml/min (180 L/day). 

7. intrinsie renal eontrol, or renal autoregulation, enables the 
kidneys to maintain a relatively eonstant renal blood how and 
glomeralar hltration rate. intrinsie eontrol involves a myogenie 
meehanism and a tubuloglomerular feedbaek meehanism 
mediated by the macula densa. 

8. Extrinsic eontrol of GFR, via nerves and hormones, maintains 
blood pressure. Strong sympathetie nervous system aetivation 
causes eonstrietion of the afferent arterioles, which deereases 
hltrate formation. 

ÌP Urinary System; Topie: Glomemlar Filtration, pp. 1-15. 

9. The renin-angiotensin-aldosterone meehanism raises systemie 
blood pressure by generating angiotensin II. Renin is released 
from granular eells in response to (1) direet sympathetie nervous 
system stimulation, (2) paraerines released by the macula densa, 
and (3) reduced streteh of granular eell membranes. 

Urine Formation, Step 2: Tubular Reabsorption (pp. 968-972) 

10. During tubular reabsorption, needed substances are removed 
from the hltrate by the tubule eells and returned to the peritubular 
eapillary blood. The primary aetive transport of Na + by a Na + -K + 


ATPase pump at the basolateral membrane accounts for Na + 
reabsorption and establishes the eleetroehemieal gradient that 
drives the reabsorption of most other sohites and H 2 0. Na + enters 
at the apieal surface of the tubule eell via faeilitated difhision 
through ehannels or as part of a eotransport meehanism. 

11. Passive tubular reabsorption is driven by eleetroehemieal 
gradients established by aetive reabsorption of sodium ions. 
Water, many ions, and various other substances (for example, 
urea) are reabsorbed passively by diffusion via transcellular or 
paracellular pathways. 

12. Seeondary aetive tubular reabsorption occurs by eotransport 
with Na + via transport proteins. Transport of such substances is 
limited by the number of earriers available. Aetively reabsorbed 
substances include glucose, amino aeids, and some ions. 

13. The proximal tubule eells are most aetive in reabsorption. Most 
of the nutrients, 65% of the water and sodium ions, and the 
bulk of aetively transported ions are reabsorbed in the proximal 
convoluted tubules. 

14. Reabsorption of additional sodium ions and water occurs in the 
distal tubules and eolleeting ducts and is hormonally eontrolled. 
Aldosterone inereases the reabsorption of sodium; antidiuretic 
hormone (ADH) enhanees water reabsorption by the eolleeting 
ducts. 

Urine Formation, Step 3: Tubular Seeretion (pp. 972-973) 

15. Tubular seeretion adds substances to the hltrate (from the 
blood or tubule eells). It is an aetive proeess that is important 
in eliminating drags, eertain wastes, and excess ions and in 
maintaining the aeid-base balanee of the blood. 

Regulation of Urine Concentration and Volume (pp. 973-977) 

16. The graduated hyperosmolality of the medullary huids (largely 
due to the eyeling of NaCl and urea) ensures that the hltrate 
reaehing the distal convoluted tubule is dilute (hypo-osmolar). 
This allows urine with osmolalities ranging from 50 to 1200 
mOsm to be formed. 

■ The deseending limb of the nephron loop is permeable to 
water, which leaves the hltrate and enters the medullary 
interstitial spaee. The hltrate and medullary huid at the bend of 
the nephron loop are hyperosmolar. 

■ The aseending limb is impermeable to water. Na + and Cl _ 
move out of the hltrate into the interstitial spaee, passively in 
the thin portion and aetively in the thiek portion. The hltrate 
beeomes more dilute. 

■ As hltrate flows through the eolleeting ducts in the inner 
medulla, urea diffuses into the interstitial spaee. From here, 
urea reenters the aseending thin limb and is reeyeled. 

■ The blood how in the vasa reeta is shiggish, and the eontained 
blood equilibrates with the medullary interstitial fhiid. Henee, 
blood exiting the medulla in the vasa reeta is nearly isotonie 
to blood plasma and the high solute eoneentration of the 
medulla is maintained. 

17. In the absenee of antidiuretic hormone, dilute urine is formed 
because the dilute hltrate reaehing the eolleeting duct is simply 
allowed to pass from the kidneys. 

18. When extracellular huid osmolality rises, blood levels of 
antidiuretic hormone rise, and the eolleeting ducts beeome more 
permeable to water. Water moves out of the hltrate as it flows 
through the hyperosmotie medullary areas. Consequently, more 
eoneentrated urine is produced, and in smaller amounts. 

ÌP Urinary System; Topies: Early Filtrate Proeessing, pp. 1-22; 

Late Filtrate Proeessing, pp. 1-13. 
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eiinieal Evaluation of Kidney Function (pp. 977-979) 

Renal Clearance (p. 978) 

1. Renal elearanee is the volume of plasma that is eompletely eleared 
of a particular substance per minute. Studies of renal elearanee 
provide information about renal function or the course of renal 
disease. 

2. Renal failure has serious consequences: The kidneys are unable 
to eoneentrate urine, aeid-base and eleetrolyte imbalanees occur, 
and nitrogenous wastes accumulate in the blood. 

Llrine (pp. 978-979) 

3. Urine is typieally elear, yellow, aromatie, and slightly aeidie. Its 
speeifie gravity ranges from 1.001 to 1.035. 

4. Urine is 95% water; solutes include nitrogenous wastes (urea, uric 
aeid, and ereatinine) and various ions (always sodium, potassium, 
sulfate, and phosphate). 

5. Substances not normally found in urine include glucose, proteins, 
erythroeytes, leukocytes, hemoglobin, and bile pigments. 

Llrine Transport, Storage, and Elimination (pp. 979-982) 

Llreters (pp. 979-980) 

1. The ureters are slender tubes running retroperitoneally from eaeh 
kidney to the bladder. They conduct urine by peristalsis from the 
renal pelvis to the urinary bladder. 

Llrinary Bladder (pp. 980-981) 

2. The urinary bladder, which fimetions to store urine, is a distensible 
muscular sae that lies posterior to the pubic symphysis. It has two 
inlets (ureters) and one outlet (urethra) that outline the trigone. In 
males, the prostate surrounds the bladder outlet. 

3. The bladder wall eonsists of a mucosa eontaining transitional 
epithelium; a three-layered detmsor; and an adventitia. 

Urethra (pp. 981-982) 

4. The urethra is a muscular tube that eonveys urine from the 
bladder to the body exterior. 


5. Where the urethra leaves the bladder, it is surrounded by an 
internal urethral sphineter, an invohmtary smooth muscle 
sphineter. Where it passes through the urogenital diaphragm, 
the voluntary external urethral sphineter is formed by skeletal 
muscle. 

6. In females the urethra is 3-4 em long and conducts only urine. In 
males it is 20 em long and conducts both urine and semen. 


Micturition (p. 982) 

7. Micturition is emptying of the bladder. 

8. Accumulating urine stretehes the bladder wall, which initiates 
the micturition reflex. In infants, this is a simple spinal reflex: 
Parasympathetie fibers are excited (and sympathetie fibers 
inhibited), causing the detmsor to eontraet and the internal 
urethral sphineter to open. In adults, pontine storage and 
micturition eenters ean override this simple reflex. 

9. Because the external sphineter is vohmtarily eontrolled, 
micturition ean usually be delayed temporarily. 


Developmental Aspeets of the LJrinary System 

(pp.982-985) 

1. Three sets of kidneys (pronephrie, mesonephrie, and 
metanephrie) develop from the intermediate mesoderm. The 
metanephros excretes urine by the third month of development. 

2. Common eongenital abnormalities are horseshoe kidney, 
hypospadias, and polyeystie kidney disease (PKD). 

3. The kidneys of newborns are less able to eoneentrate urine; 
their bladder is small and voiding is frequent. Neuromuscular 
maturation generally allows toilet training for micturition to 
begin by 24 months of age. 

4. The most eommon urinary system problems in ehildren and 
young to middle-aged adults are baeterial infeetions. 

5. With age, nephrons are lost, the filtration rate deereases, and 
tubule eells beeome less effieient at eoneentrating urine. 

6. Bladder eapaeity and tone deerease with age, leading to frequent 
micturition and (often) ineontinenee. Urinary retention is a 
eommon problem of elderly men. 



Review Questions 





Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. The lowest blood eoneentration of nitrogenous waste occurs in 
the (a) hepatie vein, (b) inferior vena eava, (e) renal artery, 

(d) renal vein. 

2. The glomemlar eapillaries differ from other eapillary networks 
in the body because they (a) have a larger area of anastomosis, 

(b) are derived from and drain into arterioles, (e) are not made of 
endothelium, (d) are sites of filtrate formation. 

3. Damage to the renal medulla would interfere first with 
the fimetioning of the (a) glomemlar capsules, (b) distal 
convoluted tubules, (e) eolleeting ducts, (d) proximal 
convoluted tubules. 

4. Which is reabsorbed by the proximal convoluted tubule eells? 

(a) Na + , (b) K + , (e) amino aeids, (d) all of the above. 

5. Glucose is not normally found in the urine because it (a) does not 
pass through the walls of the glomerulus, (b) is kept in the blood 
by eolloid osmotie pressure, (e) is reabsorbed by the tubule eells, 


(d) is removed by the body eells before the blood reaehes the 
kidney. 

6. Filtration at the glomerulus is inversely related to (a) water 
reabsorption, (b) capsular hydrostatie pressure, (e) arterial blood 
pressure, (d) aeidity of the urine. 

7. Tubular reabsorption (a) of ghieose and many other substances 
is a T m -limited aetive transport proeess, (b) of ehloride is ahvays 
linked to the passive transport of Na + , (e) is the movement of 
substances from the blood into the nephron, (d) of sodium 
occurs only in the proximal tubule. 

8. If a freshly voided urine sample eontains excessive amounts of 
urochrome, it has (a) an ammonia-like odor, (b) a pH below 
normal, (e) a dark yellow eolor, (d) a pH above normal. 

9. Conditions such as diabetes mellitus and starvation are elosely 
linked to (a) ketonuria, (b) pyuria, (e) albuminuria, (d) hematuria. 

10. Which of the following is/are tme about ADH? (a) It promotes 
obligatory water reabsorption, (b) it is seereted in response to an 
inerease in extracellular fluid osmolality, (e) it causes insertion of 
aquaporins in the PCT, (d) it promotes Na + reabsorption. 
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Short Ansvver Essay Questions 

11. What is the importanee of the perirenal fat capsule that 
surrounds the kidney? 

12. Traee the pathway a ereatinine molecule takes from a glomerulus 
to the urethra. Name every mieroseopie or gross structure it 
passes through on its journey. 

13. Explain the important differenees between blood plasma and 
glomemlar fìltrate, and relate the differenees to the structure of 
the fìltration membrane. 

14. Deseribe the meehanisms that contribute to renal autoregulation. 

15. Deseribe the meehanisms of extrinsic regulation of GFR, and 
their physiologieal role. 

16. Deseribe what is involved in aetive and passive tubular 
reabsorption. 

17. Explain how the peritubular eapillaries are adapted for reeeiving 
reabsorbed substances. 

18. Explain the proeess and purpose of tubular seeretion. 

19. How does aldosterone modify the ehemieal eomposition of 
urine? 

20. Explain why the fìltrate beeomes hypotonie as it flows through 
the aseending limb of the nephron loop. Also explain why the 
filtrate at the bend of the nephron loop (and the interstitial fluid 
of the deep portions of the medulla) is hypertonie. 

21. How does urinary bladder anatomy support its storage fimetion? 

22. Define micturition and deseribe the micturition reflex. 

23. Deseribe the ehanges that occur in kidney and bladder anatomy 
and physiology in old age. 


( j Critical Thinking 
f (~\\J and Oinieal Applieation 

Questions 

1. Mrs. Bigda, a 60-year-old woman, was brought to the hospital 
by the poliee affer falling to the pavement. She is found to have 
aleoholie hepatitis. She is put on a salt- and protein-restrieted diet 
and diuretics are preseribed to manage her aseites (accumulated 
fluid in the peritoneal eavity). How will diuretics reduce this 
excess fluid? Name and deseribe the meehanisms of aetion of 
three types of diuretics. Why is her diet salt-restrieted? 

2. While repairing a frayed utility wire, Herbert, an experienced 
lineman, slips and falls to the ground. Medieal examination 
reveals a fracture of his lower spine and transeetion of the lrnnbar 
region of the spinal eord. How will Herberts micturition be 
eontrolled from this point on? Will he ever again feel the need to 
void? Will there be dribbling of urine between voidings? Explain 
the reasoning behind all your responses. 

3. What is eystitis? Why do women suffer from eystitis more 
frequently than men? 

4. Hattie, aged 55, is awakened by excruciating pain that radiates 
from her right abdomen to the loin and groin regions on the 
same side. The pain is not continuous but recurs at intervals of 3 
to 4 mimites. Diagnose her problem, and eite faetors that might 
favor its occurrence. 

5. Why does use of a spermieide inerease a womans risk for urinary 
traet infeetion? 

6. Why are renal failure patients undergoing dialysis at risk for 
anemia and osteoporosis? What medieations or supplements 
could you give them to prevent these problems? 


AT THE e L I N I e 




Related eiinieal Terms 

Acute glomerulonephritis (GN) (glo-mer"u-lo-nef-ri'tis) 

Inflammation of the glomerrili, leading to inereased permeability 
of the filtration membrane. In some eases, eirerilating immune 
complexes (antibodies bound to foreign substances, such as 
streptoeoeeal baeteria) beeome trapped in the glomemlar 
basement membranes. In other eases, immune responses are 
mounted against ones own kidney tissues, leading to glomemlar 
damage. In either ease, the inflammatory response that follows 
damages the filtration membrane, allowing blood proteins and 
even blood eells to pass into the renal tubules and into the urine. 

As the osmotie pressure of blood drops, fluid seeps from the 
bloodstream into the tissue spaees, causing bodyvvide edema. Renal 
shutdown requiring dialysis may occur temporarily, but normal 
renal fimetion usually returns within a few months. If permanent 
glomemlar damage occurs, ehronie GN and ultimately renal failure 
result. 

Bladder eaneer Bladder eaneer, three times more eommon in men 
than in women, accounts for about 2% of all eaneer deaths. It 
usually involves neoplasms of the bladder s lining epithelium and 
may be induced by eareinogens from the environment or the 
workplace that end up in urine. Smoking, exposure to industrial 
ehemieals, and arsenie in drinking water also have been linked 
to bladder eaneer. Blood in the urine is a eommon warning sign. 

Cystocele (sis'to-sèl; eyst = a sae, the bladder; eele = hernia, 
rupture) Herniation of the urinary bladder into the vagina; 


a eommon result of tearing of the pelvie floor muscles during 
ehildbirth. 

Cystoscopy (sis-tos'ko-pe; eyst = bladder; seopy = observation) 

Procedure in which a thin viewing tube is threaded into the bladder 
through the urethra to examine the bladder s mucosal surface. 

Diabetes insipidus (in-si'pì-dus; insipid = tasteless, bland) See 

Chapter 16, p. 600. Nephrogenie diabetes insipkhis is due to laek 
of ADH reeeptors in the eolleeting duct. 

Intravenous pyelogram (IVP) (pi'é-lo-gram;pye/o = kidney 
pelvis; gram = written) An X ray of the kidneys and ureters 
obtained affer intravenous injeetion of a eontrast medium (as 
in Figure 25.18). Allows assessment for obstmetions, viewing 
renal anatomy (pelvis and ealyees), and determining rate of 
excretion of the eontrast medium. 

Nephrotoxin A substance (heavy metal, organie solvent, or baeterial 
toxin) that is toxic to the kidneys. 

Nocturnal enuresis (NE) (en"u-re'sis) An inability to eontrol 
urination at night during sleep; bed-wetting. In ehildren over 
6, ealled primary NE if eontrol has never been aehieved and 
seeondary NE if eontrol was aehieved and then lost. Seeondary 
NE often has psyehologieal causes. Primary NE is more eommon 
and results from a eombination of inadequate nocturnal ADH 
production, unusually sound sleep, or a small bladder eapaeity. 
Synthetie ADH offen eorreets the problem. 








ehapter 25 The llrinary System 


989 


Related ClinicalTerms (continued) 

Renal infaret Area of dead, or neerotie, renal tissue due to bloekage 
of the vascular supply to the kidney or hemorrhage. A eommon 
cause of loealized renal infaret is an obstmeted interlobar artery. 
Because interlobar arteries do not anastomose, their obstmetion 
leads to isehemie neerosis of the portions of the kidney they 
supply. 


Urinalysis Analysis of urine to diagnose health or disease. The most 
signifieant indieators of disease in urine are proteins, glucose, 
ketone bodies, blood, and pus. 

Urologist (u-rol'o-jist) Physieian who speeializes in diseases 
of urinary structures in both sexes and in diseases of the 
reproductive traet of males. 



Case Study 


IJrinary System 


Let's return to Kyle Boulard, whom 
we met in the previous ehapter. After 
two days in the hospital, Mr. Boulard 
has reeovered from his acute diabetie 
erisis and his type 1 diabetes is onee again under eontrol. The last 
update on his ehart before he is diseharged includes the following 

■ BP 150/95, HR 75, temperature 37.2°C 

■ llrine: pH 6.9, negative for glucose and ketones; 24-hour urine 
eolleetion reveals 170 mg albumin in urine per day 


At his two-week appointment at the outpatient elinie, Mr. 
Boulard eomplains of fatigue, weakness, muscle eramps, and 
irregular heartbeats. A physieal examination and lab tests produce 
the following observations: 


BP 133/90, HR 75 

Blood K + 2.9 mEq/L (normal 3.5 


5.5 mEq/L); blood Na + 135 


mEq/L(normal 135-145 mEq/L) 

Llrine K + 55 mEq/L (normal <40 mEq/L); urine Na + 21 mEq/L 
(normal >20 mEq/L) 


Mr. Boulard is preseribed a thiazide diuretic and an angiotensin 
eonverting enzyme (ACE) inhibitor. He is counseled on the 
importanee of keeping his diabetes under eontrol, taking his 
medieations regularly, and keeping his outpatient follow-up 
appointments. 

1. What is albumin? Is it normally found in the urine? If not, what 
does its presenee suggest? 

2. Why were these medieations preseribed for Mr. Boulard? 

3. Where and how do thiazide diuretics aet in the kidneys and 
how does this reduce blood pressure? 


4. What is Mr. Boulard's main problem at this point? 

5. Explain how the thiazide diuretic might have caused this 
problem. 

When asked about his medieations, Mr. Boulard admits that he did 
not fill his ACE inhibitor preseription because it was too expensive. He 
could only afford the thiazide medieations along with his insulin. 


6 . How do ACE inhibitors reduce blood pressure? 

7. Would taking ACE inhibitors and thiazides together have 
prevented Mr. Boulard's current symptoms? Explain. 


(Ansvvers in Appendix H) 







Body Fluids (pp. 991-993) 

Body Water Content (p. 991) 

Fluid Compartments (p. 991) 

Composition of Body Fluids 
(pp. 991-993) 

Fluid Movement Among Compartments 
(p. 993) 

Water Balanee and ECF Osmolality 

(pp. 993-997) 

Regulation of VVater Intake (pp. 994-995) 

Regulation of VVater Output 
(p. 995) 



lnfluence of Antidiuretic Hormone (ADH) 
(p. 995) 

Disorders of VVater Balanee (pp. 995-997) 

Eleetrolyte Balanee (pp. 997-1004) 

The Central Role of Sodium in Fluid and 
Eleetrolyte Balanee (pp. 997-999) 

Regulation of Sodium Balanee 
(pp. 999-1000) 

Regulation of Potassium Balanee 
(pp. 1000-1003) 

Regulation of Calcium and Phosphate 
Balanee (pp. 1003-1004) 

Regulation of Anions (p. 1004) 


Aeid-Base Balanee (pp. 1004-1012) 
ehemieal Buffer Systems (pp. 1004-1006) 
Respiratory Regulation of H + 

(p. 1006) 

Renal Meehanisms of Aeid-Base 
Balanee (pp. 1006-1009) 

Abnormalities of Aeid-Base Balanee 
(pp. 1009-1012) 

Developmental Aspeets of Fluid, 
Eleetrolyte, and Aeid-Base Balanee 

(p. 1012) 


H ave you ever wondered why on some days you don’t urinate for hours at 

a time, while on others it seems like you void every few minutes? Or why on oe- 
easion you eannot seem to quench your thirst? These situations refleet one of the 
body s most important flmetions: maintaining fluid, eleetrolyte, and aeid-base balanee. 

Cell flmetion depends not only on a continuous supply of mitrients and removal of 
metabolie wastes, but also on the physieal and ehemieal homeostasis of the surrounding 
fluids. The Freneh physiologist Claude Bernard reeognized this tmth with style in 1857 
when he said, <c It is the fhdty of the internal environment which is the eondition of free 
and independent life.” 
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In this ehapter, we first examine the eomposition and distri- 
bution of flmds in the internal environment and then eonsider 
the roles of various body organs and fimetions in establishing, 
regulating, and altering this balanee. 

Body Fluids 

List the faetors that determine body water eontent and 
deseribe the effeet of eaeh faetor. 

indieate the relative fluid volume and solute eomposition 
of the fluid eompartments of the body. 

Contrast the overall osmotie effeets of eleetrolytes and 
noneleetrolytes. 

Deseribe faetors that determine fluid shifts ín the body. 


Total body water 

Voliime = 40 L 
60% of body weight 




^lasma 

Volume = 

intraeelliilar fluid (ICF) 

Interstitial fluid (IF) 

GO 

Volume = 25 L 

Volume = 12 L 

va 

40% of body vveight 

80% of ECF 

K) 

o 

-o 

O 

m 

O 



T| 


Extracellular fluid (ECF) 

Volume = 15 L 
20% of body weight 


Body Water Content 

Not all bodies eontain the same amount of water. Total body 
water is a fimetion not only of age and body mass, but also of 
sex and the relative amount of body fat. Infants, with their low 
body fat and low bone mass, are 73% or more water. (This high 
level of hydration accounts for their c< dewy” skin, like that of a 
freshly pieked peaeh.) After infaney total body water deelines 
throughout life, accounting for only about 45% of body mass 
in old age. 

A healthy young man is about 60% water, and a healthy 
young woman about 50%. This differenee between the sexes 
refleets the faet that females have relatively more body fat and 
less skeletal muscle than males. Of all body tissues, adipose tis- 
sue is least hydrated (eontaining up to 20% water)—even bone 
eontains more water than does fat. By eontrast, skeletal muscle 
is about 75% water, so people with greater muscle mass have 
proportionately more body water. 

Fluid Compartments 

Water occupies two main fluid eompartments within the body 
(Figure 26.1 . Almost two-thirds by volume is in the intra- 
cellular fluid (ICF) eompartment, which actually eonsists of 
trillions of tiny individual c eompartments”: the eells. In an adult 
male of average size (70 kg, or 154 lb), ICF accounts for about 
25 L of the 40 L of body water. 

The remaining one-third or so of body water is outside 
eells, in the extracellular fluid (ECF) eompartment. The ECF 
constitutes the bodys cc internal environment” referred to by 
Claude Bernard and is the external environment of eaeh eell. As 
Figure 26.1 shows, the ECF eompartment is divisible into two 
subcompartments: (1) plasma, the fluid portion of blood, and 
(2) interstitial fluid (IF), the fluid in the mieroseopie spaees 
between tissue eells. There are numerous other examples of 
ECF that are distinet from both plasma and interstitial fluid— 
lymph, eerebrospinal fluid, humors of the eye, synovial fluid, 
serous fluid, gastrointestinal seeretions—but most of these are 
similar to IF and are usually eonsidered part of it. 


Figure 26.1 The major fluid eompartments of the body. 

[Values are for a 70-kg (154-lb) male.] 


Gomposition of Body Flinds 

Water serves as the imiversal solvent in which a variety of solutes 
are dissolved. Solutes may be elassified broadly as eleetrolytes 
and noneleetrolytes. 


Eleetrolytes and Noneleetrolytes 

Noneleetrolytes have bonds (usually eovalent bonds) that pre- 
vent them from dissoeiating in solution. For this reason, no 
eleetrieally eharged speeies are ereated when noneleetrolytes 
dissolve in water. Most noneleetrolytes are organie molecules— 
glucose, lipids, ereatinine, and urea, for example. 

In eontrast, eleetrolytes are ehemieal compounds that do 
dissoeiate into ions in water. (See Chapter 2 if neeessary to 
review these eoneepts of ehemistry.) Because ions are eharged 
partieles, they ean conduct an eleetrieal current—and so have 
the name eleetrolyte. Typieally, eleetrolytes inehide inorganie 
salts, both inorganie and organie aeids and bases, and some 
proteins. 

Although all dissolved solutes contribute to the osmotie ae- 
tivity of a fluid, eleetrolytes have much greater osmotie power 
than noneleetrolytes because eaeh eleetrolyte molecule dissoei- 
ates into at least two ions. For example, a molecule of sodhim 
ehloride (NaCl) contributes twice as many solute partieles as 
ghieose (which remains undissociated), and a molecule of mag- 
nesium ehloride (MgCl 2 ) contributes three times as many: 


r 


26 


L 


NaCl —> Na + + C1 (eleetrolyte; two partieles) 
MgCl 2 —> Mg 2+ + 2C1 _ (eleetrolyte; three partieles) 


glucose —> glucose (noneleetrolyte; one partiele) 


Regardless of the type of solute partiele, water moves aeeord- 
ing to osmotie gradients—from an area of lesser osmolality to 
an area of greater osmolality. For this reason, eleetrolytes have 
the greatest ability to cause fluid shiffs. 
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160 


m Blood plasma 

_ Interstitial fluid 

_ lntracellular fluid 

Na + Sodium 
K + Potassium 

Ca 2+ Calcium 
Mg 2+ Magnesium 
HC0 3 _ Biearbonate 

Cl" Chloride 

HP0 4 2_ Hydrogen 

phosphate 

SO 2- Sulfate 

4 






Mg 2+ HC0 3 " er HP0 4 2 - S0 4 2 " Protein 

anions 


Figure 26.2 Eleetrolyte eomposition of blood plasma, interstitial fluid, and 
intracellular fluid. The very lovv intracellular Ca 2+ eoneentration (10“ 7 M) does not include 

Ì Ca 2+ stores sequestered inside organelles. The high eoneentration of intracellular HP0 4 2 “ 
includes large amounts bound to intermediate metabolites, proteins, and lipids. 



Eleetrolyte eoneentrations of body fluids are usually ex- 
pressed in milliequivalents per liter (mEq/L), a measure of the 
number of eleetrieal eharges in 1 liter of sohition. We ean eom- 
pute the eoneentration of any ion in solution using the equation 



mEq/L 


ion eoneentration (mg/L) 
atomie weight of ion (mg/mmol) 



no. of 
eleetrieal 
eharges on 
one ion 


To calculate the mEq/L of sodium or calcium ions in solu- 
tion in plasma, we would determine the normal eoneentration 
of these ions in plasma, look up their atomie weights in the 
periodie table (see Appendix E), and plug these values into the 
equation: 


Na + : 

Ca 2+ : 


3300 mg/L x 
23 mg/mmol 

lOOmg/L x 2 
40 mg/mmol 


= 143 mEq/L 
= 5 mEq/L 


Notiee that for ions with a single eharge, 1 mEq is equal 
to 1 mmol, which, when dissolved in 1 kg of water, produces 
1 mOsm (see p. 973). On the other hand, 1 mEq of ions with a 
double eharge (like ealehim) is equal to Vi mOsm. In either ease, 
1 mEq provides the same amount of eharge. 

Comparison of Extracellular and intraeelliilar Fliiids 

A quick glanee at the bar graphs in : igure 26.2 reveals that 
eaeh fluid eompartment has a distinetive pattern of eleetrolytes. 
Except for the relatively high protein eontent in plasma, how- 
ever, the extracellular fluids are very similar. Their ehief eation 
is sodium, and their major anion is ehloride. However, plasma 
eontains somewhat fewer ehloride ions than interstitial fluid, 
because the nonpenetrating plasma proteins are normally an- 
ions and plasma is eleetrieally neutral. 

In eontrast to extracellular fluids, the ICF eontains only small 
amounts of Na + and Cl _ . Its most abundant eation is potas- 
sium, and its major anion is HP0 4 2_ . Cells also eontain substan- 
tial quantities of sohible proteins (about three times the amount 
found in plasma). 





























ehapter 26 Fliiid, Eleetrolyte, and Aeid-Base Balanee 


993 


Notiee that sodium and potassium ion eoneentrations in 
ECF and ICF are nearly opposite (Figure 26.2). The eharae- 
teristie distribution of these ions on the two sides of eelhilar 
membranes refleets the aetivity of cellular ATP-dependent 
sodium-potassium pumps, which keep intracellular Na + eon- 
eentrations low and K + eoneentrations high. Renal meehanisms 
ean reinforee these ion distributions by seereting K + into the 
filtrate as Na + is reabsorbed from the filtrate. 

Eleetrolytes are the most abundant solutes in body fluids and 
determine most of their ehemieal and physieal reaetions, but 
they do not constitute the bulk of dissolved solutes in these flu- 
ids. Proteins and some noneleetrolytes (phospholipids, eholes- 
terol, and triglyeerides) found in the ECF are large molecules. 
They account for about 90% of the mass of dissolved solutes in 
plasma, 60% in the IF, and 97% in the ICF. 


Fluid Movement Among Compartments 

Osmotie and hydrostatie pressures regulate the continuous ex- 
ehange and mixing of body fluids. Although water moves freely 
between the eompartments along osmotie gradients, solutes are 
unequally distributed because of their size, eleetrieal eharge, or 
dependenee on transport proteins. Anything that ehanges the sol- 
ute eoneentration in any eompartment leads to net water flows. 

igure 26.3 summarizes the exchanges of gases, solutes, 
and water aeross the body s borders and between the three fluid 
eompartments within the body. In general, substances must pass 
through both the plasma and IF to reaeh the ICF. In the lungs, 
gastrointestinal traet, and kidneys, exchanges between the cc out- 
side world” and the plasma occur almost continuously. These 
exchanges alter plasma eomposition and volume, with plasma 
serving as the cc highway” for delivering substances throughout 
the body (see Chapter 17). Compensating adjustments between 
the plasma and the other two fluid eompartments follow quickly 
so that balanee is restored. 

Fets review the movement of water and solutes aeross the 
boundaries between these eompartments: 

■ Exchanges between plasma and IF occur aeross eapillary 
walls. We deseribed the pressures driving these flmd move- 
ments in Focus on Bulk Flow Aeross Capillary Walls (Figrne 
19.17 on pp. 718-719). To reeap, the hydrostatie pressme of 
blood forees nearly protein-free plasma out of the blood into 
the interstitial spaee. This filtered fluid is then almost eom- 
pletely reabsorbed into the bloodstream in response to the 
eolloid osmotie pressure of plasma proteins. Under normal 
eiremnstanees, lymphatie vessels piek up the small net leak- 
age that remains behind in the interstitial spaee and retmn it 
to the blood. 

■ Exchanges between the IF and ICF occur aeross plasma 
membranes. As deseribed in Chapter 3, exchanges aeross the 
plasma membrane depend on its permeability properties. As 
a general mle, two-way osmotie flow of water is substantial. 
But ion fluxes are restrieted and, in most eases, ions move 
seleetively by aetive transport or through ehannels. Move- 
ments of nutrients, respiratory gases, and wastes are typieally 
unidirectional. For example, glucose and oxygen move into 
the eells and metabolie wastes move out. 


Blood 

plasma 


Lungs Gastrointestinal 



Kidneys 



O 



Nutrients 



H 2 0, 

lons 


H 2 0, 

lons 


Nitrogenous 

wastes 



0 2 

Interstitial 

fluid 



C0 2 Nutrients H 2 0 




lntracellular 
fluid in tissue eells 



Nitrogenous 

wastes 



gure 26.3 Exchange of gases, nutrients, water, and wastes 
between the three fluid eompartments of the body. 


Many faetors ean ehange ECF and ICF volumes. Because water 
moves freely between eompartments, however, the osmolalities of 
all body flmds are equal (except drning the first few minutes affer 
a ehange oeerns in one of the flmds). inereasing the ECF solute 
eontent (mainly the NaCl eoneentration) causes osmotie and vol- 
ume ehanges in the ICF—namely, a shift of water out of the eells. 
Conversely, deereasing ECF osmolality causes water to move into 
the eells. Thus, ECF solute eoneentration determines ICF volume. 

It is important for you to understand the eoneepts above, 
because they underlie all events that eontrol fluid balanee in the 
body. 

Check Your IJnderstanding 

1. Which do you have more of, extracellular or intracellular 
fluid? Plasma or interstitial fluid? 

2. What is the major eation in the ECF? In ICF? What are the 
intracellular anion counterparts of ECF's ehloride ions? 

3. If you eat salty pretzels without drinking, what happens to 
the volume of your extracellular fluid? Explain. 

_ For ansvvers, see Appendix H. 


Water Balanee 
and ECF Osmolality 

List the routes by which water enters and leaves the body. 

Deseribe feedbaek meehanisms that regulate water intake 
and hormonal eontrols of water output in urine. 

Explain the importanee of obligatory water losses. 

Deseribe possible causes and consequences of dehydration, 
hypotonie hydration, and edema. 
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Metabolism 10% 


Foods 30% 


Beverages 60% 



;• 


100 ml 


200 ml 


700 ml 


2500 ml 


1500 ml 


Feees 4% 
Sweat 8% 

Insensible loss 
via skin and 
lungs 28% 


Llrine 60% 


Average intake 
per day 


Average output 
per day 


Figure 26.4 Major sources of water intake and output. When 
intake and output are in balanee, the body is adequately hydrated. 
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For the body to remain properly hydrated, water intake must 
equal water output. Water intake varies widely from person to 
person and is strongly influenced by habit, but is typieally about 
2500 ml a day in adults gure 26.4]. Most water enters the 
body through ingested liquids and solid foods. Body water pro- 
duced by cellular metabolism is ealled metabolie water or wa- 
ter of oxidation. 

Water output occurs by several routes. Water that vaporizes 
out of the hrngs in expired air or diffuses direetly through the 
skin is ealled insensible water loss. Some is lost in obvious per- 
spiration and in feees. The kidneys excrete the rest (about 60%) 
in urine. 

Healthy people have a remarkable ability to maintain the os- 
molality of their body fluids within very narrow limits (280-300 
mOsm). A rise in plasma osmolality triggers (1) thirst, which 
prompts us to drink water, and (2) release of antidiuretic hor- 
mone (ADH), which causes the kidneys to eonserve water and 
excrete eoneentrated urine. On the other hand, a deeline in os- 
molality inhibits both thirst and ADH release, and the latter 
prompts the kidneys to excrete large volumes of dilute urine. 

In the body, water and Na + are elosely tied together. In faet, 
Na + aets as a powerful cc water magnet.” However, the ADH and 
thirst meehanisms eontrolling osmolality regulate water inde- 
pendently of sodium. Later, we will deseribe meehanisms that 
regulate Na + and water together for the purpose of maintaining 
blood volume and pressure. 


Regulation of Water Intake 

The thirst meehanism is the driving foree for water intake. It is 
governed by the hypothalamie thirst eenter , which is aetivated 
by various stimuli gure 26.51: 

■ Osmoreeeptors. Hypothalamie osmoreeeptors deteet ECF os- 
molality through ehanges in plasma membrane streteh that 
result from gaining or losing water. An inerease in osmolality 
of only 1-2% aetivates these osmoreeeptors. 


f ECF osmolality 




Osmoreeeptors 
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| Plasma volume 
(5-10%) 




I Blood pressure 
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inereases, stimulates 


Reduces, inhibits 


Figure 26.5 The thirst meehanism for regulating water 
intake. Only large volume ehanges (5-10% of plasma volume) 
aetivate the thirst meehanism. Osmolality ehanges are the normal 
stimiili. 


■ Dry mouth. When the bloods osmotie pressure inereases, the 
salivary glands produce less saliva because the osmotie gra- 
dient drawing water from the blood into the salivary ducts is 
reduced. 

■ A deerease in blood volume (or pressme). A substantial de- 
erease in blood volume or pressure (5-10%, as in hemor- 
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rhage) also triggers the thirst meehanism. These ehanges in 
volume or pressure are signaled by baroreeeptors that direetly 
aetivate the thirst eenter, and by angiotensin II as we deseribed 
in Chapter 19. 

Collectively, these events cause a subjective sensation of 
thirst, which motivates us to get a drink. This meehanism ex- 
plains why some eoektail lounges provide free salty snaeks to 
their patrons. 

Curiously, thirst is quenched almost as soon as we begin 
drinking water, even though the water has yet to be absorbed 
into the blood. How does this happen? ineoming liquid mois- 
tens the mucosa of the mouth and throat and aetivates osmore- 
eeptors and streteh reeeptors in the stomaeh and small intestine, 
providing feedbaek signals that inhibit the thirst eenter. Prema- 
ture quenching of thirst prevents us from drinking more than 
we need and overdiluting our body fluids, and allows time for 
the osmotie ehanges to eome into play as regulatory faetors. 

As eífeetive as thirst is, it is not always a reliable indieator 
of need. This is particularly true during athletie events, when 
thirst ean be satisfied long before sufficient liquids have been 
dmnk to maintain the body in top form. Additionally, elderly 
or eonhised people may not reeognize or heed thirst signals. 
In eontrast, fluid-overloaded renal or eardiae patients may feel 
thirsty despite their eondition. 

Regulation of Water Output 

Output of eertain amounts of water is unavoidable. Such obliga- 
tory water losses help to explain why we eannot survive for long 
without drinking. Even the most heroie eonservation efforts by 
the kidneys eannot eompensate for zero water intake. Obligatory 
water loss includes the insensible water losses deseribed above, 
water that aeeompanies undigested food residues in feees, and a 
minimum daily sensible water loss of 500 ml in urine. 

Obligatory water loss in urine refleets the faet that human 
kidneys must normally flush 600 mmol per day of urine sol- 
utes (end products of metabolism and so forth) out of the body 
in water. The maximum eoneentration of urine is about 1200 
mOsm, so at least 500 ml of water must be excreted. 

Beyond obligatory water loss, the solute eoneentration and vol- 
ume of urine excreted depend on fluid intake, diet, and water loss 
via other avenues. For example, if you perspire profusely on a hot 
day, you have to excrete much less urine than usual to maintain 
water balanee. Normally, the kidneys begin to eliminate excess wa- 
ter about 30 minutes after it is ingested. This delay refleets the time 
required to inhibit ADH release. Diuresis reaehes a peak about 1 
hour affer drinking and deelines to its lowest level after 3 hours. 

Influence of Antidiuretic Hormone (ADH) 

The amount of water reabsorbed in the renal eolleeting ducts is 
proportional to ADH release. When ADH levels are low, most 
of the water reaehing the eolleeting ducts is not reabsorbed be- 
cause the laek of aquaporins in the apieal membranes of the 
prineipal eells prevents the movement of water. Instead, the 


water simply flows on by. The result is dilute urine and a re- 
duced volume of body flmds. When ADH levels are high, aq- 
uaporins are inserted in the prineipal eell apieal membranes, 
nearly all of the filtered water is reabsorbed, and a small volume 
of eoneentrated urine is excreted. 

Osmoreeeptors of the hypothalamus sense the ECF solute 
eoneentration and trigger or inhibit ADH release from the pos- 
terior pituitary aeeordingly i( ure 26.6! . An inerease in ECF 
osmolality prompts ADH release by stimulating the hypotha- 
lamie osmoreeeptors. In eontrast, a deerease in ECF osmolality 
inhibits ADH release and allows more water to be excreted in 
urine, restoring normal blood osmolality. 

Large ehanges in blood volume or blood pressure also influ- 
enee ADH seeretion. A deerease in blood pressme inereases 
ADH release both direetly via baroreeeptors in the atria and 
various blood vessels, and indireetly via the renin-angiotensin- 
aldosterone meehanism. 

The key word here is “large” because ehanges in ECF osmolality 
are much more important as day-to-day stimulatory or inhibitory 
faetors. Faetors that trigger ADH release by reducing blood volume 
include excessive sweating, vomiting, or diarrhea; severe blood loss; 
traumatic burns; and prolonged fever. Under these eonditions, high 
eoneentrations of ADH also aet to eonstriet arterioles, direetly in- 
ereasing blood pressme—henee its other name: vasopressin. For a 
summary of how renal meehanisms involving ADH, aldosterone, 
and angiotensin II tie into overall eontrols of blood volume and 
blood pressme, see Figure 26.10 (p. 1002), but remember that the 
main thmst of ADH is to maintain ECF osmolality. 


Dìsorders of Water Balanee 


Few people really appreeiate the importanee of water in keeping 
the body s “maehinery” working at peak effieieney. The prineipal 
abnormalities of water balanee are dehydration, hypotonie hy- 
dration, and edema—eaeh presenting a speeial set of problems. I 


Dehydration 

eiinieally, dehydration is defined as flmd loss, either the loss 
of water or the loss of water and solutes together. For example, 
when water output exceeds intake over a period of time, the 
body beeomes dehydrated. Dehydration is a eommon sequel 
to hemorrhage, severe burns, prolonged vomiting or diarrhea, 
proffise sweating, water deprivation, and diuretic abuse. Dehy- 
dration may also be caused by endoerine distmbanees, such as 
diabetes mellitus or diabetes insipidus (see Chapter 16). 

Early signs and symptoms of dehydration ineffide a c eottony” 
or stieky oral mucosa, thirst, dry fffished skin, and deereased 
urine output ( oligmia ). Prolonged dehydration may lead to 
weight loss, fever, and mental eonffision. Another serious eon- 
sequence of water loss from plasma is inadequate blood voffime 
to maintain normal circulation and ensuing hypovolemie shoek. 

Water and soffites ean be lost together (as in hemorrhage), or 
more water than soffites ean be lost (as in proffise sweating). If 
the body loses more water than soffites, water moves osmotieally 
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Figure 26.6 Meehanisms and consequences of ADH release. 

(Vasoeonstrietor effeets of ADH are not shovvn.) 


from the eells into the ECF gure 26.7a' . This water movement 
equalizes the osmolality of the extracellular and intraeelhilar flu- 
ids even though the total fluid volume has been reduced. 


Hypotonie Hydration 

Deelining ECF osmolality sets several eompensatory meeha- 
nisms into motion. ADH release is inhibited, and as a result, 
less water is reabsorbed and excess water is quickly flushed 
from the body in urine. But, when there is renal insufficiency 
or we drink an extraordinary amount of water very quickly, a 
type of eelhilar overhydration ealled hypotonie hydration may 
occur. In either ease, the ECF is dihited—its sodium eontent is 
normal, but excess water is present. For this reason, the hall- 
mark of hypotonie hydration is hyponatremia (low ECF Na + 
eoneentration), which promotes net osmosis into tissue eells, 
causing them to swell as they beeome abnormally hydrated 
(Figure 26.7b). 

Hypotonie hydration leads to severe metabolie disturbances 
evideneed by nausea, vomiting, muscular eramping, and eere- 
bral edema. It is particularly damaging to neurons. Uncorrected 
eerebral edema quickly leads to disorientation, convulsions, 
eoma, and death. Indeed, several marathon mnners have died 
of overhydration affer drinking too much water. Sudden and 
severe hyponatremia is treated by administering intravenous 
hypertonie saline to reverse the osmotie gradient and c< pufl” wa- 
ter out of the eells. 

Edema 

Edema (é-de'mah; cc a swelling”) is an atypieal accumulation of 
fhiid in the interstitial spaee, leading to tissue (but not eell) swell- 
ing. FJnlike hypotonie hydration, which inereases the amount of 
fluid in all eompartments due to an imbalanee between water 
intake and output, edema is an inerease in volume of only the IF. 
It may be caused by any event that steps up the flow of fluid out 
of the blood or hinders its return. 

Faetors that aeeelerate fhiid loss from the blood inehide 
inereases in eapillary hydrostatie pressure and permeability. 
inereased eapillary hydrostatie pressure ean result from ineom- 
petent venous valves, loealized blood vessel bloekage, eonges- 
tive heart failure, or high blood volume. Whatever the cause, 
the abnormally high eapillary hydrostatie pressure intensifies 
filtration at the eapillary beds. 

inereased eapillary permeability is usually due to an ongo- 
ing inflammatory response. Reeall from p. 767 that inflamma- 
tory ehemieals cause loeal eapillaries to beeome very porous, 
allowing large amounts of exudate (eontaining not only elotting 
proteins but also other plasma proteins, nutrients, and imimrne 
elements) to form. 

Edema caused by hindered fluid return to the blood usually 
refleets an imbalanee in the eolloid osmotie pressures on the 
two sides of the eapillary membranes. For example, hypopro- 
teinemia (hi"po-pro"te-ì-ne'me-ah), a eondition of unusually 
low levels of plasma proteins, results in tissue edema because 
protein-defieient plasma has an abnormally low eolloid osmotie 
pressure. Fluids are foreed out of the eapillary beds at the arte- 
rial ends by blood pressure as usual, but fail to return to the 
blood at the venous ends. As a result, the interstitial spaees be- 
eome eongested with fluid. Hypoproteinemia may result from 
protein malnutrition, liver disease, or glomemlonephritis (in 
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©ECF osmotie 
pressure rises 



(a) Consequences of dehydration. If more water than solutes is lost, 
eells shrink. 



Excessive 
H 2 0 enters 
the ECF 





eells 


svve 11 




(b) Consequences of hypotonie hydration (water gain). If more water 
than solutes is gained, eells swell. 

gure 26. Disturbances in water balanee. 


which plasma proteins pass through “leaky” renal filtration 
membranes and are lost in urine). 

Edema ean also result when lymphatie vessels are bloeked 
or have been surgically removed. The small amounts of plasma 
proteins that seep out of the bloodstream do not return to the 
blood as usual. As the leaked proteins accumulate in the IF, they 
exert an ever-inereasing eolloid osmotie pressure, which draws 
fluid from the blood and holds it in the interstitial spaee. 

Edema ean impair tissue fimetion because excess fluid in the 
interstitial spaee inereases the distanee nutrients and oxygen 
must diffuse between the blood and the eells. However, the most 
serious problems resulting from rapid onset of edema affeet the 
cardiovascular system. When fluid leaves the bloodstream and 
accumulates in the interstitial spaee, both blood volume and 
blood pressure deeline and the effieieney of the circulation ean 
be severely impaired. 



Check Your Understanding 


4. What ehange in plasma is most important for triggering 
thirst? Where is that ehange sensed? 

5. ADH, by itself, eannot reduce an inerease in osmolality in 
body fluids. Why not? What other meehanism is required? 

6. For eaeh of the follovving, state vvhether it might result in 
dehydration, hypotonie hydration, or edema: (a) deereased 
synthesis of plasma proteins due to liver failure; (b) copious 
svveating; (e) using eestasy (MDMA), vvhieh promotes ADH 
seeretion. 

_ For ansvvers, see Appendix H. 


Eleetrolyte Balanee 

✓ indieate routes of eleetrolyte entry and loss from the body. 

Deseribe the importanee of sodium in the body's fluid and 
eleetrolyte balanee, and indieate ìts relationship to normal 
cardiovascular system functioning. 

s Deseribe meehanisms involved in regulating sodium 
balanee, blood volume, and blood pressure. 

✓ Explain how potassium, calcium, and anion balanees in 
plasma are regulated. 


Eleetrolytes include salts, aeids, bases, and some proteins, but 
the term eleetrolyte balanee usually refers to salt balanee in the 
body. Salts are important in eontrolling fluid movements and 
provide minerals essential for excitability, seeretory aetivity, and 
membrane permeability. Although many eleetrolytes are emeial 
for eelhilar aetivity, here we will speeifieally examine the regula- 
tion of sodium, potassium, and calcium. In the next seetion we 
will eonsider aeids and bases, which are intimately involved in 
determining the pH of body fluids. 

Salts enter the body in foods and fluids, and small amounts are 
generated during metabolie aetivity. For example, phosphates are 
liberated during eatabolism of nucleic aeids and bone matrix. Ob- 
taining enough eleetrolytes is usually not a problem. Indeed, most 
of us have a far greater taste than need for salt. We shake table salt 
(NaCl) on our food even though natural foods eontain ample 
amounts and proeessed foods eontain exorbitant quantities. The 
taste for very salty foods is learned, but some liking for salt may be 
innate to ensure adequate intake of these two vital ions. 

We lose salts from the body in perspiration, feees, urine, and 
vomit. Even though sweat is normally hypotonie, large amounts 
of salt ean be lost on a hot day simply because more sweat is 
produced. Gastrointestinal disorders ean also lead to large salt 
losses in feees or vomitus. Consequently, the flexibility of renal 
meehanisms that regulate the eleetrolyte balanee of the blood 
is a eritieal asset. Table 26.1 summarizes several causes and 
consequences of eleetrolyte imbalanee. 




Homeostatie imbalanee 26.1 


Severe eleetrolyte defieieneies may prompt a eraving for salty 
or sour foods, such as smoked meats or piekled eggs. This is 
eommon in those with Addisoris disease , a disorder entailing 
defieient mineraloeortieoid hormone production by the adrenal 
cortex. 

When minerals such as iron are defieient, a person may even 
eat substances not usually eonsidered foods, like ehalk, elay, 
stareh, and burnt mateh tips. This appetite for abnormal sub- 
stanees is ealled piea. + 


The Gentral Role of Sodium 
in Fluid and ileetrolyte Balanee 

Sodium holds a eentral position in fluid and eleetrolyte balanee 
and overall body homeostasis. Indeed, regulating the balanee 
between sodium input and output is one of the most important 
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Table 26.1 


ION 


Causes and Consequences of Eleetrolyte imbalanees 


ABNORMALITY 
(SERLIM VALUE) 


POSSIBLE CAUSES 


CONSEQUENCES 


Sodium 


Potassium 


Phosphate 


ehloride 


Calcium 


Magnesium 


Hypernatremia (Na + 
excess: >145 mEq/L) 


Hyponatremia (Na + 
defieit: <135 mEq/L) 


Hyperkalemia (K + 
excess: >5.5 mEq/L) 


Hypokalemia (K + 
defieit: <3.5 mEq/L) 


Hyperphosphatemia 


(HP0 4 z excess: >2.9 
mEq/L) 


Hypophosphatemia 
(HP0 4 
mEq/L) 


defieit: 


1.6 


Hyperehloremia (Cl 
excess: >105 mEq/L) 


Hypoehloremia (Cl“ 
defieit: <95 mEq/L) 


2 + 


Hyperealeemia (Ca 
excess: >5.2 mEq/L or 
10.5 mg%)* 


Hypoealeemia (Ca 2+ 
defieit: <4.5 mEq/L or 
9 mg%)* 


Hypermagnesemia 
(Mg 2+ excess: >2.2 
mEq/L) 

Hypomagnesemia 
(Mg 2+ defieit: <1.4 
mEq/L) 


Dehydration; uncommon in healthy 
individuals; may occur in infants or the 
confused aged (individuals unable to 
indieate thirst) or may result from excessive 
intravenous NaCI administration 

Solute loss, vvater retention, or both (e.g., 
excessive Na + loss through vomiting, 
diarrhea, burned skin, tubal drainage of 
stomaeh, or excessive use of diuretics); 


Thirst. CNS dehydration leads to confusion 
and lethargy progressing to eoma; inereased 
neuromuscular irritability evideneed by 
tvvitehing and convulsions. 


Most eommon signs are those of neurologic 
dysfunction due to brain svvelling. If sodium 
amounts are actually normal but vvater is 
excessive, the symptoms are the same as 


defieieney of aldosterone (Addison's disease); those of vvater excess: mental confusion; 


renal disease; excess ADH release; excess H 2 0 
ingestion 


Renal failure; defieit of aldosterone; rapid 
intravenous infusion of KCI; burns or severe 
tissue injuries that cause K + to leave eells 


giddiness; eoma if development occurs 
slovvly; muscular tvvitehing, irritability, and 
convulsions if the eondition develops rapidly. 
In hyponatremia aeeompanied by vvater loss, 
the main signs are deereased blood volume 
and blood pressure (circulatory shoek). 

Nausea, vomiting, diarrhea; bradyeardia; 
eardiae arrhythmias, depression, and arrest; 
skeletal muscle vveakness; flaeeid paralysis. 


Gastrointestinal traet disturbances (vomiting, Cardiac arrhythmias, flattened T vvave; 


diarrhea), gastrointestinal suction; Cushing's 
syndrome; inadequate dietary intake 
(starvation); hyperaldosteronism; diuretic 
therapy 

Deereased urinary loss due to renal failure; 
hypoparathyroidism; major tissue trauma; 
inereased intestinal absorption 


Deereased intestinal absorption; inereased 
urinary output; hyperparathyroidism 


Dehydration; inereased retention or intake; 
metabolie aeidosis; hyperparathyroidism 


Metabolie alkalosis (e.g., due to vomiting or 
excessive ingestion of alkaline substances); 
aldosterone defieieney 

Hyperparathyroidism; excessive vitamin D; 
prolonged immobilization; renal disease 
(deereased excretion); malignaney 


Burns (calcium trapped in damaged tissues); 
hypoparathyroidism; vitamin D defieieney; 
renal tubular disease; renal failure; 
hyperphosphatemia; diarrhea; alkalosis 


Rare; occurs in renal failure when Mg 2+ is 
not excreted normally; excessive ingestion of 
Mg 2+ -containing antaeids 

Aleoholism; ehronie diarrhea, severe 
malnutrition; diuretic therapy 


muscular weakness; metabolie alkalosis; 
mental confusion; nausea; vomiting. 


eiinieal symptoms arise because of reeiproeal 
ehanges in Ca 2+ levels rather than direetly 
from ehanges in plasma phosphate 
eoneentrations. 


No direet elinieal symptoms; symptoms 
generally assoeiated with the underlying 
cause, which is often related to pH 
abnormalities. 


Deereased neuromuscular excitability leading 
to eardiae arrhythmias and arrest, skeletal 
muscle weakness, confusion, stupor, and 
eoma; kidney stones; nausea and vomiting. 

inereased neuromuscular excitability leading 
to tingling fingers, tremors, skeletal muscle 
eramps, tetany, convulsions; depressed 
excitability of the heart; osteomalaeia; 
fractures. 

Lethargy; impaired CNS functioning, eoma, 
respiratory depression; eardiae arrest. 


Tremors, inereased neuromuscular excitability, 
tetany, convulsions. 


1 mg% = 1 mg/100 ml 
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renal functions. The salts NaHC0 3 and NaCl account for 90- 
95% of all solutes in the ECF, and they contribute about 280 
mOsm of the total ECF solute eoneentration (300 mOsm). 

At its normal plasma eoneentration of about 142 mEq/L, 
Na + is the single most abundant eation in the ECF and the only 
one exerting signifieant osmotie pressure. Additionally, cellular 
plasma membranes are relatively impermeable to Na + (some 
does manage to diífuse in and must be pumped out against its 
eleetroehemieal gradient). These two qualities give sodium the 
primary role in eontrolling ECF volume and water distribution 
in the body. 

Remember: Water follows salt. Because all body fluids are 
in osmotie equilibrium, a ehange in plasma Na + levels affeets 
not only plasma volume and blood pressure, but also ICF and 
IF volumes. In addition, sodium ions continuously move baek 
and forth between the ECF and body seeretions. For example, 
about 8 L of Na + -containing seeretions (gastrie, intestinal, and 
panereatie juice, saliva, bile) are spewed into the digestive traet 
daily, only to be almost eompletely reabsorbed. Finally, renal 
aeid-base eontrol meehanisms (which we will discuss shortly) 
are coupled to Na + transport. 

Sodium Concentration Versus Sodium Content 

For ions other than Na + , their eoneentration in body fluids is 
the only important variable. For Na + , however, both the eon- 
eentration and the total body eontent are important. 

■ Concentration of Na + . The eoneentration of Na + in the ECF 
largely determines the osmolality of ECF fluids and influ- 
enees eleetrieal excitability of neurons and muscles. The eon- 
eentration of Na + normally remains relatively stable because 
water immediately moves by osmosis into or out of the ICF, 
counteracting the ehange in Na + eoneentration. In the long 
term, the ADH and thirst meehanisms eontrol the ECF Na + 
eoneentration by eontrolling water loss or gain. 

■ Content of Na + . The total body eontent of Na + determines 
the ECF volume and therefore blood pressure. Na + eontent 
is regulated by the renin-angiotensin-aldosterone and atrial 
natriuretic peptide (ANP) hormone meehanisms that eon- 
trol Na + reabsorption and excretion (Na + balanee). We will 
review these meehanisms in the next seetion. 

It helps to think about these aspeets of Na + balanee as sepa- 
rate and distinet because they have different roles in homeosta- 
sis (Table 26.2). Nevertheless, there is some overlap between 
them and their meehanisms are intertwined. For example, as 
ECF Na + eontent inereases, ECF osmolality rises as well, which 
triggers the ADH and thirst meehanisms. This inereases water 
retention and intake, simultaneously reducing the Na + eoneen- 
tration and inereasing the ECF volume. 

Regulaf ion of Sodiiim Balanee 

Despite the crucial importanee of sodium, reeeptors that speeif- 
ieally monitor the eoneentration or eontent of Na + in body flu- 
ids have yet to be found. Because regulation of the Na + balanee 
is inseparably linked to blood volume and pressure, ehanges 


Table 26.2 

Sodium Concentration 
and Sodium Content 


ECF Na + 

CONCENTRATION 

BODY Na + CONTENT 

Homeostatie 

importanee 

ECF osmolality 

Blood volume and 
blood pressure 

Sensors 

Osmoreeeptors 

Baroreeeptors 

Regulation 

ADH and thirst 
meehanisms 

Renin-angiotensin- 
aldosterone and 

ANP hormone 
meehanisms* 


*ADH and thirst are also required to maintain blood volume and for long- 
term eontrol of blood pressure. 


in these two variables trigger a variety of neural and hormonal 
eontrols that regulate total body Na + eontent. 


Influence of Aldosterone and Angiotensin II 


The hormone aldosterone cc has the most to say” about renal 
regulation of sodirnn ions. But whether aldosterone is present 
or not, some 65% of the Na + in the renal filtrate is reabsorbed 
in the proximal tubules of the kidneys and another 25% is re- 
elaimed in the nephron loops (see Chapter 25). 

When aldosterone eoneentrations are high, essentially all 
the remaining filtered Na + is aetively reabsorbed in the distal 
convoluted tubules and eolleeting ducts. Consistent with aldo- 
sterones eentral role in maintaining blood volume and blood 
pressure, water always follows Na + . This water eomes from ei- 
ther the intraeelMar fluid or, if ADH is present, from the fil- 
trate in the eolleeting ducts. One way or another, aldosterone 
inereases ECF volume. 

When aldosterone release is inhibited, virtually no Na + re- 
absorption occurs beyond the distal convoluted tubule. IJrinary 
excretion of large amounts of Na + always results in the excre- 
tion of large amounts of water as well, but the reverse is not 
true. Substantial amounts of nearly sodium-free urine ean be 
eliminated as needed to aehieve water balanee. 

The most important trigger for aldosterone release from the 
adrenal cortex is the renin-angiotensin-aldosterone meehanism 
mediated by the juxtaglomerular complex (JGC) of the renal 
tubules. In addition, elevated K + eoneentration in the ECF ean 
direetly stimulate adrenal eortieal eells to release aldosterone 
(Figure 26.8) 

The result of aldosterone release is inereased reabsorption of 
Na + and inereased seeretion of K + . Aldosterone brings about its 
effeets slowly, over a period of hours to days. The prineipal ef- 
feets of aldosterone are to deerease urinary output and inerease 
blood volume. 

Low blood vohime and blood pressure (refleeting deereased 
body Na + eontent) trigger renin release from the granular eells 
of the JGC in three ways shown in Figure 26.10: (1) sympathetie 
stimulation, (2) deereased filtrate NaCl eoneentration, or (3) de- 
ereased streteh of the gramilar eells. Renin eatalyzes the initial 
step in the reaetions that produce angiotensin II. Angiotensin II 
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gure 26.8 Meehanisms and consequences of aldosterone 
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I prods the adrenal cortex to release aldosterone, and also direetly 
inereases Na + reabsorption by kidney tubules. In addition, it has 
a nrnnber of other aetions deseribed in Chapter 19 (pp. 709-710) 
that are all aimed at raising blood volume and blood pressure. 



Homeostatie imbalanee 26.2 


People with Addisons disease (hypoaldosteronism) lose tre- 
mendous amounts of NaCl and water to urine. They are per- 
petually teetering on the brink of hypovolemia, but as long as 
they ingest adequate amounts of salt and fluids, they ean avoid 
problems with Na + balanee. + 


lnfluence of Atrial Natn'uretic Peptide (ANP) 

We ean summarize the influence of atrial natriuretic peptide 
(ANP) in one sentenee: It reduces blood pressure and blood vol- 
ume by inhibiting nearly all events that promote vasoeonstrietion 
and Na + and water retention Figure 26.9). A hormone that is 


released by eertain eells of the heart atria when they are stretehed 
by the effeets of elevated blood pressure, ANP has diuretic and 
natrmretie (salt-excreting) effeets. It promotes excretion of Na + 
and water by the kidneys by inhibiting the ability of the eolleeting 
ducts to reabsorb Na + and by suppressing the release of ADH, 
renin, and aldosterone. Additionally, ANP aets both direetly and 
indireetly (by inhibiting renin-induced generation of angiotensin 
II) to relax vascular smooth muscle, and in this way it causes va- 
sodilation. Collectively, these effeets reduce blood pressure. 

Influence of Other Hormones 

Female Sex Hormones The estrogens are ehemieally similar 
to aldosterone and, like aldosterone, enhanee NaCl reabsorp- 
tion by the renal tubules. Because water follows, many women 
retain fluid as their estrogen levels rise during the menstmal 
eyele. Estrogens are also largely responsible for the edema expe- 
rieneed by many pregnant women. 

Progesterone appears to deerease Na + reabsorption by 
bloeking the effeet aldosterone has on the renal tubules. Thus, 
progesterone has a diuretic-like effeet and promotes Na + and 
water loss. 

Glucocorticoids Glucocorticoids, such as eortisol and hydro- 
eortisol, enhanee tubular reabsorption of Na + , but they also 
promote an inereased glomemlar filtration rate that may mask 
their effeets on the tubules. However, when their plasma levels 
are high, the glucocorticoids exhibit potent aldosterone-like ef- 
feets and promote edema. 

Cardiovascular Baroreeeptors 

Blood volrnne is earefiilly monitored and regulated to maintain 
blood pressure and cardiovascular fimetion. Because Na + eon- 
tent determines fluid volume and fluid volume determines blood 
pressure, the baroreeeptors indireetly monitor Na + eontent. 

As blood volume (and with it, pressure) rises, baroreeeptors 
in the heart and the large vessels of the neek and thorax (earotid 
arteries and aorta) alert the cardiovascular eenters in the brain 
stem. Shortly affer, sympathetie nervous system impulses to the 
kidneys deeline, allowing the afferent arterioles to dilate. As the 
glomemlar filtration rate rises, Na + output and water output 
inerease. This phenomenon, part of the baroreeeptor reflex de- 
seribed in Chapter 19 (pp. 706-707), reduces blood volume and 
blood pressure. 

Drops in systemie blood pressure lead to reflex eonstrietion 
of systemie arterioles inehiding the afferent arterioles, which 
reduces filtrate formation and urinary output and inereases sys- 
temie blood pressure gure 26.1 T . The baroreeeptors pro- 
vide information on the “fiillness” or volume of the circulation 
that is eritieal for maintaining cardiovascular homeostasis. 

Regulation of Potassium Balanee 

Potassium, the ehief intraeelMar eation, is required for normal 
neuromuscular functioning as well as for several essential meta- 
bolie aetivities. Even slight ehanges in K + eoneentration in the 
ECF have profound and potentially life-threatening effeets on 
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gure 26.9 Meehanisms and consequences of ANP release. 

Renin release also inhibits ADH and aldosterone release and henee the effeets of those hormones 




neurons and muscle fìbers because the relative ICF-ECF po- 
tassium eoneentration direetly affeets the resting membrane 
potential of these eells. K + excess in the ECF deereases their 
membrane potential, causing depolarization, often followed by 
reduced excitability. Too little K + in the ECF causes hyperpo- 
larization and nonresponsiveness. 

The heart is particularly sensitive to K + levels. Both too much 
and too little K + (hyperkalemia and hypokalemia, respeetively) 
ean dismpt eleetrieal conduction in the heart, leading to sudden 
death (Table 26.1 and p. 684). 


Potassimn is also part of the body s buffer system, which 
resists ehanges in the pH of body flmds. Shifts of hydrogen 
ions (H + ) into and out of eells induce eorresponding shifts 
of K + in the opposite direetion to maintain eation balanee. 
Consequently, ECF potassimn levels rise with aeidosis, as K + 
leaves and H + enters the eells, and fall with alkalosis, as K + 
enters the eells and H + leaves them to enter the ECF. Although 
these pH-driven shifts do not ehange the total amount of K + 
in the body, they ean seriously interfere with the aetivity of 
excitable eells. 
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I Systemie 
blood pressure/volume 



Figure 26.10 Meehanisms regulating sodium and water balanee help maintain blood 
pressure homeostasis. The thirst meehanism, aetivated by angiotensin II and other faetors, is 
not shovvn (see Figure 26.5). 


Regulatory Site:The Collecting Duct 

Like Na + balanee, K + balanee is maintained ehiefly by renal 
meehanisms. However, there are important differenees in the 
way this balanee is aehieved. The amount of Na + reabsorbed 


in the tubules is preeisely tailored to need, and Na + is never 
seereted into the filtrate. 

In eontrast, the proximal tubules reabsorb about 60-80% of 
the filtered K + , and the thiek aseending limb of the nephron 
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loop absorbs another 10-20% or so regardless of need, leaving 
about 10% at the beginning of the eolleeting ducts. The respon- 
sibility for K + balanee falls ehiefly on the eolleeting ducts. They 
aehieve this balanee mainly by ehanging the amount of K + se- 
ereted into the filtrate. 

As a rule, K + levels in the ECF are sufficiently high that K + 
needs to be excreted, and the prineipal eells of the eortieal eol- 
leeting ducts seerete K + into the filtrate. (At times, the amount 
of K + excreted may actually exceed the amount filtered.) When 
ECF potassium eoneentrations are abnormally low, the renal 
prineipal eells eonserve K + by reducing its seeretion and excre- 
tion to a minimum. Note that these prineipal eells are the same 
eells that mediate aldosterone-induced reabsorption of Na + and 
ADH-stimulated reabsorption of water. 

Additionally, type A interealated eells , a unique population 
of eolleeting duct eells, ean reabsorb some of the K + left in the 
filtrate (in conjunction with aetive seeretion of H + ), thereby 
helping to reestablish K + (and pH) balanee. However, keep in 
mind that the main thrnst of renal regulation of K + is to excrete 
it. Because the kidneys have a limited ability to retain K + , it may 
be lost in urine even in the faee of a defieieney. Consequently, 
people who dont eat potassium-rich foods ean eventually de- 
velop a severe defieieney. 

Influence of Plasma Potassium Concentration 

The single most important faetor influencing K + seeretion is the 
K + eoneentration in the ECF. A high-potassium diet inereases 
the K + eontent of the ECF. This favors entry of K + into the prin- 
eipal eells of the eortieal eolleeting duct and prompts them to 
seerete K + into the filtrate so that more of it is excreted. Con- 
versely, a low-potassium diet or aeeelerated K + loss depresses 
its seeretion (and promotes its limited reabsorption) by the eol- 
leeting ducts. 

Influence of Aldosterone 

The seeond faetor influencing K + seeretion into the filtrate is al- 
dosterone. As it stimulates the prineipal eells to reabsorb Na + , al- 
dosterone simultaneously enhanees K + seeretion (see Figure 26.8). 
Adrenal eortieal eells are direetly sensitive to the K + eontent of the 
ECF bathing them. When it inereases even slightly, the adrenal eor- 
tex is strongly stimvilated to release aldosterone, which inereases 
K + seeretion by the exchange proeess we just deseribed. The result 
is that K + eontrols its own eoneentrations in the ECF via feedbaek 
regiilation of aldosterone release. 

Aldosterone is also seereted in response to the renin- 
angiotensin-aldosterone meehanism previously deseribed. 
Given the opposing effeets of aldosterone on plasma Na + and 
K + , you might expect that Na + - and volume-driven ehanges in 
aldosterone would disrupt K + balanee. This generally does not 
occur because other eompensatory meehanisms in the kidneys 
maintain plasma K + . 


the body is normal. In the absenee of aldosterone, hyperkalemia 
is swiff and lethal regardless of K + intake (Table 26.1). Conversely, 
when a person has an adrenoeortieal tumor that pumps out tre- 
mendous amounts of aldosterone, ECF potassium levels fall so 
low that neurons all over the body hyperpolarize and paralysis 
occurs. + 


Regulation of Calcium 
and Phosphate Balanee 

About 99% of the body s ealeimn is found in bones in the form 
of calcium phosphate salts, which make the skeleton rigid and 
strong. The bony skeleton provides a dynamie reservoir from 
which calcium and phosphate ean be withdrawn or deposited to 
maintain the balanee of these eleetrolytes in the ECF. 



Homeostatie imbalanee 26.4 


ionie calcium in the ECF is important for normal blood elot- 
ting, eell membrane permeability, and seeretory behavior, but 
its most important effeet by far is on neuromuscular excitability. 
Hypoealeemia inereases excitability and causes muscle tetany. 
Hyperealeemia is equally dangerous because it inhibits neu- 
rons and muscle eells and may cause life-threatening eardiae 
arrhythmias (Table 26.1). + 


ECF calcium ion levels are elosely regulated by parathyroid 
hormone (PTH), and rarely deviate from normal limits. (The 
hormone ealeitonin, produced by the thyroid, is often thought 
of as a calcium-lowering hormone, but, as we discussed in 
Chapter 16, its effeets on blood calcium levels in humans are 
negligible.) Parathyroid hormone is released by the tiny para- 
thyroid glands loeated on the posterior aspeet of the thyroid 
gland in the neek. Deelining plasma levels of Ca 2+ direetly stim- 
ulate the parathyroid glands to release PTH, which promotes an 
inerease in calcium levels by targeting the following organs (see 
also Figure 16.13 on p. 611): 

■ Bones. PTH aetivates bone-digesting osteoelasts, which 
break down the bone matrix, releasing Ca 2+ and HP0 4 2_ to 
the blood. 



■ Kidneys. PTH inereases Ca 2+ reabsorption by the renal tu- } 
bules while deereasing phosphate ion reabsorption. In this 
way, calcium eonservation and phosphate excretion go hand 
in hand. The mathematiealproduct of Ca 2+ and HP0 4 2 ~ eon- 
eentrations ([Ca 2+ ] X [HP0 4 2- ]) in the ECF remains eon- 
stant, preventing calcium-salt deposits in bones or soff body 
tissues. 


■ Small intestine. PTH enhanees intestinal absorption of Ca 2+ 
indireetly by stimulating the kidneys to transform vitamin D 
to its aetive form, which is neeessary for the small intestine to 
absorb Ca 2+ . 



Homeostatie imbalanee 26.3 


To reduce their NaCl intake, many people have turned to salt sub- 
stitutes, which are high in potassimn. However, heavy consump- 
tion of these substitutes is safe only when aldosterone release in 


Most Ca 2+ is reabsorbed passively in the PCT via difffision 
through the paracellular route (a proeess driven by its eleetro- 
ehemieal gradient). However, as with other ions, Ca 2+ reab- 
sorption is fine-tuned in the distal nephron. PTH-regulated 
Ca 2+ ehannels eontrol Ca 2+ entry into DCT eells at the apieal 


1004 


UNIT 4 Maintenanee of the Body 


membrane, while Ca 2+ pumps and antiporters export it at the 
basolateral membrane. Under normal circumstances about 98% 
of the filtered Ca 2+ is reabsorbed owing to the aetion of PTH. 

As a rule, 75% of the filtered phosphate ions (including 
H 2 P0 4 _ , HP0 4 2_ , and P0 4 3- ) are reabsorbed in the PCT by 
seeondary aetive transport. Phosphate reabsorption is set by its 
transport maximum. Amounts over that maximum simply flow 
out in urine. PTH inhibits aetive transport of phosphate by de- 
ereasing its transport maximum. 

When ECF calcium levels are within normal limits (9-11 
mg/100 ml of blood) or higher, PTH seeretion is inhibited. Con- 
sequently, release of Ca 2+ from bone is inhibited, more Ca 2+ is 
lost in feees and urine, and more phosphate is retained. Hor- 
mones other than PTH alter phosphate reabsorption. For exam- 
ple, insulin inereases it while glucagon deereases it. 


Regiilafion of Anions 

Chloride is the major anion aeeompanying Na + in the ECF 
and, like sodium, Cl _ helps maintain the osmotie pressure of 
the blood. When blood pH is within normal limits or slightly 
alkaline, about 99% of filtered Cl _ is reabsorbed. In the PCT, 
it moves passively and simply follows sodmm ions out of the 
filtrate and into the peritubular eapillary blood. In most other 
tubule segments, Na + and Cl _ transport are coupled. 

When aeidosis occurs, less Cl _ aeeompanies Na + because 
HC0 3 _ reabsorption is stepped up to restore blood pH to its 
normal range. Thus, the ehoiee between Cl _ and HC0 3 _ serves 
aeid-base regulation. Most other anions, such as sulfates and 
nitrates, have transport maximums, and when their eoneentra- 
tions in the filtrate exceed the amount that ean be reabsorbed, 
the excess spills into urine. 




Check Your IJnderstanding 



7. Jaeob has Addison's disease (insuffieient aldosterone release). 
How does this affeet his plasma Na + and K + levels? How 
does this affeet his blood pressure? Explain. 

8. Renal handling of Na + ean be summed up as "The kidneys 
reabsorb almost all of the Na + as filtrate passes through its 
tubules." Make a similar summary for K + . 

9. Which hormone is the major regulator of Ca 2+ in the blood? 
What are the effeets of hyperealeemia? Hypoealeemia? 


For ansvvers, see Appendix H. 


Aeid-Base Balanee 

List important sources of aeids in the body. 

Because of their abundant hydrogen bonds, all fimetional pro- 
teins (enzymes, hemoglobin, eytoehromes, and others) are in- 
fhieneed by H + eoneentration. It follows then that nearly all 
bioehemieal reaetions are influenced by the pH of their fluid en- 
vironment, and the aeid-base balanee of body flmds is elosely 
regulated. (For a review of the basie prineiples of aeid-base reae- 
tions and pH, see Chapter 2.) 


Optimal pH varies from one body fluid to another, but not 
by much. The normal pH of arterial blood is 7.4, that of venous 
blood and IF is 7.35, and that of ICF averages 7.0. The lower pH 
in eells and venous blood refleets their greater amounts of aeidie 
metabolites and earbon dioxide, which eombines with water to 
form earbonie aeid, H 2 C0 3 . 

Whenever the pH of arterial blood rises above 7.45, a person 
is said to have alkalosis (aT'kah-lo'sis) or alkalemia. A drop 
in arterial pH below 7.35 results in aeidosis (as"i-do'sis) or 
aeidemia. Because pH 7.0 is neutral, ehemieally speaking 7.35 
is not aeidie. However, it is a higher-than-optimal H + eoneen- 
tration for most eells, so any arterial pH between 7.0 and 7.35 is 
ealled physiologieal aeidosis. 

Although small amounts of aeidie substances enter the body 
via ingested foods, most hydrogen ions originate as metabolie 
by-products or end products. For example: 

■ Breakdown of phosphoms-eontaining proteins releases 
phosphorie aeid into the ECF. 

■ Anaerobie respiration of glucose produces laetie aeid. 

■ Fat metabolism yields other organie aeids, such as fatty aeids 
and ketone bodies. 

■ Foading and transport of earbon dioxide in the blood as 
HC0 3 _ liberates hydrogen ions. 

The H + eoneentration in blood is regulated sequentially by 
(1) ehemieal buffers, (2) brain stem respiratory eenters, and (3) 
renal meehanisms. Chemical buffers, the first line of defense, aet 
within a fraetion of a seeond to resist pH ehanges. Within 1-3 
minutes, ehanges in respiratory rate and depth occur to eom- 
pensate for aeidosis or alkalosis. The kidneys, the bodys most 
potent aeid-base regulatory system, ordinarily require hours to 
a day or more to alter blood pH. 

Chemical Buffer Systems 

✓ List the three major ehemieal buffer systems of the body 
and deseribe howthey resist pH ehanges. 

Reeall that aeids ar eproton donors , and that the aeidity of a sohition 
refleets only the free hydrogen ions, not those bound to anions. 
Strong aeids dissoeiate eompletely and liberate all their H + in water 
(Figure 26.11a' . They ean dramatieally ehange a sohitions pH. 
By eontrast, weak aeids dissoeiate only partially (Figure 26.1 lb). 
Aeeordingly, they have a much smaller effeet on pH. However, 
weak aeids are effieient at preventing pH ehanges, and this feature 
allows them to play important roles in ehemieal buffer systems. 

Bases are proton aeeeptors. Strong bases are those that dis- 
soeiate easily in water and quickly tie up H + . Conversely, weak 
bases are less likely to aeeept protons. 

A ehemieal buffer is a system of one or more compounds 
that resists ehanges in pH when a strong aeid or base is added. 
They do this by binding to H + whenever the pH drops and re- 
leasing them when pH rises. 

The three major ehemieal buffer systems in the body are the 
biearbonate, phosphate , and protein buffer systems. Anything 
that causes a shiff in H + eoneentration in one fluid eompart- 
ment simultaneously causes a ehange in the others. As a result, 





the buffer systems actually buffer one another, so the entire 
buffer system resists any drifts in pH. 

Biearbonate Buffer System 

The biearbonate buffer system is a mixture of earbonie aeid 
(H 2 C0 3 ) and its salt, sodium biearbonate (NaHC0 3 , a weak 
base), in the same sohition. Although it also buffers the ICF, it is 
the only important ECF buffer. 

Carbonic aeid, a weak aeid, does not dissoeiate to any great 
extent in neutral or aeidie solutions. When a strong aeid such 
as HC1 is added to this buffer system, the existing earbonie aeid 
remains intaet. However, the biearbonate ions of the salt aet as 
weak bases to tie up the H + released by the stronger aeid (HC1), 
forming more earbonie aeid: 

HC1 + NaHC0 3 -> H 2 C0 3 + NaCl 

strong aeid weak base weak aeid salt 

Because it is eonverted to the weak aeid H 2 C0 3 , HC1 lowers the 
pH of the sohition only slightly. 

When a strong base such as sodium hydroxide (NaOH) is 
added to the same buffer solution, a weak base such as sodium 
biearbonate (NaHC0 3 ) does not dissoeiate further under the al- 
kaline eonditions. However, the added base forees the earbonie 
aeid to dissoeiate further, donating more H + to tie up the OH“ 
released by the strong base: 

NaOH + H 2 C0 3 -> NaHCO s + H 2 0 

strong base weak aeid weak base water 

The net result is that a weak base (NaHC0 3 ) replaees a strong 
base (NaOH), so the pH of the solution rises very little. 

Although the biearbonate salt in the example is sodium bi- 
earbonate, other biearbonate salts function in the same way be- 
cause HC0 3 ~ is the important ion, not the eation it is paired 
with. In eells, where little Na + is present, potassium and mag- 
nesium biearbonates are part of the biearbonate buffer system. 

The buffering power of this type of system is direetly related 
to the eoneentrations of the buffering substances. If enough aeid 
enters the blood so that all the available HC0 3 “ ions, often re- 
ferred to as the alkaline reserve, are tied up, the buffer system 
beeomes ineffeetive and blood pH ehanges. 

The biearbonate ion eoneentration in the ECF is normally 
around 25 mEq/L and is elosely regulated by the kidneys. The 
eoneentration of H 2 C0 3 is just over 1 mEq/L but the supply 
of H 2 C0 3 (which eomes from the C0 2 released during cellular 
respiration) is almost limitless, so obtaining that member of the 
buffer pair is usually not a problem. The H 2 C0 3 eontent of the 
blood is subject to respiratory eontrols. 

Phosphate Buffer System 

The operation of the phosphate buffer system is nearly identieal 
to that of the biearbonate buffer. The eomponents of the phosphate 
system are the sodium salts of dihydrogen phosphate (H 2 P0 4 _ ) 
and monohydrogen phosphate (HP0 4 2_ ). NaH 2 P0 4 aets as a weak 
aeid. Na 2 HP0 4 , with one less hydrogen atom, aets as a weak base. 

Again, H + released by strong aeids is tied up in weak aeids: 

HC1 + Na 2 HP0 4 -> NaH 2 P0 4 + NaCl 

strong aeid weak base weak aeid salt 
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H + Cr 


(a) A strong aeid such as 
HCI dissoeiates 
eompletely into its ions. 



(b) A weak aeid such as 
H 2 C0 3 does not 
dissoeiate eompletely. 


gure 26.11 Dissoeiation of strong and weak aeids in 
water. HCI: hydroehlorie aeid; H 2 C0 3 : earbonie aeid. llndissoeiated 
molecules are shown in eolored ovals. 


and strong bases are eonverted to weak bases: 

NaOH + NaH 2 P0 4 -> Na 2 HP0 4 + H 2 0 

strong base weak aeid weak base water 

Because the phosphate buffer system is present in low eoneen- 
trations in the ECF (approximately one-sixth that of the biear- 
bonate buffer system), it is relatively unimportant for buffering 
blood plasma. However, it is a very effeetive buffer in urine and 
in ICF, where phosphate eoneentrations are usually higher. 

Protein Buffer System 

Proteins in plasma and in eells are the body s protein buffer sys- 
tem. In faet, at least three-quarters of all the buffering power of 
body fluids resides in eells, and most of this refleets the powerful 
buffering aetivity of intracellular proteins. 

As deseribed in Chapter 2, proteins are polymers of amino 
aeids. Some of the linked amino aeids have exposed groups of 
atoms ealled carboxyl groups (—COOH), organie aeid groups 
that release H + when the pH begins to rise: 

R—COOH -> R—COO - + H + 

(Note that R indieates the rest of the organie molecule, which 
eontains many atoms.) 

Other amino aeids have exposed groups that ean aet as bases 
and aeeept H + . For example, an exposed —NH 2 group ean bind 
with a hydrogen ion, beeoming —NH 3 + : 

R—NH 2 + H + -> R—NH 3 + 

Because this binding removes free hydrogen ions from the so- 
lution, it prevents the sohition from beeoming too aeidie. Conse- 
quently, a single protein molecule ean ftmetion reversibly as either 
an aeid or a base depending on the pH of its environment. Molecules 
with this ability are ealled amphoterie moleailes (am"fo-ter'ik). 
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Hemoglobin in red blood eells is an excellent example of a 
protein that fimetions as an intracellular buffer. As we explained 
in Chapter 22 (p. 829), C0 2 released from the tissues forms 
H 2 C0 3 , which dissoeiates to liberate H + and HC0 3 _ in the 
blood. Meanwhile, hemoglobin is unloading oxygen, beeoming 
reduced hemoglobin, which earries a negative eharge. Because 
H + rapidly binds to the hemoglobin anions, pH ehanges are 
minimized. In this ease, earbonie aeid, a weak aeid, is buffered 
by an even weaker aeid, hemoglobin. 


Resp ratory Regulat on of H 

Deseribe the influence of the respiratory system on aeid- 
base balanee. 
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The respiratory and renal systems together form the physiologi- 
eal buffering systems that eontrol pH by regulating the amount of 
aeid or base in the body. Although physiologieal buffer systems aet 
more slowly than ehemieal buffer systems, they have many times 
the buffering power of all the body s ehemieal buffers eombined. 

As we deseribed in Chapter 22, the respiratory system elimi- 
nates C0 2 , an aeid, from the blood while replenishing its supply 
of 0 2 . Carbon dioxide generated by cellular respiration enters 
erythroeytes in the circulation and is eonverted to biearbonate 
ions for transport in the plasma: 


earbonie 

anhydrase 


co 2 + 


H.O 


- HoCO 


earbonie 

aeid 


- H 


+ 


+ hco 3 ~ 

biearbonate 


lon 


The fìrst set of double arrows indieates a reversible equilibrium 
between dissolved earbon dioxide and water on the left and ear- 
bonie aeid on the right. The seeond set indieates a reversible 
equilibrium between earbonie aeid on the leff and hydrogen 
and biearbonate ions on the right. Because of these equilibria, 
an inerease in any of these ehemieal speeies pushes the reaetion 
in the opposite direetion. Notiee also that the right side of the 
equation is equivalent to the biearbonate buffer system. 

Healthy individuals expel C0 2 from the hrngs at the same 
rate it is formed in the tissues. During earbon dioxide unload- 
ing, the reaetion shifts to the left, and H + generated from ear- 
bonie aeid is reineorporated into water. Because of the protein 
buffer system, H + produced by C0 2 transport is not allowed to 
accumulate and has little or no effeet on blood pH. 

If P C02 rises, it aetivates medullary ehemoreeeptors (via 
eerebral aeidosis promoted by excessive accumulation of 
C0 2 ) that respond by inereasing respiratory rate and depth 
(see Figure 22.25, p. 836). Additionally, a rising plasma H + 
eoneentration resulting from any metabolie proeess excites 
the respiratory eenter indireetly (via peripheral ehemoreeep- 
tors) to stimulate deeper, more rapid respiration. As ventila- 
tion inereases, more C0 2 is removed from the blood, pushing 
the reaetion to the left and reducing the H + eoneentration. 

When blood pH rises, the respiratory eenter is depressed. As 
respiratory rate drops and respiration beeomes shallower, C0 2 
accumulates, pushing the equilibrium to the right and causing 
the H + eoneentration to inerease. Again blood pH is restored to 


the normal range. These respiratory system-mediated eorree- 
tions of blood pH are aeeomplished within a minute or so. 

Changes in alveolar ventilation ean produce dramatie 
ehanges in blood pH—far more than is needed. For example, 
doubling alveolar ventilation ean raise blood pH by about 0.2 
pH unit. Likewise, cutting alveolar ventilation in half ean lower 
blood pH by the same amount. Because normal arterial pH is 
7.4, a ehange of 0.2 pH unit yields a blood pH of 7.6 or 7.2— 
both well beyond the normal limits. Respiratory eontrols of 
blood pH have a tremendous reserve eapaeity because alveolar 
ventilation ean rise about 15-fold or fall (briefly) to zero. 

Anything that impairs respiratory system functioning causes 
aeid-base imbalanees. For example, net earbon dioxide reten- 
tion (hypoventilation) leads to aeidosis. On the other hand, 
hyperventilation, which causes net elimination of C0 2 , causes 
alkalosis. When respiratory system problems cause the pH im- 
balanee, the resulting eondition is either respiratory aeidosis or 
respiratory alkalosis (see Table 26.3 on p. 1010). 



Check Your IJnderstanding 


10. Define aeidemia and alkalemia. 

11. To minimize a shift in pH brought about by adding a 
strong aeid to a solution, would it be better if the solution 
eontained a weak base or a strong base? 

12. What are the body's three major ehemieal buffer systems? 
What is the most important buffer inside eells? 

13. Joanne, a diabetie patient, is at the emergeney department 
with aeidosis due to the production of ketone bodies. Would 
you expect her ventilation to be inereased or deereased? Why? 

_ For ansvvers, see Appendix H. 


Renal Meehanisms of Aeid-Base Balanee 

Deseribe howthe kidneys regulate hydrogen and 

biearbonate ion eoneentrations in the blood. 

The ultimate aeid-base regulatory organs are the kidneys, which 
aet slowly but surely to eompensate for aeid-base imbalanees re- 
sulting from variations in diet or metabolism, or disease. Chem- 
ieal buffers ean tie up excess aeids or bases temporarily, but they 
eannot eliminate them from the body. And while the hrngs ean 
dispose of the volatile aeid earbonie aeid by eliminating C0 2 , 
only the kidneys ean rid the body of other aeids generated by 
cellular metabolism: phosphorie, uric, and laetie aeids, and ke- 
tone bodies. These aeids are referred to as nonvolatile (fixed) 
aeids. Additionally, only the kidneys ean regulate blood levels 
of alkaline substances and renew ehemieal buffers that are used 
up in regulating H + levels in the ECF. 

The most important renal meehanisms for regulating aeid- 
base balanee of the blood involve (1) eonserving (reabsorbing) 
or generating new HC0 3 _ , and (2) excreting HC0 3 _ . If we look 
baek at the equation for the earbonie aeid-biearbonate buffer sys- 
tem, we ean see that losing a HC0 3 _ from the body produces the 
same net effeet as gaining a H + , because it pushes the equation to 
the right, inereasing the H + level. By the same token, generating 
or reabsorbing HC0 3 _ is the same as losing H + because it pushes 
the equation to the left, deereasing the H + level. For this reason, 
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H 2 CO b- 



H 2 CO b is quickly split, forming 
and biearbonate ion (HC0 3 _ ). 



is seereted into the filtrate. 


@ For eaeh H + seereted, a HC0 3 “ 
enters the peritubular eapillary 
blood either via symport vvith Na + 
or via antiport vvith Cl“. 


(^Seereted H + eombines vvith 
HC0 3 “ in the filtrate, forming 
earbonie aeid (H 2 C0 3 ). HC0 3 ~ 
disappears from the filtrate at the 
same rate that HC0 3 “ (formed 
vvithin the tubule eell) enters the 
peritubular eapillary blood. 


(5)The H 2 C0 3 formed in the 
filtrate dissoeiates to release C0 2 
and H 2 0. 

® C0 2 diffuses into the tubule 
eell, vvhere it triggers further H + 
seeretion. 


Figure 26.12 Reabsorption of filtered HC0 3 is coupled to H + seeretion. 

*The breakdovvn of H 2 C0 3 to C0 2 and H 2 0 in the tubule lumen is eatalyzed by earbonie anhydrase only in 
the PCT. 


to reabsorb biearbonate, the kidney has to seerete H + , and when 
it excretes excess HC0 3 _ , H + is retained (not seereted). 

Because the meehanisms for regulating aeid-base bal- 
anee depend on H + being seereted into the filtrate, we eon- 
sider that proeess first. Seeretion of H + occurs mainly in the 
PCT and in type A interealated eells of the eolleeting duct. 
The H + seereted eomes from the dissoeiation of earbonie 
aeid, ereated from the eombination of C0 2 and water within 
the tubule eells, a reaetion eatalyzed by earbonie anhydrase 
( : i jure 26.12 (T), (?■). As H + is seereted into the lumen of 
the PCT, Na + is reabsorbed from the filtrate, maintaining the 
eleetrieal balanee (Figure 26.12 (§a ). 

The rate of H + seeretion rises and falls with C0 2 levels in 
the ECF. The more C0 2 in the peritubular eapillary blood, the 
faster the rate of H + seeretion. Because blood C0 2 levels di- 
reetly relate to blood pH, this system ean respond to both ris- 
ing and falling H + eoneentrations. Notiee that seereted H + ean 
eombine with HC0 3 _ in the filtrate, generating C0 2 and water 
(Figure 26.12 0 ), (K ). In this ease, H + is bound in water. The 
rising eoneentration of C0 2 in the filtrate ereates a steep diffu- 
sion gradient for its entry into the tubule eell, where it promotes 
still more H + seeretion (Figure 26.12 (6 ). 

Conserving Filtered Biearbonate lons: 

Biearbonate Reabsorption 

Biearbonate ions (HC0 3 _ ) are an important part of the biearbo- 
nate buffer system, the most important inorganie blood buffer. 
If this reservoir of base, the alkaline reserve , is to be maintained, 


the kidneys must do more than just eliminate enough hydro- 
gen ions to counter rising blood H + levels. Depleted stores of 
HC0 3 _ have to be replenished. This task is more complex than 
it seems because the tubule eells are almost eompletely imper- 
meable to the HC0 3 ~ m the filtrate—they eannot reabsorb it. 

However, the kidneys ean eonserve filtered HC0 3 “ in a 
rather roundabout way. As you ean see, dissoeiation of earbonie 
aeid liberates HC0 3 _ as well as H + (Figure 26.12 (2)). Although 
the tubule eells eannot reelaim HC0 3 _ direetly from the fil- 
trate, they ean and do shunt HC0 3 _ generated within them (as 
a result of splitting H 2 C0 3 ) into the peritubular eapillary blood. 
HC0 3 _ leaves the tubule eell either aeeompanied by Na + or 
in exchange for Cl _ (Figure 26.12 (3b)). H + is aetively seereted, 
mostly by a Na + -H + antiporter, but also by a H + ATPase (Fig- 
ure 26.12 @ ). In the filtrate, H + eombines with filtered HC0 3 _ , 
as we saw earlier (Figure 26.12 0 ), (5 ). For this reason, reab- 
sorption of HC0 3 _ depends on the aetive seeretion of H + . 

In short, for eaeh filtered HC0 3 _ that “disappears” from the 
filtrate, a HC0 3 _ generated within the tubule eells enters the 
blood—a one-for-one exchange. When large amounts of H + are 
seereted, eorrespondingly large amounts of HC0 3 _ enter the 
peritubular blood. The net effeet is to remove HC0 3 _ almost 
eompletely from the filtrate. 
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Generating New Biearbonate lons 

Two renal meehanisms eommonly earried out by eells of the 
PCT and eolleeting ducts generate new HC0 3 _ that ean be 
added to plasma. Both meehanisms involve renal excretion of 
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j) H + is seereted into the filtrate 
by a H + ATPase pump. 


@ For eaeh H + seereted, a HC0 3 ~ 
enters the peritubular eapillary 
blood via an antiport earrier in a 
HC0 3 ~-Cr exchange proeess. 
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Figure 26.13 New HC0 3 is generated via buffering of seereted H + by HP0 4 2 
(monohydrogen phosphate). 
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aeid, via seeretion and excretion of either H + or ammonium ions 
in urine. Let s examine how these meehanisms differ. 

As long as fdtered biearbonate is reelaimed, as we saw in 
Figure 26.12, the seereted H + is not excreted or lost from the 
body in urine. Instead, the H + is buffered by HC0 3 _ in the 
filtrate and ultimately beeomes part of water molecules (most 
of which are reabsorbed). 

However, onee the filtered HC0 3 _ is a used up ’ (usually by 
the time the filtrate reaehes the eolleeting ducts), any addi- 
tional H + seereted is excreted in urine. More offen than not, 
this is the ease. 

Reelaiming filtered HC0 3 _ simply restores the biearbonate 
eoneentration of plasma that exists at the time. However, me- 
tabolism of food normally releases new H + into the body. This 
additional H + uses up HC0 3 _ and so must be balaneed by gen- 
erating new HC0 3 _ (as opposed to filtered HC0 3 _ ) that moves 
into the blood to counteract aeidosis. This proeess of alkaliniz- 
ing the blood is the way the kidneys eompensate for aeidosis. 


Via Excretion of Buffered H + Binding H + to buffers in the 
filtrate minimizes the H + eoneentration gradient, allowing the 
proton pumps of the type A interealated eells to seerete the large 
mimbers of H + that the body must get rid of to prevent aeidosis. 
(H + seeretion eeases when urine pH falls to 4.5 because the pro- 
ton pumps eannot pump against this large gradient.) The most 
important urine buffer is the phosphate buffer system , speeifi- 
eally its weak base monohydrogen phosphate (HP0 4 2_ ). 

The eomponents of the phosphate buffer system filter freely 
into the tubules, and about 75% of the filtered phosphate is 


reabsorbed. However, their reabsorption is inhibited during 
aeidosis. As a result, the buffer pair beeomes more and more 
eoneentrated as the filtrate moves through the renal tubules. 

As shown in Figure 26.13 (§a), the type A interealated eells 
seerete H + aetively via a H + ATPase pump and via a K + -H + 
antiporter (not illustrated). The seereted H + eombines with 
HP0 4 2_ , forming H 2 P0 4 _ which then flows out in urine (Fig- 
ure 26.13 (?) and (5 ). 

Biearbonate ions generated in the eells during the same reae- 
tion move into the interstitial spaee via a HC0 3 _ — Cl _ antiport 
proeess and then move passively into the peritubular eapillary 
blood (Figure 26.13 @ ). Notiee again that when H + is being ex- 
ereted, “brand new” biearbonate ions are added to the blood— 
over and above those reelaimed from the filtrate. As you ean 
see, in response to aeidosis, the kidneys generate new HC0 3 _ 
and add it to the blood (alkalinizing the blood) while adding an 
equal amount of H + to the filtrate (aeidifying the urine). 

Via NH 4 + Excretion The seeond and more important meeha- 
nism for excreting aeid uses the ammonium ion (NH 4 + ) pro- 
duced by glutamine metabolism in PCT eells. Ammonium ions 
are weak aeids that donate few H + at physiologieal pH. 

As ie iire 26.14 step (T) shows, for eaeh glutamine metabo- 
lized (deaminated, oxidized, and aeidified by eombining with H + ), 
two NH 4 + and two HC0 3 _ result. The HC0 3 ~ moves through the 
basolateral membrane into the blood (Figure 26.14 @). The NH 4 + , 
inturn,isexcretedandlostinurine(Figure26.14 @ , ? )• Aswith 
the phosphate buffer system, this buffering meehanism replenishes 
the alkaline reserve of the blood, because the newly made HC0 3 _ 
enters the blood as NH 4 + is seereted. 
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Figure 26.14 New HC0 3 is generated via glutamine metabolism and NH 4 + seeretion. 


Biearbonate lon Seeretion 

When the body is in alkalosis, another population of interea- 
lated eells (type B) in the eolleeting ducts exhibit net HC0 3 _ 
seeretion (rather than net HC0 3 ~ reabsorption) while reelaim- 
ing H + to aeidify the blood. Overall we ean think of the type B 
eells as “flipped” type A eells, and we ean visualize the HC0 3 _ 
seeretion proeess as the exact opposite of the HC0 3 ~ reabsorp- 
tion proeess illustrated in Figure 26.12. However, the predomi- 
nant proeess in the nephrons and eolleeting ducts is HC0 3 _ 
reabsorption, and even during alkalosis, much more HC0 3 _ is 
eonserved than excreted. 




Check Your IJnderstanding 

14. Reabsorption of HC0 3 “ is always tied to the seeretion of 
which ion? 

15. What is the most important urinary buffer of H + ? 

16. List the two meehanisms by which tubule and eolleeting duct 


eells generate new HCO 


For answers, see Appendix Fì. 


Abnormalities of Aeid-Base Balanee 

Distinguish between aeidosis and alkalosis resulting from 
respiratory and metabolie faetors. Deseribe the importanee of 
respiratory and renal eompensations to aeid-base balanee. 


p. 1011 discusses methods for determining the cause of an aeid- 
base disturbance and whether it is being eompensated (whether 
the lungs or kidneys are taking steps to eorreet the imbalanee). 


Respiratory Aeidosis and Alkalosis 

Respiratory pH imbalanees result from some faihire of the respira- 
tory system to perform its normal pH-balaneing role. The partial 
pressure of earbon dioxide (Pco 2 ) ls the single most important in- 
dieator of the adequacy of respiratory function. When respiratory 
function is normal, the P C02 fluctuates between 35 and 45 mm Hg. 
Generally speaking, values above 45 mm Hg indieate respiratory 
aeidosis, and values below 35 mm Hg signal respiratory alkalosis. 

Respiratory aeidosis is a eommon cause of aeid-base imbal- 
anee. It most often occurs when a person breathes shallowly or 
when gas exchange is hampered by diseases such as pneumonia, 
eystie fibrosis, or emphysema. Under such eonditions, C0 2 ae- 
cumulates in the blood. Thus, respiratory aeidosis is eharaeter- 
ized by falling blood pH and rising P C o 2 * 

Respiratory alkalosis results when earbon dioxide is elimi- 
nated from the body faster than it is produced. This is ealled 
hyperventilation (see p. 836), and results in the blood beeom- 
ing more alkaline. While respiratory aeidosis is frequently asso- 
eiated with respiratory system pathology, respiratory alkalosis is 
often due to stress or pain. 
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Metabolie Aeidosis and Alkalosis 


All eases of aeidosis and alkalosis ean be elassed aeeording to Metabolie pH imbalanees inelnde all abnormalities of aeid-base 

eanse as respiratory or metabolie (Table 26.3). A Ooser Look on imbalanee except those eansed by too mneh or too little earbon 
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Table 26.3 Causes and Consequences of Aeid-Base imbalanees 


CONDITION AND HALLMARK 


POSSIBLE CAUSES; COMMENTS 


Respiratory Aeidosis (Hypoventilation) 


If uncompensated 
(uncorrected): 

P C o 2 >45 mm Hg; 
pH <7.35 


Impaired lung function (e.g., ehronie bronehitis, eystie fibrosis, emphysema): impaired gas exchange or alveolar 
ventilation 

Impaired ventilatory movement: paralyzed respiratory muscles, ehest injury, extreme obesity 

Nareotie or barbiturate overdose or injury to brain stem: depression of respiratory eenters, resulting in 
hypoventilation and respiratory arrest 

Respiratory Alkalosis (Hyperventilation) 


If uncompensated: 
P C o 2 <35 mm Hg; 
pH >7.45 


Strong emotions: pain, anxiety, fear, panie attaek 

Hypoxemia: asthma, pneumonia, high altitude; represents effort to raise Pq 2 at the expense of excessive CO 
excretion 

Brain tumor or injury: abnormal respiratory eontrols 


Metabolie Aeidosis 

If uncompensated: 

mEq/L; 



HC0 3 " 
pH <7.35 


Severe diarrhea: biearbonate-rieh intestinal (and panereatie) seeretions rushed through digestive traet before 
their solutes ean be reabsorbed; biearbonate ions are replaeed by renal meehanisms that generate new 
biearbonate ions 

Renal disease: failure of kidneys to rid body of aeids formed by normal metabolie proeesses 

Untreated diabetes mellitus: laek of insulin or inability of tissue eells to respond to insulin, resulting in inability 
to use glucose; fats are used as primary energy fuel, and ketoaeidosis occurs 

Starvation: laek of dietary nutrients for cellular fuels; body proteins and fat reserves are used for energy—both 
yield aeidie metabolites as they are broken down for energy 

Excess aleohol ingestion: results in excess aeids in blood 


Metabolie Alkalosis 

If uncompensated: 
HC0 3 “ >26 mEq/L; 
pH >7.45 


Vomiting or gastrie suctioning: loss of stomaeh HCI requires that H be withdrawn from blood to replaee 
stomaeh aeid; thus H + deereases and HC0 3 “ inereases proportionately 


Seleeted diuretics: cause K depletion and H 2 0 loss. Low K direetly stimulates tubule eells to seerete H . 
Reduced blood volume elieits the renin-angiotensin-aldosterone meehanism, which stimulates Na + reabsorption 
and H + seeretion. 

Ingestion of excessive sodium biearbonate (antaeid): biearbonate moves easily into ECF, where it enhanees 
natural alkaline reserve 

Excess aldosterone (e.g., adrenal tumors): promotes excessive reabsorption of Na + , which pulls inereased 
amount of H + into urine. Hypovolemia promotes the same relative effeet because aldosterone seeretion is 
inereased to enhanee Na + (and H 2 0) reabsorption. 


dioxide in the blood. Biearbonate ion levels below or above the 
normal range of 22-26 mEq/L indieate a metabolie aeid-base 
imbalanee. 

The seeond most eommon cause of aeid-base imbalanee, 
metabolie aeidosis, is reeognized by low blood pH and HC0 3 _ 
levels. Typieal causes are ingesting too much aleohol (which 
is metabolized to aeetie aeid) and excessive loss of HC0 3 _ , as 
might result from persistent diarrhea. Other causes are accu- 
mulation of laetie aeid during exercise or shoek, the ketosis that 
occurs in diabetie erisis or starvation, and, infrequently, kidney 
failure. 

Metabolie alkalosis, indieated by rising blood pH and 
HC0 3 _ levels, is much less eommon than metabolie aeidosis. 
Typieal causes are vomiting the aeidie eontents of the stomaeh 
(or loss of those seeretions through gastrointestinal suctioning) 
and intake of excess base (too many antaeids, for example). 


Effeets of Aeidosis and Alkalosis 

The absolute blood pH limits for life are a low of 6.8 and a high 
of 7.8. When blood pH falls below 6.8, the eentral nervous sys- 
tem is so depressed that the person goes into eoma and death 
soon follows. When blood pH rises above 7.8, the nervous sys- 
tem is overexcited, leading to such eharaeteristie signs as mus- 
ele tetany, extreme nervousness, and convulsions. Death often 
results from respiratory arrest. 

Respiratory and Renal Compensations 

If one of the physiologieal buífer systems (hrngs or kidneys) 
malfunctions and dismpts aeid-base balanee, the other system 
tries to eompensate. The respiratory system attempts to eom- 
pensate for metabolie aeid-base imbalanees, and the kidneys 
(although much slower) work to eorreet imbalanees caused by 
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Sleuthingf: Using Blood Values to Determine 
the Cause of Aeidosis or Alkalosis 


StlldeiltS, particularly nursing students 7 
are often given blood values and asked to 
determine (1) vvhether the patier is in 

aeidosis or alkalosis, ( 2 ) the cause 

of the eondition (respiratory or metabolie), 
and (3) vvhether the eondition is being 

eompensated lf you approaeh these 

questions systematieally, they are not 
nearly as difficult as they may appear. 

To analyze a person's aeid-base 
balanee, scrutinize the blood values in the 
follovving order: 

1. Note the pH. This tells you vvhether the 
person is in aeidosis (pH belovv 7.35) or 
alkalosis (pH above 7.45), but it does 
not tell you the cause. 

2. Check the P co 2 to see if this is causing 
the aeid-base imbalanee. Because 
the respiratory system is a fast-aeting 
system, an excessively high or lovv 
P C o 2 nnay indieate that the respiratory 
system is either causing the eondition 
or eompensating for it. For example, if 
the pH indieates aeidosis and 

a. The P C02 is over 45 mm Hg, then 
the respiratory system is the cause 
of the problem and the eondition is 
respiratory aeidosis 

b. The P C q 2 is belovv normal limits 
(belovv 35 mm Hg), then the 
respiratory system is not the cause 
butis eompensating 


e. The P C o 2 is vvithin normal limits, 
then the eondition is neither caused 
nor eompensated by the respiratory 
systerm 

3. Check the biearbonate level. If step 2 
proves that the respiratory system is not 
responsible for the imbalanee, then the 
eondition is metabolie and should be 
refleeted in inereased or deereased biear- 
bonate levels. HC0 3 “ values belovv 
22 mEq/L indieate metabolie aeidosis, 
and values over 26 mEq/L indieate meta- 
bolie alkalosis. Notiee that vvhereas P C02 
levels vary inversely vvith blood pH (P C q 2 
rises as blood pH falls), HC0 3 “ levels vary 
direetly vvith blood pH (inereased HC0 3 _ 
results in inereased pH). 

Beyond this bare-bones approaeh there 
is something else to eonsider vvhen you 
are assessing aeid-base problems. If an 
imbalanee is fully eompensated, the pH 
may be normal even vvhile the patient is 
in trouble. Henee, vvhen the pH is normal, 
earefully scrutinize the P C q 2 or HC0 3 _ 
values for clues to vvhat imbalanee may be 
occurring. 

Consider the follovving tvvo examples 
of the three-step approaeh. 

Problem 1 

Blood vaiues\ pH 7-6; P C q 2 24 mm Hg; 
HC0 3 " 23 mEq/L 


Analysis: 

1. The pH is elevated: alkalosis. 

2. The P C q 2 is very lovv: the cause of the 
alkalosis. 

3. The HC0 3 “ value is vvithin normal 
limits. 


Conclusion: This is respiratory alkalosis 
not eompensated by renal meehanisms, 
as might occur during short-term 
hyperventilation. 


Problem 2 

Blood values: pH 7.48 / Pco 2 46 mm Hg; 

HC0 3 " 33 mEq/L 

Analysis: 

1. The pH is elevated: alkalosis. 

2. The P C02 is elevated: the cause of 
aeidosis, not alkalosis. Thus, the 
respiratory system is eompensating and 
is not the cause. 

3. The HC0 3 “ is elevated: the cause of 
the alkalosis. 

Conclusion: This is metabolie alkalosis 
being eompensated by respiratory aeidosis 
(retention of C0 2 to restore blood pH to 
the normal range). 

Llse the aeeompanying simple ehart to 
help you in your future sleuthing. 



Normal Range in Plasma 


Aeid-Base Distiirbanee pH 7.35-7.45 P C o 2 35-45 mm Hg HC0 3 22-26 mEq/L 


Respiratory aeidosis 
Respiratory alkalosis 
Metabolie aeidosis 
Metabolie alkalosis 
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T 
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^ if eompensating 
^ if eompensating 
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T 


if eompensating 
if eompensating 



respiratory disease. We ean reeognize these respiratory and re- 
nal eompensations by the resulting ehanges in plasma P C02 and 
biearbonate ion eoneentrations (see A CloserLook). Because the 
eompensations aet to restore normal blood pH, a patient may 
have a normal pH despite a signifieant medieal problem. 

Respira tory Compensa tions As a rule, ehanges in respiratory rate 
and depth are evident when the respiratory system is attempting 
to eompensate for metabolie aeid-base imbalanees. In metabolie 
aeidosis, respiratory rate and depth are usually elevated—an indi- 
eation that high H + levels are stimulating the respiratory eenters. 


Blood pH is low (below 7.35) and the HC0 3 _ level is below 22 
mEq/L. As the respiratory system “blows off” C0 2 to rid the blood 
of excess aeid, the P co falls below 35 mm Hg. By eontrast, in res- 
piratory aeidosis, the respiratory rate is offen depressed and is the 
immediate cause of the aeidosis (with some exceptions such as 
pneumonia or emphysema where gas exchange is impaired). 

Respiratory eompensation for metabolie alkalosis involves 
slow, shallow breathing, which allows C0 2 to accumulate in 
the blood. Evidenee of metabolie alkalosis being eompensated 
by respiratory meehanisms includes a pH over 7.45 (at least 
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initially), elevated biearbonate levels (over 26 mEq/L), and a 
P C02 above 45 mm Hg. 


Renal Gompensations When an aeid-base imbalanee is of res- 
piratory origin, renal meehanisms are stepped up to eompensate 
for the imbalanee. For example, a hypoventilating individual 
will exhibit aeidosis. When renal eompensation is occurring, 
both the P C q 2 and the HC0 3 _ levels are high. The high P C02 
causes the aeidosis, and the rising HC0 3 _ level indieates that 
the kidneys are retaining biearbonate to oífset the aeidosis. 

Conversely, a person with renal-eompensated respiratory al- 
kalosis will have a high blood pH and a low Pco 2 * Biearbonate 
ion levels begin to fall as the kidneys eliminate more HC0 3 _ 
from the body by failing to reelaim it or by aetively seereting it. 
Note that the kidneys eannot eompensate for alkalosis or aeido- 
sis if that eondition refleets a renal problem. 



Check Your Understanding 


17. Which two abnormalities in plasma are key features of an 
iineompensated metabolie alkalosis? An uncompensated 
respiratory aeidosis? 

18. How do the kidneys eompensate for respiratory aeidosis? 

_ For ansvvers, see Appendix H. 


Developmental Aspeets of Fluid, 
Eleetrolyte, and 
Aeid-Base Balanee 

Explain why infants and the aged are at greater risk for 
fluid and eleetrolyte imbalanees than are young adults. 
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An embryo and a very young fetus are more than 90% water, but 
solids accumulate as fetal development continues, and at birth 
an infant is “only” 70-80% water. (The average value for adults 
is 50-60%.) Infants have proportionately more ECF than adults 
and, consequently, a much higher NaCl eontent in relation to 
K + , Mg 2+ , and P0 4 3- salts. 

Distribution of body water begins to ehange about two 
months after birth and aehieves the adult pattern by the time the 
ehild is 2 years old. Plasma eleetrolyte eoneentrations are simi- 
lar in infants and adults, but K + and Ca 2+ values are higher and 
Mg 2+ , HC0 3 _ , and total protein levels are lower in the first few 
days of life than at any other time. At puberty, sex differenees in 
body water eontent beeome obvious as males develop relatively 
greater amounts of skeletal muscle. 

Problems with fluid, eleetrolyte, and particularly aeid-base 
balanee are most eommon in infaney, refleeting the following 
eonditions: 


■ The very low residual volume of infant lungs (approximately 
half that of adults relative to body weight). When respiration 
is altered, P C09 ean shiff rapidly and dramatieally. 

■ The high rate offluid intake and output in infants (about seven 
times higher than in adults). Infants may exchange fully half 
their ECF daily. Though infants have proportionately much 


more body water than adults, this does not proteet them 
from excessive fluid shifts. Even slight alterations in fluid 
balanee ean cause serious problems. Further, although adults 
ean live without water for about ten days, infants ean survive 
for only three to four days. 

■ The relatively high infant metabolie rate (about twice that 
of adults). The higher metabolie rate yields much larger 
amounts of metabolie wastes and aeids that the kidneys must 
excrete. This, along with buffer systems that are not yet fully 
effeetive, results in a tendeney toward aeidosis. 

■ The high rate ofinsensible water loss in infants because oftheir 
larger smfaee area relative to body volume (about three times 
that of adults). Infants lose substantial amounts of water 
through their skin. 

■ The ineffieieney of infant kidneys. At birth, the kidneys are 
immature, only about half as profieient as adult kidneys at 
eoneentrating urine, and notably ineffieient at ridding the 
body of aeids. 

All these faetors put newborns at risk for dehydration and 
aeidosis, at least until the end of the first month when the kid- 
neys aehieve reasonable effieieney. Bouts of vomiting or di- 
arrhea greatly amplify the risk. 

In old age, total body water offen deereases (the loss is largely 
from the intracellular eompartment) because muscle mass pro- 
gressively deelines and body fat rises. Few ehanges occur in the 
solute eoneentrations of body flmds, but the speed with which 
homeostasis is restored after being dismpted deelines with age. 

Elders may be unresponsive to thirst cues and thus are at risk 
for dehydration. Additionally, they are the most frequent prey of 
diseases that lead to severe fluid, eleetrolyte, or aeid-base prob- 
lems, such as eongestive heart failure (and its attendant edema) 
and diabetes mellitus. Because most fluid, eleetrolyte, and aeid- 
base imbalanees occur when body water eontent is highest or low- 
est, the very young and the very old are the most frequent vietims. 



Check Your Understanding 


19. Infants have a higher urine output than adults relative to 
their body vveight. In addition to their relatively higher fluid 
intake, vvhat are the reasons for this? 

_ For ansvvers, see Appendix H. 


In this ehapter we have examined the ehemieal and physi- 
ologieal meehanisms that provide the optimal internal envi- 
ronment for survival. The kidneys are the superstars among 
homeostatie organs in regulating water, eleetrolyte, and aeid- 
base balanee, but they do not and eannot aet alone. Rather, their 
aetivity is made possible by a host of hormones and enhaneed 
both by bloodborne buffers, which give the kidneys time to re- 
aet, and by the respiratory system, which shoulders a substantial 
responsibility for aeid-base balanee of the blood. 

Now that we have discussed the topies relevant to renal func- 
tioning, and onee you read in System Connections how the rninary 
system interaets with other body systems, the topies in Chapters 
25 and 26 should draw together in an understandable way. 








SYSTEM 


CONNECTIONS 


Homeostatie Interrelationships Between 
the llrinary System and Other Body Systems 



lntegumentary System Chapter 5 

■ Kidneys dispose of nitrogenous wastes; maintain fluid, 
eleetrolyte, and aeid-base balanee of blood 

■ Skin provides external proteetive barrier; site of water loss (via 
perspiration); vitamin D synthesis site 

Skeletal System Chapters 6-8 

■ Kidneys dispose of nitrogenous wastes; maintain fluid, 
eleetrolyte, and aeid-base balanee of blood 

■ Bones of rib eage provide some proteetion to kidneys; form 
major store of calcium and phosphate ions 

Muscular System Chapters 9-10 

■ Kidneys dispose of nitrogenous wastes; maintain fluid, 
eleetrolyte, and aeid-base balanee of blood; renal regulation of 
K + , Ca 2+ , and Na + eontent in ECF erneial for muscle excitability 
and eontraetility 

■ Muscles of pelvie diaphragm and external urethral sphineter 
function in voluntary eontrol of micturition; ereatinine is a 
nitrogenous waste product of muscle metabolism that must be 
excreted by the kidneys 


Nervous System Chapters 11-15 

■ Kidneys dispose of nitrogenous wastes; maintain fluid, 
eleetrolyte, and aeid-base balanee of blood; renal eontrol of K + , 
Ca 2+ , and Na + in ECF essential for normal neural function 

■ Neural eontrols involved in micturition; sympathetie nervous 
system aetivity triggers the renin-angiotensin-aldosterone 
meehanism 


Endoerine System Chapter 16 

■ Kidneys dispose of nitrogenous wastes; maintain fluid, eleetrolyte, 
and aeid-base balanee of blood; produce erythropoietin; renal 
regulation of Na + and water balanee essential for blood pressure 
homeostasis and hormone transport in blood 

■ ADH, aldosterone, ANP, and other hormones help regulate renal 
reabsorption of water and eleetrolytes 


Cardiovascular System Chapters 17-19 

■ Kidneys dispose of nitrogenous wastes; maintain fluid, 
eleetrolyte, and aeid-base balanee of blood; renal regulation 
of Na + and water balanee essential for blood pressure 
homeostasis. K + , Ca 2+ , and Na + regulation maintains eardiae 
excitability 

■ Systemie arterial blood pressure is the driving foree for 
glomerular filtration; heart seeretes atrial natriuretic peptide; 
blood transports nutrients, oxygen, ete. to urinary organs 


Lymphatie System/lmmunity Chapters 20-21 

■ Kidneys dispose of nitrogenous wastes; maintain fluid, 
eleetrolyte, and aeid-base balanee of blood 

■ By returning leaked plasma fluid to cardiovascular system, 
lymphatie vessels help ensure normal systemie arterial pressure 
required for kidney function; immune eells proteet urinary 
organs from infeetion and eaneer 


Respiratory System Chapter 22 

■ Kidneys dispose of nitrogenous wastes; maintain fluid, 
eleetrolyte, and long-term aeid-base balanee of blood 

■ Respiratory system provides oxygen required by kidney eells 
for their high metabolie aetivity; disposes of earbon dioxide; 
rapid aeid-base balanee of blood; lung eapillary endothelial eells 
eonvert angiotensin I to angiotensin II 


Digestive System Chapter 23 

■ Kidneys dispose of nitrogenous wastes; maintain fluid, 
eleetrolyte, and aeid-base balanee of blood; metabolize vitamin 
D to the aetive form needed for calcium absorption 

■ Digestive organs provide nutrients needed for kidney eell 
health; liver synthesizes urea and glutamine to transport waste 
nitrogen to the kidneys for excretion 


r 
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Reproductive System Chapter27 

■ Kidneys dispose of nitrogenous wastes; maintain fluid, 
eleetrolyte, and aeid-base balanee of blood 



MasteríngA&P 



Aeeess more System Connections in the Study Area at www.masteringaandp.com. 
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UNIT 4 Maintenanee of the Body 


Chapter Summary 


For more ehapter study tools, go to the Study Area of 
MasteringA&P at www.masteringaandp.com. 
There you will find: 

■ interaetive Physiology ÌP 

■ A&PFIix A&PFIix 

■ Praetiee Anatomy Lab PAL 


PEx 


■ Videos, Praetiee Quizzes and Tests, MP3 Tutor Sessions, 

Case Studies, and much more! 

Body Fluids (pp. 991-993) 

Body Water Content (p. 991) 

1. Water aeeoimts for 45-75% of body weight, depending on age, 
sex, and amoimt of body fat. 

Fluid eompartments (p. 991) 

2. About two-thirds (25 L) of body water is found within eells in the 
intracellular fluid (ICF) eompartment; the balanee (15 L) is in the 
extracellular fluid (ECF) eompartment. The ECF includes plasma 
and interstitial fluid. 

Composition of Body Fluids (pp. 991-993) 

3. Solutes dissolved in body fluids include eleetrolytes and 
noneleetrolytes. Eleetrolyte eoneentration is expressed in mEq/L. 

4. Plasma eontains more proteins than does interstitial fluid; 
otherwise, extracellular fluids are similar. The most abundant 
ECF eleetrolytes are sodium, ehloride, and biearbonate ions. 

5. intraeelhdar fluids eontain large amounts of protein anions and 
potassium, phosphate, and magnesium ions. 

ÌP Fluid f Eleetrolyte, and Aeid/Base Balanee; Topie: 

lntroduction to Body Fluids, pp. 1-8. 

Fluid Movement Among Compartments (p. 993) 

6. Substances usually pass through the plasma and interstitial fluid 
to reaeh the intracellular fluid. 

7. Osmotie and hydrostatie pressure regulate fluid exchanges 
between eompartments: (a) Hydrostatie pressure forees filtrate 
out of the eapillaries and eolloid osmotie pressure pulls fìltrate 
baek in. (b) Water moves freely between the ECF and the ICF by 
osmosis, but solute movements are restrieted by size, eharge, and 
dependenee on transport proteins. (e) Water flows always follow 
ehanges in ECF osmolality. 

ÌP Fluid f Eleetrolyte, and Aeid/Base Balanee; Topie: 

lntroduction to Body Fluids f pp. 19-23. 

Water Balanee and ECF Osmolality (pp. 993-997) 

1. Sources of body water are ingested foods and fluids and 
metabolie water. 

2. Water leaves the body primarily via the hmgs, skin, 
gastrointestinal traet, and kidneys. 

Regulation of Water Intake (pp. 994-995) 

3. inereased plasma osmolality triggers the thirst meehanism, 
mediated by hypothalamie osmoreeeptors. Thirst, inhibited by 
distension of the gastrointestinal traet by ingested water and then 


by reduced osmolality, may be damped before body needs for 
water are met. 

Regulation of Water Output (p. 995) 

4. Obligatory water loss is unavoidable and includes insensible 
water losses from the lungs, the skin, and in feees, and about 
500 ml of urine output daily. 

5. Beyond obligatory water loss, the volume of urinary output 
depends on water intake and loss via other routes and refleets the 
infhienee of antidiuretic hormone on the renal eolleeting ducts. 

Influence of Antidiuretic Hormone (ADH) (p. 995) 

6. Antidiuretic hormone causes aquaporins (water ehannels) to be 
inserted in the eell membranes of the eolleeting ducts, so that 
most filtered water is reabsorbed. ADH release is triggered if ECF 
osmolality is high, or if a large drop in blood volume or pressure 
occurs. 

Disorders of Water Balanee (pp. 995-997) 

7. Dehydration occurs when water loss exceeds water intake over 
time. It is evideneed by thirst, dry skin, and deereased urine 
output. A serious consequence is hypovolemie shoek. 

8. Hypotonie hydration occurs when body fhiids are excessively 
diluted and entering water makes eells swell. The most serious 
consequence is eerebral edema. 

9. Edema is an abnormal accumulation of fluid in the interstitial 
spaee (inereased IF), which may impair blood circulation. 

iP Fluid f Eleetrolyte, and Aeid/Base Balanee; Topie: 

Water Homeostasis, pp. 1-27. 

Eleetrolyte Balanee (pp. 997-1004) 

1. Most eleetrolytes are obtained from ingested foods and flmds. 
Salts, particularly NaCl, are often ingested in excess of need. 

2. Eleetrolytes are lost in perspiration, feees, and urine. The kidneys 
are most important in regulating eleetrolyte balanee. 

The Central Role of Sodium in Fluid and Eleetrolyte Balanee 

(pp.997-999) 

3. Sodium salts are the most abundant solutes in ECF. They exert 
the bulk of ECF osmotie pressure and eontrol water volume and 
distribution in the body. 

Regulation of Sodíum Balanee (pp. 999-1000) 

4. Sodium ion balanee is linked to ECF volume and blood pressure 
regulation and involves both neural and hormonal eontrols. 

5. Aldosterone promotes Na + reabsorption to maintain blood 
volume and blood pressure. 

6. Deelining blood pressure and falling fìltrate NaCl eoneentration 
stimulate the granular eells to release renin. Renin, via 
angiotensin II, enhanees systemie blood pressure, Na + 
reabsorption, and aldosterone release. 

7. Atrial natriuretic peptide, released by eertain atrial eells in 
response to rising blood pressure (or blood volume), causes 
systemie vasodilation and inhibits renin, aldosterone, and ADH 
release. Henee, it enhanees Na + and water excretion, reducing 
blood volume and blood pressure. 

8. Estrogens and ghieoeortieoids inerease renal retention of sodhim. 
Progesterone promotes enhaneed sodium and water excretion in 
urine. 







ehapter 26 Fliiid, Eleetrolyte, and Aeid-Base Balanee 


1015 


9. Cardiovascular system baroreeeptors sense ehanging arterial 
blood pressure, prompting ehanges in sympathetie vasomotor 
aetivity. Rising arterial pressure leads to vasodilation and 
enhaneed Na + and water loss in urine. Falling arterial pressure 
promotes vasoeonstrietion and eonserves Na + and water. 

Regulation of Potassium Balanee (pp. 1000-1003) 

10. The more proximal regions of the nephrons reabsorb about 90% 
of filtered potassium. 

11. The main thmst of renal regulation of K + is to excrete it. 
Aldosterone and inereased plasma K + eontent enhanee 
potassium ion seeretion by the prineipal eells of the eolleeting 
ducts. Type A interealated eells of the eolleeting duct reabsorb 
small amounts of K + during K + defieit. 

Regulation of Calcium and Phosphate Balanee (pp. 1003-1004) 

12. Calcium balanee is regulated primarily by parathyroid hormone 
(PTH), which enhanees blood Ca 2+ levels by targeting the bones, 
kidneys, and intestine. PTH-regulated reabsorption occurs 
primarily in the D CT. 

13. PTH deereases renal reabsorption of phosphate ions. 

Regulation of Anions (p. 1004) 

14. When blood pH is normal or slightly high, ehloride is the 
major anion aeeompanying sodium reabsorption. In aeidosis, 
biearbonate replaees ehloride. 

15. Reabsorption of most other anions is regulated by their transport 
maximums (T m ). 

iP Fluid, Eleetrolyte, and Aeid/Base Balanee; Topie: 

Eleetrolyte Homeostasis, pp. 1-38. 

Aeid-Base Balanee (pp. 1004-1012) 

1. The homeostatie pH range of arterial blood is 7.35 to 7.45. A 
higher pH represents alkalosis; a lower pH refleets aeidosis. 

2. Some aeids enter the body in foods, but most are generated 
by breakdown of phosphoms-eontaining proteins, ineomplete 
oxidation of fats or ghieose, and the loading and transport of 
earbon dioxide in the blood. 

3. Aeid-base balanee is aehieved by ehemieal buffers, respiratory 
regulation, and in the long term by renal regulation of biearbonate 
ion (henee, hydrogen ion) eoneentration ofbody fluids. 

iP Fluid, Eleetrolyte, and Aeid/Base Balanee; 

Topie: Aeid/Base Homeostasis, pp. 1-15. 

ehemieal Buffer Systems (pp. 1004-1006) 

4. Aeids are proton (H + ) donors; bases are proton aeeeptors. Aeids 
that dissoeiate eompletely in sohition are strong aeids; those that 
dissoeiate ineompletely are weak aeids. Strong bases are more 
effeetive proton aeeeptors than are weak bases. 

5. Chemical buffers are single or paired sets (a weak aeid and its 
salt) of molecules that aet rapidly to resist excessive shifts in pH 
by releasing or binding H + . 

6. Chemical buffers of the body inehide the biearbonate, phosphate, 
and protein buffer systems. 

iP Fluid f Eleetrolyte, and Aeid/Base Balanee; Topie: 

Aeid/Base Homeostasis, pp. 16-26. 


Respiratory Regulation of H + (p. 1006) 

7. Respiratory regulation of aeid-base balanee of the blood utilizes 
the biearbonate buffer system and the faet that C0 2 and H 2 0 are 
in reversible equilibrium with H 2 C0 3 . 


8. Aeidosis aetivates the respiratory eenter to inerease respiratory 
rate and depth, which eliminates more C0 2 and causes blood pH 
to rise. Alkalosis depresses the respiratory eenter, resulting in C0 2 
retention and a fall in blood pH. 

iP Fluid f Eleetrolyte, and Aeid/Base Balanee; Topie: 

Aeid/Base Homeostasis, pp. 27-28. 

Renal Meehanisms of Aeid-Base Balanee (pp. 1006-1009) 

9. The kidneys provide the major long-term meehanism for 
eontrolling aeid-base balanee by maintaining stable HC0 3 _ levels 
in the ECF. Nonvolatile aeids (organie aeids other than earbonie 
aeid) ean be eliminated from the body only by the kidneys. 

10. Seereted hydrogen ions eome from the dissoeiation of earbonie 
aeid generated within the tubule eells. 

11. Tubule eells are impermeable to biearbonate in the filtrate, 
but they ean eonserve filtered biearbonate ions indireetly by 
absorbing HC0 3 _ generated within them (by dissoeiation of 
earbonie aeid to HC0 3 “ and H + ). For eaeh HC0 3 - (and Na + ) 
reabsorbed, one H + is seereted into the filtrate, where it eombines 
with HC0 3 _ . 

12. To generate and add new HC0 3 _ to plasma to counteract 
aeidosis, either of two meehanisms may be used: 

■ Seereted H + , buffered by bases other than HC0 3 “, is excreted 
from the body in urine (the major urine buffer is the phosphate 
buffer system). 

■ NH 4 + (derived from glutamine eatabolism) is excreted in 
urine. 

13. To counteract alkalosis, biearbonate ion is seereted into the 
filtrate and H + is reabsorbed. 

iP Fluid f Eleetrolyte, and Aeid/Base Balanee; Topie: 

Aeid/Base Homeostasis, pp. 29-37. 

Abnormalities of Aeid-Base Balanee (pp. 1009-1012) 

14. Aeid-base imbalanees ean be elassified as metabolie or respiratory 
based on their cause. 

15. Respiratory aeidosis results from earbon dioxide retention. 
Respiratory alkalosis occurs when earbon dioxide is eliminated 
faster than it is produced. 

16. Metabolie aeidosis occurs when nonvolatile aeids (laetie aeid, 
ketone bodies, and others) accumulate in the blood or when 
biearbonate is lost from the body. Metabolie alkalosis occurs 
when biearbonate levels are excessive. 

17. Extremes of pH for life are 6.8 and 7.8. 

18. Compensations occur when the respiratory system or kidneys 
counteract aeid-base imbalanees resulting from abnormal or 
inadequate fimetioning of the alternate system. Respiratory 
eompensations involve ehanges in respiratory rate and depth. 
Renal eompensations modify blood levels of HC0 3 “. 

ÌP Fluid f Eleetrolyte, and Aeid/Base Balanee; Topie: 

Aeid/Base Homeostasis, pp. 38-59. 

Developmental Aspeets of Fluid f Eleetrolyte, 
and Aeid-Base Balanee (p. 1012) 

1. Infants have a higher risk of dehydration and aeidosis because 
of their low lung residual volume, high rate of fluid intake and 
output, high metabolie rate, relatively large body surface area, and 
fimetionally immature kidneys at birth. 

2. The elderly are at risk for dehydration because of their low 
pereentage ofbody water and insensitivity to thirst cues. Diseases 
that promote fluid and aeid-base imbalanees (eardiovaseiilar disease, 
diabetes mellitus, and others) are most eommon in the aged. 
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Revievv Questions 

L X 


Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. Body water eontent is greatest in (a) infants, (b) young adults, 

(e) elderly adults. 

2. Potassium, magnesium, and phosphate ions are the predominant 
eleetrolytes in (a) plasma, (b) interstitial fluid, (e) intracellular 
fluid. 

3. Sodium balanee is regulated primarily by eontrol of amount(s) 

(a) ingested, (b) excreted in urine, (e) lost in perspiration, (d) lost 
in feees. 

4. Water balanee is regulated by eontrol of amount(s) (use ehoiees 
in question 3). 

Answer questions 5 through 10 by ehoosing responses from the 


following: 

(a) ammonium ions 

(f) magnesimn 

(b) biearbonate 

(g) phosphate 

(e) calcium 

(h) potassium 

(d) ehloride 

(i) sodium 

(e) hydrogen ions 

( j ) water 

5. Two main substances regulated by the infhienee of aldosterone on 


the kidney tubules. 

6. Two substances regulated by parathyroid hormone. 

7. Two substances seereted into the proximal convoluted tubules in 


exchange for sodium ions. 

8. Part of an important ehemieal buífer system in plasma. 

9. Two ions produced during eatabolism of glutamine. 

10. Substance regulated by ADHs effeets on the renal tubules. 

11. Which of the following faetors will enhanee ADH release? 

(a) inerease in ECF volume, (b) deerease in ECF volume, 

(e) deerease in ECF osmolality, (d) inerease in ECF osmolality. 

12. The pH of blood varies direetly with (a) HC0 3 ~, (b) P C o 9 > ( c ) H + , 
(d) none of the above. 

13. In an individual with metabolie aeidosis, a clue that the 
respiratory system is eompensating is provided by (a) high blood 
biearbonate levels, (b) low blood biearbonate levels, (e) rapid, 
deep breathing, (d) slow, shallow breathing. 

Short Answer Essay Questions 

14. Name the body fluid eompartments, noting their loeations and 
the approximate fluid volume in eaeh. 

15. Deseribe the thirst meehanism, indieating how it is triggered and 
terminated. 

16. Explain why and how ECF osmolality is maintained. 

17. Explain why and how sodium balanee, ECF volume, and blood 
pressure are jointly regulated. 

18. Deseribe the role of the respiratory system in eontrolling aeid- 
base balanee. 

19. Explain how the ehemieal buffer systems resist ehanges in pH. 


20. Explain the relationship of the following to renal seeretion and 
excretion of hydrogen ions: (a) plasma earbon dioxide levels, (b) 
phosphate, and (e) sodium biearbonate reabsorption. 

21. List several faetors that plaee newborn babies at risk for aeid-base 
imbalanees. 

( ; Gitieal Thinking 

and Oinieal Applieation 
'it/ Questions 

1. Mr. Jessup, a 55-year-old man, is operated on for a eerebral 
tumor. About a month later, he appears at his physieians offlee 
eomplaining of excessive thirst. He elaims to have been drinking 
about 20 liters of water daily for the past week and says he has 
been voiding nearly continuously. A urine sample is eolleeted and 
its speeifie gravity is reported as 1.001. What is your diagnosis of 
Mr. Jessups problem? What eonneetion might exist between his 
previous surgery and his present problem? 

2. For eaeh of the following sets of blood values, name the aeid-base 
imbalanee (aeidosis or alkalosis), determine its cause (metabolie or 
respiratory), deeide whether the eondition is being eompensated, 
and eite at least one possible cause of the imbalanee. 

Problem 1 : pH 7.63; P C q 2 19 mm Hg; HC0 3 _ 19.5 mEq/L 
Problem 2: pH 7.22; P C q 2 30 mm Hg; HCO s - 12.0 mEq/L 

3. Explain how emphysema and eongestive heart failure ean lead to 
aeid-base imbalanee. 

4. Mrs. Bush, a 70-year-old woman, is admitted to the hospital. 

Her history states that she has been suffering from diarrhea for 
three weeks. On admission, she eomplains of severe fatigue and 
muscle weakness. A blood ehemistry study yields the following 
information: Na + 142 mEq/L; K + 1.5 mEq/L; C1 92 mEq/L; P C q 2 
32 mm Hg. Which eleetrolytes are within normal limits? Which 
are so abnormal that the patient has a medieal emergeney? Which 
of the following represents the greatest danger to Mrs. Bush? 

(a) a fall due to her muscular weakness, (b) edema, (e) eardiae 
arrhythmia and eardiae arrest. 

5. During a routine medieal checkup, Candace, a 26-year-old 
physiotherapy student, is surprised to hear that her blood pressure 
is 180/110. She also has a rumbling systolie and diastolie abdominal 
bmit (murmur) that is loudest at the mid-epigastrie area. Her 
physieian suspects renal artery stenosis (narrowing). She orders 

an abdominal ultrasound and renal artery arteriography, which 
eonfirm that Candace has a small right kidney and the distal part of 
her right renal artery is narrowed by more than 70%. Her physieian 
preseribes diuretics and calcium ehannel bloekers as temporary 
measures, and refers Candace to a cardiovascular surgeon. Explain 
the eonneetion between Candaces renal artery stenosis and her 
hypertension. Why is her right kidney smaller than her left? What 
would you expect Candaces blood levels of K + , Na + , aldosterone, 
angiotensin II, and renin to be? 
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Related eiinieal Terms 

Antaeid An agent that counteracts aeidity, such as sodium 

biearbonate, aluminum hydroxide gel, and magnesium trisilieate. 
Commonly used to manage heartburn. 

Hyperaldosteronism (Conn’s disease) A eondition of hyperseeretion of 
aldosterone by adrenal eortieal eells aeeompanied by excessive loss 
of potassium and generalized muscular weakness, hypernatremia, 
and hypertension. Usual cause is adrenal tumor; usual treatment is 
adrenal-suppressing drugs prior to tumor removal. 

Renal tubular aeidosis A metabolie aeidosis resulting from impaired 
renal reabsorption of biearbonate; the urine is alkaline. 


Syndrome of inappropriate ADH seeretion (SLADH) A group 
of disorders assoeiated with excessive ADH seeretion in the 
absenee of appropriate (osmotie or nonosmotie) stimuli. 
Characterized by hypotonie hydration (hyponatremia, fluid 
retention, and weight gain) and eoneentrated urine. Usual 
causes are eetopie seeretion of ADH by eaneer eells (e.g., small 
eell lung eaneers) and brain disorders or trauma affeeting the 
ADH-seereting hypothalamie neurons. Temporary management 
involves restrieting water intake. 



Case Study 


IJrinary System 


Mr. Heyden, a somewhat stoeky 
72-year-old man, is brought in to the 
emergeney room (ER). The paramedies 
report that his left arm and the left 
side of his body trunk were pinned beneath some wreckage 7 and 
that when he was freed, his left hypogastrie and lumbar areas 
appeared to be eompressed and his left arm was blanehed and 
without sensation. On admission, Mr. Heyden is alert, slightly 
eyanotie, and eomplaining of pain in his left side; he loses 
consciousness shortly thereafter. His vital signs are taken, blood 
is drawn for laboratory tests, and Mr. Heyden is eatheterized and 
immediately scheduled for a CT sean of his left abdominal region. 

Analyze the information that was subsequently reeorded on Mr. 
Heyden's ehart: 

■ Vital signs: Temperature 39°C (102°F); BP 90/50 mm Hg and 
falling; heart rate 116 beats/min and thready; 30 respirations/ 
min 

1. Given the values above and his attendant eyanosis, what would 
you guess is Mr. Heyden's immediate problem? Explain your 
reasoning. 

■ CT sean reveals a ruptured spleen and a large hematoma in 
the upper left abdominal quadrant. Splenie repair surgery is 
scheduled but unsuccessful; the spleen is removed. 


2. Rupture of the spleen results in massive hemorrhage. Explain 
this observation. Which organs (if any) will eompensate for the 
removal of Mr. Heyden's spleen? 

■ Hematology: Most blood tests yield normal results. However, 
renin, aldosterone, and ADH levels are elevated. 

3. Explain the cause and consequence of eaeh of the hematology 
findings. 

■ llrinalysis: Some granular easts (particulate eell debris) are noted, 
and the urine is brownish-red in eolor; other values are normal, 
but urine output is very low. An order is given to foree fluids. 

4. (a) What might account for the low volume of urine output? 
(Name at least two possibilities.) (b) What might explain the 
easts and abnormal eolor of his urine? Can you see any possible 
relationship between his crush injury and these findings? 

The next day, Mr. Heyden is awake and alert. He says that he 
now has feeling in his arm, but he still eomplains of pain. However, 
the pain site appears to have moved from the left upper quadrant 
to his lumbar region. His urine output is still low. He is scheduled 
onee again for a CT sean, this time of his lumbar region. The order to 
foree fluids is renewed and some additional and more speeifie blood 
tests are ordered. We will visit Mr. Heyden again shortly, but in the 
meantime think about what these new findings may indieate. 
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Anatomy of the Male Reproductive 
System (pp. 1019-1026) 

The Scrotum (pp. 1019-1020) 

The Testes (pp. 1020-1022) 

The Male Perineum (p. 1022) 

The Penis (pp. 1022-1023) 

The Male Duct System (p. 1024) 

The Male Aeeessory Glands (pp. 1024-1026) 

Semen (p. 1026) 

Physiology of the Male Reproductive 
System (pp. 1026-1035) 

Male Sexual Response (pp. 1026-1027) 

Spermatogenesis (pp. 1027-1033) 

Hormonal Regulation of Male Reproductive 
Function (pp. 1033-1035) 


Anatomy of the Female Reproductive 
System (pp. 1035-1043) 

The Ovaries (pp. 1035-1036) 

The Female Duct System (pp. 1037-1041) 

The External Genitalia (p. 1041) 

The Female Perineum (p. 1041) 

The Mammary Glands (pp. 1041-1043) 

Physiology of the Female Reproductive 

System (pp. 1043-1053) 

Oogenesis (pp. 1043-1045) 

The Ovarian Cycle (pp. 1045-1047) 

Hormonal Regulation of the Ovarian 
Cycle (pp. 1047-1049) 

The Llterine (Menstrual) Cycle 
(pp. 1049-1051) 

Effeets of Estrogens and Progesterone 
(p. 1051) 

Female Sexual Response (pp. 1051-1053) 


Sexually Transmitted infeetions 

(pp. 1053-1054) 

Gonorrhea (p. 1053) 

Syphilis (p. 1053) 
ehlamydia (pp. 1053-1054) 
Triehomoniasis (p. 1054) 

Genital Warts (p. 1054) 

Genital Herpes (p. 1054) 

Developmental Aspeets of the 
Reproductive System (pp. 1054-1058) 

Embryologieal and Fetal Events 
(pp. 1054-1057) 

Puberty (pp. 1057-1058) 

Menopause (p. 1058) 


M ost organ systems function almost continuously to maintain the well- 

being of the individual. The reproductive system, however, appears to cc slum- 
ber” until puberty. The primary sex organs, or gonads (go'nadz; ‘seeds”), are 
the testes in males and the ovaries in females. The gonads produce sex eells, or gametes 
(gam'éts; cc spouses”), and seerete a variety of steroid hormones eommonly ealled sex 
hormones. The remaining reproductive structures—ducts, glands, and external genita- 
lia (jen-ì-ta'le-ah)—are the aeeessory reproductive organs. Although male and female 
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gure 27.1 Reproductive organs of the male, sagittal view. A portion of the pubis of 
the hip bone has been left to shovv the relationship of the ductus deferens to the bony pelvis. 
(For related images, s eeA BriefAtlas ofthe Human Body, Figures 72 and 73.) 


reproductive organs are quite different, their eommon purpose 
is to produce offspring. 

The males reproductive role is to manufacture male gametes 
ealled sperm and deliver them to the female reproductive traet, 
where fertilization ean occur. The eomplementary role of the fe- 
male is to produce female gametes, ealled ova or eggs. As a result 
of appropriately timed intercourse, a sperm and an egg may fuse 
to form a fertilized egg, or zygote. The zygote is the fìrst eell of a 
new individual, from which all body eells will arise. 

The male and female reproductive systems are equal part- 
ners in events leading up to fertilization, but onee fertilization 
has occurred, the female partner s uterus provides the protee- 
tive environment where the embryo develops until birth. Sex 
hormones—androgens in males and estrogens and progester- 
one in females—play vital roles both in the development and 
function of the reproductive organs and in sexual behavior and 
drives. These hormones also influence the growth and develop- 
ment of many other organs and tissues of the body. 

Anatomy of the Male 
Reprodiietive System 

Deseribe the structure and function of the testes, and 

explain the importanee of their loeation ìn the scrotum. 


The sperm-producing testes (tes'tez; <c witnesses”) 5 or male go- 
nads, lie within the scrotum. From the testes, the sperm are de- 
livered to the body exterior through a system of ducts including 
(in order) the epididymis , the ductus deferens , the ejaculatory 
duct , and finally the rnethra , which opens to the outside at the 
tip of the penis. The aeeessory sex glands, which empty their 
seeretions into the ducts during ejaculation, are the seminal 
glands, prostate , and bulbo-urethral glands. Take a moment to 
traee the duct system in igure 27.1 , and identify the testis and 
aeeessory glands before continuing. 


The Scrotum 



The serotiim (skro'tum; “pouch”) is a sae of skin and superfi- 
eial faseia that hangs outside the abdominopelvie eavity at the 
root of the penis (Figure 27.1 and igure 27.2). It is eovered 
with sparse hairs, and eontains paired oval testes. A midline 
septum divides the scrotum, providing a eompartment for 
eaeh testis. 

This seems a rather vulnerable loeation for a mans testes, 
which eontain his entire ability to father offspring. However, 
because viable sperm eannot be produced in abundance at eore 
body temperature (37°C), the superficial loeation of the sero- 
tum, which provides a temperature about 3°C lower, is an es- 
sential adaptation. 
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Figure 27.2 Relationships of the testis to the scrotum and spermatie eord. The scrotum 
has been opened and its anterior portion removed. 
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Furthermore, the scrotum is affeeted by temperature ehanges. 
When it is eold, the testes are pulled eloser to the pelvie floor 
and the warmth of the body wall, and the scrotum beeomes 
shorter and heavily wrinkled, deereasing its surface area and 
inereasing its thiekness to reduce heat loss. When it is warm, 
the serotal skin is flaeeid and loose to inerease the surface area 
for eooling (sweating) and the testes hang lower, away from the 
body tmnk. 

These ehanges in serotal surface area help maintain a fairly 
eonstant intraserotal temperature and refleet the aetivity of two 
sets of muscles that respond to ambient temperature. The dar- 
tos muscle (dar'tos; “skinned”), a layer of smooth muscle in 
the superficial faseia, wrinkles the serotal skin. The eremaster 
muscles (kre-mas'ter; cc a suspender”), bands of skeletal muscle 
that arise from the internal oblique muscles of the trunk, elevate 
the testes. 

TheTestes 


Eaeh plum-sized testis is approximately 4 em (1.5 inehes) long 
by 2.5 em (1 ineh) wide and is surrounded by two tunics. The 
outer tunic is the two-layered tunica vaginalis (vaj"ì-nal'is), 


derived from an outpocketing of the peritoneum (Figure 27.2 
and : igure 27.3a). Deep to this serous layer is the tunica al- 
buginea (al"bu-jin'e-ah; cc white eoat”), the fibrous capsule of 
the testis. 

Septa extending inward from the tunica albuginea divide 
the testis into about 250 wedge-shaped lobules (Figure 27.3). 
Eaeh eontains one to four tightly eoiled seminiferous tubules 
(sem"ì-nif'er-us; “sperm-earrying”), the actual “sperm fae- 
tories” eonsisting of a thiek stratified epithelium surrounding 
a eentral flmd-eontaining lumen. The epithelium eonsists of 
spheroid spermatogenie ( cc sperm-forming”) eells , embedded in 
substantially larger eolmnnar eells ealled sustentocytes. The sus- 
tentoeytes are supporting eells that play several roles in sperm 
formation as deseribed shortly. 

Surrounding eaeh seminiferous tubule are three to five layers 
of smooth muscle-like myoid eells (Figure 27.3c). By eontraet- 
ing rhythmieally, myoid eells may help to squeeze sperm and 
testicular fluids through the tubules and out of the testes. 

The seminiferous tubules of eaeh lobule eonverge to form a 
straight tubule that eonveys sperm into the rete testis (re'te), a 
tubular network on the posterior side of the testis. From the rete 
testis, sperm leave the testis through the efferent ductules and 
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Figure 27.3 Structure of the testis. (a) Partial sagittal seetion through the testis and 
epididymis. The anterior aspeet is to the right. (For a related image, seeA BriefAtlas ofthe Human 
Body, Figure 73). (b) External vievv of a testis from a eadaver; same orientation as in (a). 

(e) Seminiferoiis tubule in eross seetion (270x). Note the spermatogenie (sperm-forming) eells in the 
tubule epithelium and the interstitial endoerine eells in the eonneetive tissue betvveen the tubules. 


enter the epididymis (ep"i-did'ì-mis), which hugs the external 
testis surface posteriorly. The immature sperm pass through the 
head, the body, and then move into the tail of the epididymis, 
where they are stored until ejaculation. 


Lying in the soft eonneetive tissue surrounding the sem- 
iniferous tubules are the interstitial endoerine eells, also 
ealled Leydig eells (Figure 27.3c). These eells produce andro- 
gens (most importantly testosterone ), which they seerete into 
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the surrounding interstitial fluid. Thus, eompletely different 
eell populations earry out the sperm-producing and hormone- 
producing fimetions of the testis. 

The long testicular arteries, which braneh from the abdominal 
aorta superior to the pelvis (s eegonadal arteries in Figure 19.24c, 
p. 732), supply the testes. The testicular veins draining the tes- 
tes arise from a network ealled the pampiniform venous plexus 
(pam-pin'í-form; “tendril-shaped”) that surrounds the portion 
of eaeh testicular artery within the scrotum like a elimbing vine 
(see Figure 27.2). The eooler venous blood in eaeh pampiniform 
plexus absorbs heat from the arterial blood, eooling it before it 
enters the testes. In this way, these plexuses help to keep the testes 
at their eool homeostatie temperature. 

Both divisions of the autonomic nervous system serve the 
testes, and when the testes are hit forcefully, assoeiated sensory 
nerves transmit impulses that result in agonizing pain and nau- 
sea. A eonneetive tissue sheath eneloses nerve fibers, blood ves- 
sels, and lymphaties. Collectively these structures make up the 
spermatie eord, which passes through the inguinal eanal (see 
Figure 27.2). 


Penis- 

Scrotum - 

Pubic- 

symphysis 


isehial — 
tuberosity 


Anus — 
Coccy x 



Figure 27.4 The male perineum # inferior view. 



Homeostatie imbalanee 27.1 


Although testieiilar eaneer is relatively rare (affeeting one of 
every 50,000 males), it is the most eommon eaneer in young 
men ages 15 to 35. A history of mumps or orehitis (inflamma- 
tion of the testis) and substantial maternal exposure to envi- 
ronmental toxins before birth inerease the risk, but the most 
important risk faetor for this eaneer is eryptorehidism (nonde- 
seent of the testes, see p. 1057). 

Every male should examine his testes regularly. The most 
eommon sign of testicular eaneer is a painless solid mass in 
the testis. If deteeted early, testicular eaneer has an impressive 
cure rate. Over 90% of eases are cured by surgical removal of 
the cancerous testis ( orehieetomy ) alone or in eombination with 
radiation therapy or ehemotherapy. + 



Check Your LPnderstanding 


1. What are the two major functions of the testes? 

2. Which of the tubular structures shown in Figure 27.3a are 
the sperm "faetories"? 

3. Muscle aetivity and the pampiniform venous plexus help to 

I keep the temperature of the testes at homeostatie levels. 

How do they do that? 

_ For ansvvers, see Appendix H. 



The Male Penneiim 


The male perineum (per"ì-ne'um; “around the anus”) suspends 
the scrotum and eontains the root of the penis, and the anus. 
More speeifieally, it is the diamond-shaped region loeated be- 
tween the pubic symphysis anteriorly, the coccyx posteriorly, 
and the isehial tuberosities laterally gure 27.4). The floor 
of the perineum is formed by muscles deseribed in Chapter 10 
(pp. 344-345). 


The Penis 

S Deseribe the loeation, structure # and function of the 

aeeessory reproductive organs of the male. 

The penis (“tail”) is a copulatory organ, designed to deliver 
sperm into the female reproductive traet (Figure 27.1 and 
gure 27.5). The penis and scrotum, which hang suspended 
from the perineum, make up the external reproductive struc- 
tures, or external genitalia, of the male. 

The penis eonsists of an attaehed root and a free body or 
shaft that ends in an enlarged tip, the glans penis. The skin 
eovering the penis is loose, and when it slides distally it forms 
a cuff ealled the prepuce (pre'pfls), or foreskin, around the 
glans. Frequently, the foreskin is surgically removed shortly 
after birth, a procedure ealled circumcision (“cutting around”). 
Interestingly, over 60% of newborn boys in the IJnited States 
are circumcised, eompared to 15% in other parts of the world. 
Circumcision is eharged by some as being medieally unneces- 
sary, but its proponents eite studies showing a 60% reduction 
in risk of acquiring HIV (the virus that causes AIDS), as well 
as signifieantly reduced risks for other reproductive system 
infeetions. 

To understand penile anatomy, it is important to know that 
its dorsal and ventral surfaces are named in referenee to the 
ereet penis. Internally, the penis eontains the spongy urethra 
and three long eylindrieal bodies ( eorpora ) of ereetile tissue, 
eaeh eovered by a sheath of dense fibrous eonneetive tissue. 
This ereetile tissue is a spongy network of eonneetive tissue and 
smooth muscle riddled with vascular spaees. During sexual ex- 
eitement, the vascular spaees fill with blood, causing the penis 
to enlarge and beeome rigid. This event, ealled ereetion , enables 
the penis to serve as a penetrating organ. 

The midventral ereetile body, the corpus spongiosum 
(spon"je-o'sum; “spongy body”) surrounds the urethra. It ex- 
pands distally to form the glans and proximally to form the 
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igure 27.5 Male reproductive structures. (a) Posterior vievv shovving longitudinal (frontal) 
seetion of the penis. (b) Transverse seetion of the penis, dorsal aspeet at top. 


part of the root ealled the bulb of the penis. The sheetlike bul- 
bospongiosus muscle eovers the bulb externally and secures it 
to the urogenital diaphragm. 

The paired dorsal ereetile bodies, ealled the eorpora eav- 
ernosa (kor'por-ah kà-ver-no'sah; cc cavernous bodies”), make 


up most of the penis and are bound by the fibrous tunica al- 
buginea. Their proximal ends form the crura of the penis 
(kroo'rah; cc legs”; singular: crus). Eaeh crus is surrounded by 
an ischiocavernosus muscle and anehors to the pubic areh of 
the bony pelvis. 
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The Male Duct System 

As we mentioned earlier, sperm travel from the testes to the 
body exterior through a system of ducts. In order (proximal to 
distal), the aeeessory ducts are the epididymis, ductus deferens, 
ejaculatory duct, and urethra. 


The Epididymis 

The cup-shaped epididymis (epi = beside; didym — the testes) 
is about 3.8 em (1.5 inehes) long (Figures 27.1 and 27.3a, b). Its 
head , which eontains the efferent ductules, eaps the superior 
aspeet of the testis. Its hody and tail are on the posterolateral 
area of the testis. 

Most of the epididymis eonsists of the highly eoiled duct of 
the epididymis, which has an uncoiled length of about 6 m (20 
feet). Some pseudostratified epithelial eells of the duct mucosa 
exhibit long, nonmotile mierovilli (stereoeilia) . The huge surface 
area of these stereoeilia allows them to absorb excess testicular 
fluid and to pass nutrients to the many sperm stored temporar- 
ily in the lumen. 

The immature, nearly nonmotile sperm that leave the testis 
are moved slowly along the duct of the epididymis through fluid 
that eontains several kinds of antimierobial proteins, including 
defensins. As they move along its tortuous course (a trip that 
takes about 20 days), the sperm gain the ability to swim. 

Sperm are ejaculated from the epididymis, not the testes as 
many believe. When a male is sexually stimulated and ejacu- 
lates, the smooth muscle in the ducts of the epididymis eon- 
traets, expelling sperm into the next segment of the duct system, 
the ductus deferens. 

Sperm ean be stored in the epididymis for several months. If 
they are held longer, epithelial eells of the epididymis eventually 
phagoeytize them. This is not a problem for the man, as sperm 
are generated continuously. 
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The Diietiis Deferens and Ejaculatory Duct 

The ductus deferens (duk'tus def'er-ens; “earrying away”), or 
vas deferens , is about 45 em (18 inehes) long. It runs upward 
as part of the spermatie eord from the epididymis through the 
inguinal eanal into the pelvie eavity (Figure 27.1). Easily pal- 
pated as it passes anterior to the pubic bone, it then loops medi- 
ally over the ureter and deseends along the posterior bladder 
wall. Its terminus expands to form the ampulla of the ductus 
deferens and then joins with the duct of the seminal gland to 
form the short ejaculatory duct. Eaeh ejaculatory duct enters 
the prostate, and there it empties into the urethra. 

Like that of the epididymis, the mucosa of the ductus def- 
erens is pseudostratified epithelium. However, its muscu- 
lar layer is extremely thiek and the duct feels like a hard wire 
when squeezed between the fingertips. During ejaculation, the 
smooth muscle in its walls ereates strong peristaltie waves that 
rapidly squeeze the sperm forward along the traet and into the 
urethra. 

As Figure 27.3 ilhistrates, part of the ductus deferens lies in 
the serotal sae. Some men opt to take full responsibility for birth 
eontrol by having a vaseetomy (vah-sek'to-me; “cutting the 


vas”). In this relatively minor operation, the physieian makes 
a small ineision into the scrotum and then cuts through and 
ligates (ties off) eaeh ductus deferens. Sperm are still produced, 
but they ean no longer reaeh the body exterior. Eventually, they 
deteriorate and are phagoeytized. Vaseetomy is simple and pro- 
vides highly effeetive birth eontrol (elose to 100%). For those 
wishing to reverse that procedure, the success rate is about 50%. 


The llrethra 

The urethra is the terminal portion of the male duct system 
(Figures 27.1 and 27.5). It eonveys both urine and semen (at 
different times), so it serves both the urinary and reproductive 
systems. Its three regions are: 

■ Prostatie rnethra , the portion surrounded by the prostate 

■ Intermediate part ofthe rnethra (or membranous urethra) in 
the urogenital diaphragm 

■ Spongy methra , which mns through the penis and opens to 
the outside at the external methral orifiee 

The spongy urethra is about 15 em (6 inehes) long and accounts 
for 75% of urethral length. Its mucosa eontains seattered me- 
thral glands that seerete hibrieating mucus into the lumen just 
before ejaculation. 



Check Your Understanding 


4. What is the function of the ereetile tissue of the penis? 

5. Name the organs of the male duct system in order, from the 
epididymis to the body exterior. 

6 . What are two functions of the stereoeilia on the epididymal 
epithelium? 

7. Which aeeessory organ of the male duct system runs from 
the scrotum into the abdominal eavity? 

_ For ansvvers, see Appendix Fi. 


The Male Aeeessory Glands 

Diseiiss the sources and functions of semen. 

The aeeessory glands include the paired seminal glands and 
bulbo-urethral glands and the single prostate (Figures 27.1 and 
27.5). Together these glands produce the bulk of semen (sperm 
plus aeeessory gland seeretions). 

The Seminal Glands 

The seminal glands (sem ì-nul), or seminal vesieles, lie on 
the posterior bladder surface. Eaeh of these fairly large, hollow 
glands is about the shape and length (5-7 em) of a little fin- 
ger. However, because a seminal gland is pouched, eoiled, and 
folded baek on itself, its uncoiled length is actually about 15 em. 
Its fibrous capsule eneloses a thiek layer of smooth muscle that 
eontraets during ej aculation to empty the gland. 

The seminal gland mucosa is a seeretory pseudostratified 
columnar epithelium. Stored within the mucosas honeyeomb 
of erypts and blind alleys is a yellowish viscous alkaline fluid 
eontaining fmetose sugar, eitrie aeid, a coagulating enzyme 
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(vesieiilase), and prostaglandins, as well as other substances that 
enhanee sperm motility or fertilizing ability. The yellow eolor of 
seminal fluid is due to a yellow pigment that fluoresces under 
UV light, a eapability that allows investigators to reeognize a 
sperm trail or residue in instanees of sexual attaek. 

As noted, the duct of eaeh seminal gland joins that of the 
ductus deferens on the same side to form the ejaculatory duct. 
Sperm and seminal fluid mix in the ejaculatory duct and enter 
the prostatie urethra together during ejaculation. Seminal gland 
seeretion accounts for some 70% of the vohime of semen. 

The Prostate 

The prostate (pros'tàt) is a single doughnut-shaped gland about 
the size of a peaeh pit (Figures 27.1 and 27.5). It eneireles the 
urethra just inferior to the bladder. Enelosed by a thiek eonnee- 
tive tissue capsule, it is made up of 20 to 30 compound tubuloal- 
veolar glands embedded in a mass (stroma) of smooth muscle 
and dense eonneetive tissue. 

During ejaculation, prostatie smooth muscle eontraets, 
squeezing the prostatie seeretion into the prostatie urethra via 
several ducts. This fluid plays a role in aetivating sperm and 
accounts for up to one-third of the semen volume. It is a milky, 
slightly aeid flmd that eontains eitrate (a nutrient source), sev- 
eral enzymes (including fibrinolysin, hyalmonidase, and aeid 
phosphatase), and prostate-speeifie antigen (PSA). 

Prostate Disorders 

Disorders that bedevil the prostate range from inflammations 
caused by baeteria, immune eells, or unknown faetors, to be- 
nign overgrowth of the gland, to prostate eaneer. As a result, the 
prostate has gained a reputation as a health destroyer (perhaps 
refleeted in the eommon mispronounciation “prostrate”). Lets 
take a look. 

Prostatitis The term prostatitis (pros"tah-ti'tis) refers to a 
nrnnber of inflammatory disorders with a variety of causes. 

■ Acute baeterial prostatitis is usually due to a baeterial infee- 
tion (most eommonly E. eoli) in the prostate. Symptoms may 
include a few to several of the following: fever, ehills, muscle 
and joint pain, frequency, mgeney, or painful mination, and 
baek pain. Treatment usually includes antibioties (for up to 
four weeks) and pain relief. 

■ Chronic baeterial prostatitis tends to be caused by the same 
baeteria as the acute type and has many of the same symp- 
toms. However, it is harder to diagnose, and tends to reem 
as baeteria in the prostate invade the bladder over and over. 
Treatment is difficult and long (three to fom months) because 
the antibaeterial dmgs penetrate poorly into the ehronieally 
inflamed prostate. 

■ Chronic prostatitis/pelvie pain syndrome is the most eom- 
mon and least understood type of prostatitis. It has two man- 
ifestations. Those with the inflammatory type have several of 
the urinary traet infeetion symptoms, as well as pains in the 
external genitalia and lower baek. Leukocytes, but not baete- 
ria, are present in the urine. 


The noninflammatory type has symptoms that mimie the 
inflammatory type, but neither leukocytes nor baeteria ap- 
pear in the urine. Its treatment is largely symptomatie. 

Benign Prostatie Hyperplasia Hypertrophy of the prostate, 
which is ealled benign prostatie hyperplasia (BPH) and affeets 
nearly every elderly male. Its preeise cause is unknown, but it 
may be assoeiated with age-related ehanges in hormone levels. 
It distorts the urethra, and the more the man strains to uri- 
nate, the more the valvelike prostatie mass bloeks the opening, 
enhaneing the risk of bladder infeetions (eystitis) and kidney 
damage. 

Traditional treatment has been surgical. Newer options 
include: 


■ Using microwaves or dmgs to shrink the prostate 

■ Inserting and inflating a small balloon to eompress the pros- 
tate tissue away from the prostatie urethra 

■ Inserting a eatheter eontaining a tiny needle to ineinerate ex- 
eess prostate tissue with bursts of radio-frequency radiation 


Finasteride, which ratehets down production of dihydrotes- 
tosterone, the hormone linked to male pattern balding and 
prostate enlargement, is helpful in some eases. Additionally, 
several drugs are available that relax the smooth muscles at the 
bladder outlet, aiding bladder emptying. 


Prostate Cancer Prostate eaneer is the seeond most eommon 
cause of eaneer death in men (after lung eaneer), accounting for 
an estimated 218,000 new eases and 32,000 deaths per year. It 
is twice as eommon in blaeks as in whites. Risk faetors include 
fatty diet and genetie predisposition. XMRV, a retrovims elosely 
related to a vims that causes various eaneers in miee, has been 
implieated in an aggressive form of prostate eaneer. 

Sereening for prostate eaneer typieally involves digital exam- 
ination by a health professional (palpating the prostate through 
the anterior reetal wall), assessment of semm PSA levels, and/ 
or transreetal ultrasound imaging. Although it is a normal 
eomponent of blood at levels below 2.5 ng/ml, PSA is a tumor 
marker and its rising semm level follows BPH as well as the 
elinieal disease course of prostate eaneer. Sereening procedures 
are followed by biopsies of suspicious prostate areas, if deemed 
neeessary, and metastases (most eommonly to the pelvie lymph 
nodes and the skeleton) are deteeted by bone or MRI seans. 

When possible, prostate eaneer is treated surgically, alone 
or in conjunction with radiotherapy. Because prostate eaneer is 
typieally androgen dependent, alternative therapies for metas- 
tasized eaneers involve eastration or dmgs that bloek androgen 
reeeptors (flutamide), or inhibit gonadotropin release, such as 
LHRH (luteinizing hormone-releasing hormone) analogues. 
LHRH is another term for GnRH (gonadotropin-releasing hor- 
mone, see p. 1033). Deprived of the stimulatory effeets of an- 
drogens, the prostatie tissue regresses and urinary symptoms 
typieally deeline. Cryosurgery, ehemotherapy, high-intensity fo- 
cused ultrasound, and proton beam therapy are now in elinieal 
trials to assess their benefits. 

However, many prostate eaneers are slow growing and may 
never represent a threat, particularly if the patient is elderly. In 
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such eases, regular tests to monitor the tumor for any ehanges 
may be all that is neeessary. 

The Bulbo-Urethral Glands 

The bulbo-urethral glands (burbo-u-re'thral) are pea-sized 
glands loeated inferior to the prostate in the urogenital dia- 
phragm (Figures 27.1 and 27.5). They produce a thiek, elear 
mucus, some of which drains into the spongy urethra and lu- 
brieates the glans penis when a man beeomes sexually excited. 
Additionally, the mucus neutralizes traees of aeidie urine and 
lubricates the urethra just prior to ejaculation. 


9. Which glandular aeeessory organ produces the largest 
proportion of semen? 

10. What is semen? 

_ For ansvvers, see Appendix H. 

Physiology of the Male 
Reproductive System 

Male Sexual Response 

Deseribe the phases of the male sexual response. 


Semen 


Semen (se'men) is a milky white, somewhat stieky mixture of 
sperm, testicular fluid, and aeeessory gland seeretions. The liq- 
uid provides a transport medium and nutrients and eontains 
ehemieals that proteet and aetivate the sperm and faeilitate their 
movement. Mature sperm eells are streamlined eelhilar <c mis- 
siles” eontaining little eytoplasm or stored nutrients. Catabo- 
lism of the fmetose in seminal gland seeretions provides nearly 
all the fuel needed for sperm ATP synthesis. 

Semen eontains several substances that play many roles: 

■ Prostaglandins deerease the viseosity of mucus guarding the 
entry (cervix) of the uterus and stimulate reverse peristalsis 
in the uterus, faeilitating sperm movement through the fe- 
male reproductive traet. 

■ The hormone relaxin and eertain enzymes in semen enhanee 
sperm motility. 

■ Contained ATP provides energy. 

■ Certain ingredients suppress the immune response in the fe- 
males reproductive traet. 

■ Antibiotie ehemieals destroy some baeteria. 

■ Clotting faetors in semen coagulate it just after it is ejacu- 
lated. Coagulation causes the sperm to stiek to the walls of 
the vagina and prevents the initially immobile sperm from 
draining out of the vagina. Soon affer semen coagulates, fì- 
brinolysin liquefies the stieky mass and the sperm swim out 
and begin their journey through the female duct system. 



Semen, as a whole, is alkaline (pH 7.2-8.0), which helps 
neutralize the aeid environment of the males urethra and the 
females vagina, proteeting the delieate sperm and enhaneing 
their motility. Sperm are shiggish under aeidie eonditions (be- 
lowpH 6). 

The amount of semen propelled out of the male duct system 
during ejaculation is relatively small, only 2-5 ml and only 10% 
sperm, but there are between 20 and 150 million sperm per 
milliliter. 




Check Your Understanding' 


8 . Adolph, a 68-year-old gentleman, has trouble urinating and 
is scheduled for a reetal exam. What is his most probable 
eondition and vvhat is the purpose of the reetal exam? 


Although there is more to it, the ehief phases of the male sexual 
response are (1) ereetion of the penis, which allows it to pene- 
trate the female vagina, and (2) ejaculation , which expels semen 
into the vagina. 

Ereetion 

Ereetion, enlargement and stiffening of the penis, results from 
engorgement of the ereetile bodies with blood. When a man 
is not sexually aroused, arterioles supplying the ereetile tissue 
are eonstrieted and the penis is flaeeid. However, sexual excite- 
ment triggers a parasympathetie reflex that promotes release 
of nitrie oxide (NO) loeally. NO relaxes smooth muscle in the 
penile blood vessel walls, dilating these arterioles, and the eree- 
tile bodies fill with blood. Expansion of the eorpora eavernosa 
of the penis eompresses their drainage veins, retarding blood 
outflow and maintaining engorgement. The corpus spongiosum 
expands but not nearly as much as the eavernosa. Its main job is 
to keep the urethra open during ejaculation. It is important that 
the ereet penis not kink or buckle during intercourse. The longi- 
tudinal and circular arrangement of eollagen fibers surrounding 
the penis prevents this problem. 

Ereetion of the penis is one of the rare examples of parasym- 
pathetie eontrol of arterioles. Another parasympathetie effeet is 
stimulation of the bulbo-urethral glands, the seeretion of which 
lubricates the glans penis. 

A variety of sexual stimuli ean initiate ereetion—touch, me- 
ehanieal stimulation of the penis, and erotie sights, sounds, 
and smells. The CNS responds by aetivating parasympathetie 
neurons that innervate the internal pudendal arteries serving 
the penis. Sometimes ereetion is induced solely by emotional 
or higher mental aetivity (the thought of a sexual encounter). 
Emotions and thoughts ean also inhibit ereetion, causing vaso- 
eonstrietion and a return to the flaeeid penile state. 

Ejaeiilation 

Ejaculation (ejae = to shoot forth) is the propulsion of semen 
from the male duct system. Although ereetion is under para- 
sympathetie eontrol, ejaculation is under sympathetie eontrol. 
When impulses provoking ereetion reaeh a eritieal level, a spi- 
nal reflex is initiated, and a massive diseharge of nerve impulses 
occurs over the sympathetie nerves serving the genital organs 
(largely at the level of and L 2 ). As a result, 

1. The bladder sphineter muscle eonstriets, preventing ex- 
pulsion of urine or reflux of semen into the bladder. 
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2. The reproductive ducts and aeeessory glands eontraet, 
emptying their eontents into the urethra. 

3. Semen in the urethra triggers a spinal reflex through so- 
matie motor neurons. The bulbospongiosus muscles of the 
penis undergo a rapid series of eontraetions, propelling 
semen from the urethra at a speed of up to 500 em/s (200 
inehes/s, elose to 11 mi/h). These rhythmie eontraetions 
are aeeompanied by intense pleasure and many systemie 
ehanges, such as generalized muscle eontraetion, rapid 
heartbeat, and elevated blood pressure. 

The entire ejaculatory event is ealled climax or orgasm. Or- 
gasm is quickly followed by resolution, a period of muscular 
and psyehologieal relaxation. Aetivity of sympathetie nerve fi- 
bers eonstriets the internal pndendal arteries (and penile arte- 
rioles), reducing blood flow into the penis, and aetivates small 
muscles that squeeze the cavernous bodies, foreing blood from 
the penis into the general circulation. Although the ereetion 
may persist a little longer, the penis soon beeomes flaeeid again. 
After ejaculation, there is a latent , or refraetory , period , ranging 
from minutes to hours, during which a man is unable to aehieve 
another orgasm. The latent period lengthens with age. 



Check Your Understanding 


11. What is ereetion and vvhieh division of the ANS regulates it? 

12. What occurs during resolution and vvhat 

_ For ansvvers, see Appendix H. 


brings it about? 



Homeostatie imbalanee 27.2 


Ereetile dysfunction (ED), the inability to attain an ereetion 
when desired, usually occurs when the parasympathetie nerves 
serving the penis do not release enough NO. Approximately 
50% of Ameriean men over age 40 (about 32 million) have some 
degree of ereetile dysfimetion. Psyehologieal faetors, aleohol, or 
eertain drugs (antihypertensives, antidepressants, and others) 
ean cause temporary ED. 

When ehronie, ED is largely the result of problems with hor- 
mones (diabetes mellitus), blood vessels (arterioselerosis, vari- 
eose veins), or the nervous system (stroke, penile nerve damage, 
multiple selerosis). In men with varieose veins, ineompetent 
valves that fail to retain blood in the penis during the ereetion 
phase may be the major cause. 

Until reeently, most ED remedies entailed using a vacuum 
pump to suck blood into the penis, or implanting a deviee into 
the penis to make it rigid. Viagra and similar dmgs (e.g., Cialis 
and Levitra) potentiate the effeet of the existing NO, a remedy 
that most men ean live with. These drugs are taken orally, work 
within minutes to an hour to produce a sustained blood flow 
to the penis, and have essentially no signifieant side effeets in 
healthy males. However, to avoid a fatal result, those with preex- 
isting heart disease or diabetes mellitus must heed the warning 
that these dmgs reduce systemie blood pressure. + 


Spermatogenesis 

✓ Define meiosis. Compare and eontrast it to mitosis. 
s Outline the events of spermatogenesis. 


Spermatogenesis (sper"mah-to-jen'è-sis; “sperm formation”) 
is the sequence of events in the seminiferous tubules of the tes- 
tes that produces male gametes— sperm or spermatozoa. The 
proeess begins around the age of 14 years (and offen earlier) in 
males, and continues throughout life. Every day, a healthy adult 
male makes about 400 million sperm. It seems that nature has 
made sure that the human speeies will not be endangered for 
laek of sperm! 

Before we deseribe spermatogenesis, lets define some terms. 
First, having two sets of ehromosomes, one from eaeh parent, 
is a key faetor in the human life eyele. The normal ehromo- 
some mimber in most body eells is the diploid ehromosomal 
number (dip'loid) of the organism, symbolized as 2 n. In hu- 
mans, the diploid ehromosomal number is 46, and diploid eells 
eontain 23 pairs of similar ehromosomes ealled homologous 
ehromosomes (ho-mol'ó-gus), or homologues. One mem- 
ber of eaeh pair is from the male parent (the paternal ehromo- 
some ), and the other is from the female parent (the maternal 
ehromosome). 

Generally speaking, the two homologues of eaeh ehromo- 
some pair look alike and earry genes that eode for the same 
traits, though not neeessarily for identieal expression of those 
traits. (Consider, for example, the homologous genes eontrol- 
ling the expression of freekles. The paternal gene might eode 
for an ample sprinkling of freekles and the maternal gene for no 
freekles.) In Chapter 29, we will eonsider how our moms and 
dads genes interaet to produce our visible traits. 

The number of ehromosomes in human gametes is 23, re- 
ferred to as the haploid ehromosomal number (hap'loid), or 
n. Gametes eontain only one member of eaeh homologous pair. 
When sperm and egg fuse, they form a fertilized egg that rees- 
tablishes the typieal diploid ehromosomal number of human 
eells (2 n). 

Gamete formation in both sexes involves meiosis (mi-o'sis; 
c a lessening”), a unique kind of nuclear division that, for the 
most part, occurs only in the gonads. Reeall that mitosis (the 
proeess by which most body eells divide) distributes replieated 
ehromosomes equally between the two daughter eells. Conse- 
quently, eaeh daughter eell reeeives a full set of ehromosomes 
identieal to that of the mother eell. Meiosis, on the other hand, 
eonsists of two consecutive nuclear divisions that follow one 
round of DNA replieation. Its product is four daughter eells in- 
stead of two, eaeh with half as many ehromosomes as typieal 
(diploid) body eells. 

In other words, meiosis reduces the diploid ehromosomal 
number by half (from 2n to n) in gametes. Additionally, meiosis 
introduces genetie variation because eaeh of the haploid daugh- 
ter eells has only some of the genes of eaeh parent, as explained 
shortly. 



Meiosis Compared to Mitosis 

The two nuclear divisions of meiosis, ealled meiosis I and mei- 
osis II, are divided into phases for eonvenienee. These phases 
have the same names as those of mitosis (prophase, metaphase, 
anaphase, and telophase), but some events of meiosis I are quite 
different from those of mitosis. gure 27.6 eompares mitosis 
and meiosis. 
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Mother eell 

(before ehromosome replieation) 



Chromosome 

replieation 



MITOSIS 


MEIOSIS 


Prophase 


Metaphase 



Replieated 

ehromosome Prophase I 


Chromosomes 

align at the Metaphase I 

metaphase plate 



Tetrad formed by 
synapsis of 

replieated homologous 
ehromosomes 


Tetrads align randomly 
at the metaphase plate 


Sister ehromatids separate 
during anaphase 




Daughter 
eells of 
mitosis 



Homologous ehromosomes 
separate but sister ehromatids 
remain together during anaphase I 




Daughter eells 
of Meiosis I 


Meiosis II 


further ehromosomal 
replieation; sister ehromatids 
separate during anaphase II 







n n n n 

Daughter eells of meiosis II 

(usually gametes) 



MITOSIS 

MEIOSIS 

Number of 
divisions 

One, eonsisting of prophase, metaphase, 
anaphase, and telophase. 

Two, eaeh eonsisting of prophase, metaphase, anaphase, and telophase. 
DNA replieation does not occur between the two nuclear divisions. 

Synapsis of 

homologous 

ehromosomes 

Does not occur. 

Occurs during prophase 1; tetrads form, allowing erossovers. 

Daughter eell 
number and 
genetie 
eomposition 

Two. Eaeh diploid (2 n) eell is identieal to 
the mother eell. 

Four. Eaeh haploid {n) eell eontains half as many ehromosomes as the 
mother eell and is genetieally different from the mother eell. 

Roles 

in the body 

For development of multicellular adult from 
zygote. Produces eells for growth and tissue 
repair as multicellular adult develops. Ensures 
genetie makeup of all body eells is eonstant. 

Produces eells for reproduction (gametes). lntroduces genetie variability 
in the gametes and reduces ehromosomal number by half so that when 
fertilization occurs, the normal diploid ehromosomal number is restored 
(in humans, 2 n = 46). 


gure 27.6 Comparison of mitosis and meiosis in a mother eell with a diploid 
number (2n) of 4. (Not all the phases of mitosis and meiosis are shown, and only one possible 
alignment of the tetrads at metaphase I is illustrated.) 
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Reeall that prior to mitosis all the ehromosomes are repli- 
eated. Then the identieal eopies remain together as sister ehro- 
matids eonneeted by a eentromere throughout prophase and 
during metaphase. At anaphase, the eentromeres split and the 
sister ehromatids separate from eaeh other so that eaeh daugh- 
ter eell inherits a eopy of every ehromosome possessed by the 
mother eell (Figure 27.6, leff side). Lets look at how meiosis 
differs (Figure 27.6, right side). 

Meiosis I Meiosis I is sometimes ealled the reduction division 
of meiosis because it reduces the ehromosome number from 
2n to n. As in mitosis, ehromosomes replieate before meiosis 
begins and in prophase the ehromosomes eoil and eondense, 
the nuclear envelope and nucleolus break down and disappear, 
and a spindle forms. 

But prophase I of meiosis includes an event never seen in 
mitosis (nor in meiosis II for that matter): The replieated ehro- 
mosomes seek out their homologous partners and pair up with 
them. This alignment takes plaee at diserete spots along the en- 
tire length of the homologues—more like buttoning together 
than zipping. This proeess, ealled synapsis, forms little groups of 
four ehromatids ealled tetrads (Figure 27.6 and Figure 27. j ). 

During synapsis, a seeond unique event, ealled erossover, 
occurs. Crossovers, also ealled ehiasmata (singular: ehiasma), 
form within eaeh tetrad as the free ends of one maternal and 
one paternal ehromatid wrap around eaeh other at one or more 
points. Crossover allows the paired maternal and paternal 
ehromosomes to exchange genetie material (see Figure 29.3, 
p. 1098). Prophase I accounts for about 90% of the total period 
of meiosis. By its end, the tetrads are attaehed to the spindle and 
are moving toward the spindle equator. 

During metaphase I, the tetrads line up randomly at the spin- 
dle equator, so that either the paternal or maternal ehromosome 
ean be on a given side of the equator (Figure 27.6). During ana- 
phase I, the sister ehromatids representing eaeh homologue be- 
have as a unit—almost as if replieation had not occurred—and 
the homologous ehromosomes , eaeh still eomposed of two joined 
sister ehromatids (a dyad), are distributed to opposite ends of 
the eell. 

As a result, when meiosis I ends, eaeh daughter eell has: 

■ Two eopies of one member of eaeh homologous pair (either 
the paternal or maternal) and none of the other 

■ A haploid ehromosomal number (because the still-united 
sister ehromatids are eonsidered a single ehromosome), but 
twice the amount of DNA in eaeh ehromosome 

Meiosis II The seeond meiotie division, meiosis II, mirrors mi- 
tosis in every way, except that the ehromosomes are not repli- 
eated before it begins. Instead, the sister ehromatids in the two 
daughter eells of meiosis I are simply pareeled out among four 
eells. Meiosis II is sometimes ealled the equational division of 
meiosis because the ehromatids are distributed equally to the 
daughter eells (as in mitosis) (Figure 27.7). 

In short, meiosis aeeomplishes two important tasks: (1) It 
reduces the ehromosomal number by half, and (2) it introduces 
genetie variability. The random alignment of the homologous 
pairs during meiosis I (see Figure 27.6) provides tremendous 


variability in the resulting gametes by serambling genetie 
eharaeteristies of the two parents in diíferent eombinations. 
Crossover also inereases variability—during late prophase I, the 
homologues break at erossover points and exchange ehromo- 
somal segments (Figure 27.7). (We will deseribe this proeess 
in Chapter 29.) As a result, it is likely that no two gametes are 
exactly alike, and all are diíferent from the original mother eells. 


Spermatogenesis: Summary of Events 
in the SeminiferousTubules 

A histologieal seetion of an adult testis shows that most eells 
making up the epithelial walls of the seminiferous tubules are 
in various stages of eell division Figure 27.8a). These eells, 
eolleetively ealled spermatogenie eells ( spermatogenie = sperm 
forming), give rise to sperm in the following series of divisions 
and eelhilar transformations (Figure 27.8b, e). 


Mitosis of Spermatogonia: Forming Spermatoeytes The 

outermost tubule eells, which are in direet eontaet with the 
epithelial basal lamina, are stem eells ealled spermatogonia 
(sper"mah-to-go'ne-ah; “sperm seed”). The spermatogonia di- 
vide more or less continuously by mitosis and, until puberty, all 
their daughter eells beeome spermatogonia. 

Spermatogenesis begins during puberty, and from then on, 
eaeh mitotie division of a spermatogonium results in two dis- 
tinetive daughter eells—types A and B. The type A daughter 
eell remains at the basal lamina to maintain the pool of dividing 
germ eells. The type B daughter eell gets pushed toward the 
lumen, where it beeomes a primary spermatoeyte destined to 
produce four sperm. (To keep these eell types straight, remem- 
ber that just as the letter A is always at the beginning of our 
alphabet, a type A eell is always at the tubule basal lamina ready 
to begin a new generation of gametes.) 


Meiosis: Spermatoeytes to Spermatids Eaeh primary sper- 
matoeyte generated during the first phase undergoes meiosis I, 
forming two smaller haploid eells ealled seeondary spermato- 
eytes (Figure 27.8b, e). The seeondary spermatoeytes continue 
on rapidly into meiosis II. Their daughter eells, ealled sperma- 
tids (sper'mah-tidz), are small round eells, with large spherieal 
nuclei, seen eloser to the lumen of the tubule. Midway through 
spermatogenesis, the developing sperm “turn off” nearly all 
their genes and eompaet their DNA into dense pellets. 

Spermiogenesis: Spermatids to Sperm Eaeh spermatid has 
the eorreet ehromosomal number for fertilization (n), but is 
nonmotile. It still must undergo a streamlining proeess ealled 
spermiogenesis, during which it elongates, sheds its excess ey- 
toplasmie baggage, and forms a tail. Follow the details of this 
proeess in Figure 27.9a (T)-® on p. 1032. 

Eaeh resulting sperm, or spermatozoon (sper"mah-to- 
zo'on; “animal seed”), has a head, midpieee, and tail, which eor- 
respond roughly to genetie , metabolie , and loeomotor regions , 
respeetively (Figure 27.9a (?)). Sperm “paek” lightly. 

The head of a sperm eonsists almost entirely of its flattened 
nucleus, which eontains the eompaeted DNA. A helmetlike 
aerosome (ak'ro-sòm; “tip pieee”) adheres to the top of the 
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Interphase eell 


Centriole 

pairs 



Nuclear 

envelope 


ehromatin 



Interphase events 

As in mitosis, meiosis is preeeded 
by DNA replieation and other 
preparations for eell division. 


gure 27. ‘ Meiosis. The series of 
events in meiotie eell division for an 
animal eell vvith a diploid number (2 n) 
of 4. The behavior of the ehromo- 
somes is emphasized. 


MEIOSIS I 


Oentromere 



Orossover 
Spindle 


Sister 
ehromatids 


Nuclear envelope 
fragments late 
in prophase I 


Tetrad 





Ohromosomes 
uncoil 

Nuclear 
envelopes 
re-form 

deavage 
furrow 


MEIOSIS II 



ProphaseI 

Prophase events occur, as in mitosis. Additionally, synapsis 
occurs: Homologous ehromosomes eome together along their 
length to form tetrads. During synapsis, the “arms” of 
homologous ehromatids wrap around eaeh other, forming 
several erossovers. The nonsister ehromatids trade segments 
at points of erossover. Crossover is followed through the 
diagrams below. 


Metaphase I 

The tetrads align randomly on the spindle equator 
in preparation for anaphase. 


Anaphase I 

llnlike anaphase of mitosis, the eentromeres do not separate 
during anaphase I of meiosis, so the sister ehromatids (dyads) 
remain firmly attaehed. However, the homologous 
ehromosomes do separate from eaeh other and the dyads 
move toward opposite poles of the eell. 


Telophase I 

The nuclear membranes re-form around the ehromosomal 
masses, the spindle breaks down, and the ehromatin 
reappears as telophase and eytokinesis end. The 2 daughter 
eells (now haploid) enter a seeond interphase-like period, 
ealled interkinesis, before meiosis II occurs. There is no 
seeond replieation of DNA before meiosis II. 




Prophase II 




Metaphase II 




Anaphase II 


Telophase II 
and eytokinesis 




Products of 
meiosis: 
haploid 
daughter eells 


Meiosis II begins with the 
products of meiosis I (2 
haploid daughter eells) and 
undergoes a mitosis-like 
nuclear division proeess 
referred to as the equational 
division of meiosis. 


After progressing through the 
phases of meiosis and 
eytokinesis, the product is 4 
haploid eells, eaeh genetieally 
different from the original 
mothereell. (During human 
spermatogenesis, the daughter 
eells remain intereonneeted by 
eytoplasmie extensions during 
the meiotie phases.) 
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Figure 27.8 Spermatogenesis. (Note: The proeess of 
spermatogenesis eneompasses the phases through the production 
of sperm. Conversion of the haploid spermatids to sperm eells is 
speeifieally ealled spermiogenesis.) 



Spermatogonium 
(stem eell) 


Tight junction between 
sustentocytes 


Cytoplasm of adjaeent 


(a) Seanning eleetron mierograph of a eross- 
seetional view of a seminiferous tubule ( 165 x) 
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(b) Events of spermatogenesis, showing the relative 
position of various spermatogenie eells 


(e) A portion of the seminiferous tublule wall, showing the 

spermatogenie eells surrounded by sustentocytes (eolored gold) 
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Approximately 24 days 





Golgi apparatus 


Aerosomal 

vesiele 



Spermatid 

nucleus 



Oentrioles 


(a) 





Microtubules 
Flagellum 



Mitoehondria 




© 



Aerosome 


eytoplasm 




(b) 



Midpieee 


Head 






gure 27.9 Spermiogenesis: 
transformation of a spermatid into a 
functional sperm. (a) During the stepvvise 
proeess of spermiogenesis: ® the Golgi 
apparatus paekages the aerosomal enzymes, 
@ the aerosome forms at the anterior end 


of the nucleus and the eentrioles gather at 
the opposite end of the nucleus, @ miero- 
tubules elaborate to form the flagellum, 

® mitoehondria multiply and take up 
position around the proximal portion of the 
flagellum 7 and @ excess eytoplasm sloughs 


off. @ Structure of an immature sperm that 
has just been released from a sustentocyte. 
@ Structure of a fully mature sperm. 

(b) Seanning eleetron mierograph of mature 
sperm (900x). 


nucleus (Figure 27.9a @ and @). Like a lysosome produced by 
the Golgi apparatus, the aerosome eontains hydrolytie enzymes 
that, in this ease, enable the sperm to penetrate and enter an egg. 

The sperm midpieee eontains mitoehondria spiraled tightly 
around the microtubules of the tail. The long tail is a typieal 
flagellum produced by one eentriole (actually a basal body) near 

I the nucleus. The mitoehondria provide the metabolie energy 
(ATP) needed for the whiplike movements of the tail that will 
propel the sperm along its way in the female reproductive traet. 



Role of the Sustentocytes Throughout spermatogenesis, de- 
seendants of the same spermatogonium remain elosely attaehed 
to one another by eytoplasmie bridges (see Figure 27.8c). They 
are also surrounded by and eonneeted to nonreplieating sup- 
porting eells ealled sustentocytes or Sertoli eells , which extend 
from the basal lamina to the tubule lumen. 

The sustentocytes, bound to eaeh other laterally by tight 
junctions, divide the seminiferous tubule into two eompart- 
ments. The basal eompartment extends from the basal lamina 
to their tight junctions and eontains spermatogonia and the 


earliest primary spermatoeytes. The adluminal eompartment 
lies internal to the tight junctions and includes the meiotieally 
aetive eells and the tubule lrnnen (see Figure 27.8c). 

The tight junctions between the sustentocytes form the blood 
testis barrier. This barrier prevents the membrane antigens of 
differentiating sperm from eseaping through the basal lamina 
into the bloodstream where they would aetivate the immune sys- 
tem. Because no sperm are formed until puberty, they are absent 
when the immune system is being programmed to reeognize 
a persons own tissues early in life. The spermatogonia, which 
are reeognized as “self,” are outside the barrier and for this rea- 
son ean be infhieneed by bloodborne ehemieal messengers that 
prompt spermatogenesis. Following mitosis of the spermatogo- 
nia, the tight junctions of the sustentocytes open to allow type B 
daughter eells to pass into the adhiminal eompartment—much 
as loeks in a eanal open to allow a boat to pass. 

In the adhiminal eompartment, spermatoeytes and sper- 
matids are nearly enelosed in reeesses in the sustentocytes (see 
Figure 27.8), anehored there by a particular glyeoprotein on the 
spermatogenie eell. 
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The sustentocytes: 

■ Provide nutrients and essential signals to the dividing eells, 
even telling them to live or die 

■ Move the eells along to the lumen 

■ Seerete testicular fluid (rieh in androgens and metabolie aeids) 
that provides the transport medium for sperm in the lumen 

■ Phagoeytize faulty germ eells and the excess eytoplasm 
sloughed off as the spermatids transform into sperm 

■ Produce ehemieal mediators (inhibin and androgen-binding 
protein) that help regulate spermatogenesis 

Given hospitable eonditions, spermatogenesis—from forma- 
tion of a primary spermatoeyte to release of immature sperm 
into the lumen—takes 64 to 72 days. Sperm in the lumen are 
unable to “swim” and are ineapable of fertilizing an egg. The 
pressure of the testicular fluid pushes them through the tubular 
system of the testes into the epididymis, where they gain in- 
ereased motility and fertilizing power. 



Homeostatie imbalanee 27.3 


Roughly one in seven Ameriean couples seek treatment for 
infertility, mostly because of problems with sperm quality or 
quantity. Aeeording to some studies, a gradual deeline in male 
fertility has been occurring in the past 50 years. 

Some believe the main culprit is xenobiotics , alien molecules 
that have invaded our lives in a variety of forms—environmental 
toxins, PVCs, phthalates (oily solvents that make plasties flexible), 
pestieides and herbieides, and espeeially compounds with estro- 
genie effeets. These estrogen-like compounds, which bloek the 
aetion of male sex hormones as they program sexual develop- 
ment, are now found in our meat supply as well as in the air. 

Common antibioties such as tetraeyeline may suppress sperm 
formation, and radiation, lead, marijuana, laek of selenium, and 
excessive aleohol ean cause abnormal (two-headed, multiple- 
tailed, ete.) sperm to be produced. Male infertility may also be 
caused by the laek of a speeifie type of Ca 2+ ehannel (Ca 2+ is 
needed for normal sperm motility), anatomieal obstmetions, 
hormonal imbalanees, and oxidative stress (which fragments 
sperm DNA). Thermal-related events that inhibit sperm matu- 
ration include fever and ovemsing hot tubs. + 



Check Your IJnderstanding 


13. What is the final outcome of meiosis? 

14. Deseribe the major structural and functional regions of a 
sperm. 

15. What is the role of sustentocytes? Of interstitial endoerine 
eells? 


For ansvvers, see Appendix H. 


Hormonal Regulation of Male Reprodiietive 
Function 

Discuss hormonal regulation of testicular function and the 
physiologieal effeets of testosterone on male reproductive 
anatomy. 


Hormonal interaetions between the hypothalamus, anterior pi- 
tuitary gland, and gonads, a relationship ealled the hypothalamie- 
pituitary-gonadal (HPG) axis, regulate the production of gam- 
etes and sex hormones. Lets take a look. 


The Hypothalamic-Pituitary-Gonadal (HPG) Axis 


The sequence of regulatory events involving the HPG axis, 

shown sehematieally in ure 27.10, is as follows: 

0 The hypothalamus releases gonadotropin-releasing hor- 
mone (GnRH), which reaehes the anterior pituitary eells 
via the blood of the hypophyseal portal system. GnRH eon- 
trols the release of the two anterior pituitary gonadotro- 
pins: follicle-stimulating hormone (FSH) and luteinizing 
hormone (LH), both named for their effeets on the female 
gonad. 

@ GnRH binds to pituitary eells (gonadotropie eells), prompt- 
ing them to seerete FSH and LH into the blood. 

@ FSH stimulates spermatogenesis indireetly by stimulating 
the sustentocytes to release androgen-binding protein 
(ABP). ABP keeps the eoneentration of testosterone in 
the vieinity of the spermatogenie eells high, which in turn 
stimulates spermatogenesis. In this way, FSH enhanees tes- 
tosterones stimulatory effeets. 

0 LH binds to the interstitial endoerine eells in the soff eon- 
neetive tissue surrounding the seminiferous tubules, prod- 
ding them to seerete testosterone (and a small amount of 
estrogen). Loeally, rising testosterone levels serve as the fi- 
nal trigger for spermatogenesis. 

@ Testosterone entering the bloodstream exerts a number of 
effeets at other body sites. It stimulates maturation of sex 
organs, development and maintenanee of seeondary sex 
eharaeteristies, and libido (sex drive). 

© Rising levels of testosterone feed baek to inhibit hypotha- 
lamie release of GnRH and aet direetly on the anterior pi- 
tuitary to inhibit gonadotropin release. 

0 Inhibin (in-hib'in), a protein hormone produced by the 
sustentocytes, serves as a “barometer” of the normaley of 
spermatogenesis. When the sperm count is high, more 
inhibin is released, inhibiting anterior pituitary release of 
FSH and hypothalamie release of GnRH. (The inhibitory 
effeet of testosterone and inhibin on the hypothalaimis is 
not illustrated in Figure 27.10.) When the sperm count falls 
below 20 million/ml, inhibin seeretion deelines steeply. 

As you ean see, the amount of testosterone and sperm pro- 

duced by the adult testes refleets a balanee among the three in- 

teraeting sets of hormones that make up the HPG axis: 

■ GnRH, which indireetly stimulates the testes via its effeet on 
FSH and LH release 

■ Gonadotropins (FSH and LH), which direetly stimulate the 
testes 
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■ Gonadal hormones (testosterone and inhibin), which exert 
negative feedbaek eontrols on the hypothalamus and ante- 
rior pituitary 
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gure 27.10 Hormonal regulation of testicular function, 
the hypothalamic-pituitary-gonadal (HPG) axis. (Only one 
sustentocyte is depieted to show its structural relationship to the 
spermatogenie eells it eneloses. However, it would be flanked by 
sustentocytes on eaeh side.) 




27 


J 


Onee this balanee is established during puberty (a proeess 
that takes about three years), the amount of testosterone and 
sperm produced remains fairly stable throughout life. 

Because input from other brain areas also influences the hy- 
pothalamus, the whole axis is under CNS eontrol. In the absenee 
of GnRH and gonadotropins, the testes atrophy, and sperm and 
testosterone production eease. 

Development of male reproductive structures (discussed 
later in the ehapter) depends on prenatal seeretion of male hor- 
mones, and for a few months before birth, a male infant has 
plasma gonadotropin and testosterone levels nearly two-thirds 
those of an adult male Figure 27.11] . Soon after birth, blood 
levels of these hormones reeede and they remain low through- 
out ehildhood. As puberty nears, higher levels of testosterone 
are required to suppress hypothalamie release of GnRH. So, as 



Months Years 

Age 

Figure 27.11 Plasma testosterone and sperm production 
levels versus age in male humans. 


more GnRH is released, the testes seerete more testosterone, but 
the threshold for hypothalamie inhibition keeps rising until the 
adult pattern of hormone interaetion is aehieved, as evideneed 
by the presenee of mature sperm in the semen. 

Meehanism and Effeets of Testosterone Aetivity 

Like all steroid hormones, testosterone is synthesized from 
eholesterol and exerts its effeets by aetivating speeifìe genes, 
which results in enhaneed synthesis of eertain proteins in the 
target eells. (See Chapter 16 for meehanisms of steroid hormone 
aetion.) 

In some target eells, testosterone must be transformed into 
another steroid to exert its effeets. In the prostate, testosterone 
is eonverted to dihydrotestosterone ( DHT) before it ean bind in 
the nucleus, and in eertain neurons of the brain, testosterone is 
eonverted to estradiol (es"trah-di'ol), a female sex hormone, to 
bring about its stimulatory effeets. These transformations often 
occur in a single enzymatie step because testosterone and the 
other gonadal hormones are structurally similar. 

As puberty ensues, testosterone not only prompts spermato- 
genesis but also has multiple anabolie effeets throughout the 
body (see Table 27.1, p. 1052). It targets aeeessory reproductive 
organs—ducts, glands, and the penis—causing them to grow to 
adult size and function. In adult males, normal plasma levels 
of testosterone maintain these organs. When the hormone is 
defieient or absent, all aeeessory organs atrophy, semen volume 
deelines markedly, and ereetion and ejaculation are impaired. 
Thus, a man beeomes both sterile and unable to earry out sexual 
intercourse. Testosterone replaeement therapy ean remedy this 
situation. 

Male seeondary sex eharaeteristies —that is, features in- 
duced in nonreproductive organs by the male sex hormones 
(mainly testosterone)—develop at puberty. These include the 
appearanee of pubic, axillary, and faeial hair, enhaneed hair 
growth on the ehest or other body areas in some men, and a 
deepening voiee as the larynx enlarges. The skin thiekens and 
beeomes oilier (which predisposes young men to aene), bones 
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gure 27.12 Internal organs of the female reproductive system, midsagittal seetion. 

(For a related image, see A BriefAtlas ofthe Human Body, Figure 74.) 


grow and inerease in density, and skeletal muscles inerease in 
size and mass. The last two eífeets are often referred to as the 
somatie effeets of testosterone ( soma = body). Testosterone also 
boosts basal metabolie rate and influences behavior. It is the 
basis of the male libido, whether heterosexual or homosexual. 
As noted later (p. 1053), the adrenal androgen DHEA appears 
to be more important than testosterone in ereating or driving 
th efemale libido. 

In embryos, testosterone masculinizes the brain. Testoster- 
one also appears to continue to shape eertain regions of the 
male brain well into adult life, as indieated by the differenees in 
males and females brain areas involved in sexual arousal (for 
example, the amygdala). 

The testes are not the only source of androgens. The adrenal 
glands of both sexes also release them. However, the relatively 
small amounts of adrenal androgens are insufficient to support 
normal testosterone-mediated ffinetions, so we ean assume that 
it is the testosterone production by the testes that supports male 
reproductive ffinetion. 



Check Your IJnderstanding 


16. What is the HPG axis? 

17. Hovv does FSH indireetly stimulate spermatogenesis? 

18. What are three seeondary sex eharaeteristies promoted by 
testosterone? 

_ For ansvvers, see Appendix H. 


Anatomy of the Female 
Reproductive System 


The reproductive role of the female is far more complex than 
that of a male. Not only must she produce gametes, but her body 
must prepare to nurture a developing fetus for approximately nine 
months. Ovaries, the female gonads, are the primary reproduc- 
tive organs of a female, and like the male testes, ovaries serve a 
dual purpose: They produce the female gametes (ova) and sex 
hormones, estrogen and progesterone (pro-ges'tè-rón). Estro- 
gen includes estradiol , estrone , and estriol , but estradiol is the most 
abundant and is most responsible for estrogenie effeets in humans. 

As illustrated in =igure 27.12, a females internal genitalia— 
her ovaries and duct system—are mostly loeated in the pelvie eav- 
ity. The females aeeessory ducts, from the vieinity of the ovary to 
the body exterior, are the uterine tubes , the uterus , and the vagina. 
They transport or otherwise serve the needs of the reproductive 
eells and a developing fetus. The external sex organs of females are 
referred to as external genitalia. 



The Ovaries 

✓ Deseribe the loeation, straetore, and function of the 
ovaries. 


The paired ovaries flank the uterus on eaeh side (Figure 27.12). 
Shaped like an almond and about twice as large, eaeh ovary is 
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Figure 27.13 Photomierograph of a mammalian ovary shovving follieles in different 
developmental phases. Note that most follieles are in the cortex (3x). 
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held in plaee by several ligaments in the fork of the iliae blood 
vessels within the peritoneal eavity. The ovarian ligament an- 
ehors the ovary medially to the uterus; the suspensory liga- 
ment anehors it laterally to the pelvie wall; and the mesovarium 
(mez"o-va're-um) suspends it in between (see Figures 27.12 
and 27.14). The suspensory ligament and mesovarium are part 
of the broad ligament, a peritoneal fold that “tents” over the 
uterus and supports the uterine tubes, uterus, and vagina. The 
broad ligament eneloses the ovarian ligaments. 

The ovaries are served by the ovarian arteries, branehes of 
the abdominal aorta (see Figure 19.24c), and by the ovarian 
braneh of the uterine arteries. The ovarian blood vessels reaeh 
the ovaries by traveling through the suspensory ligaments and 
mesovaria (see Figure 27.14). 

Like eaeh testis, eaeh ovary is surrounded externally by a fi- 
brous tunica albuginea gure 27.13), which is in turn eovered 
externally by a layer of cuboidal epithelial eells ealled th egerminal 
epithelinm , actually a continuation of the peritoneum. The ovary 
has an outer cortex , which houses the forming gametes, and an 
inner medulla eontaining the largest blood vessels and nerves, but 
the relative extent of eaeh region is poorly defined. 

Embedded in the highly vascular eonneetive tissue of the 
ovary cortex are many tiny saelike structures ealled ovarian 
follieles. Eaeh folliele eonsists of an immature egg, ealled an 
ooeyte (o'o-slt; oo = egg), eneased by one or more layers of 
very different eells. The surrounding eells are ealled folliele eells 
if a single layer is present, and gramilosa eells when more than 
one layer is present. 


Follieles at different stages of maturation are distinguished by 
their structure, which ranges from primordial follieles with a sin- 
gle layer of folliele eells surrounding the ooeyte to more mature 
follieles with several layers of granulosa eells. The fully mature 
vesicular folliele, also ealled an antral, or tertiary, folliele, is 
identified by its eentral fluid-filled eavity ealled an antrum (Fig- 
ure 27.13). When mature, the folliele extends from the deepest 
part of the ovarian cortex and bulges from the surface of the 
ovary, and its ooeyte “sits proudly” on a stalk of granulosa eells 
at one side of the antmm. 

Eaeh month in women of ehildbearing age, one of the rip- 
ening follieles ejeets its ooeyte from the ovary, an event ealled 
ovulation (see Figure 27.20, ©). Affer ovulation, the ruptured 
folliele is transformed into a very different looking glandular 
structure ealled the corpus luteum (lu'te-um; “yellow body”; 
plural: eorpora lutea), which eventually degenerates (not shown 
in Figure 27.13). As a rule, most of these structures ean be seen 
within the same ovary. In older women, the surfaces of the ova- 
ries are searred and pitted, revealing that many ooeytes have 
been released. 



Check Your Understanding 


19. Briefly, what are the internal genitalia of a woman? 

20. What two roles do the ovaries assume? 

21. What name is given to the fluid-filled eavity of a mature 
folliele? 


For ansvvers, see Appendix H. 
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Figure 27.14 Internal reproductive organs of a female, posterior view. The posterior 
vvalls of the vagina, uterus, and uterine tubes, and the broad ligament (a peritoneal fold) have 
been removed on the right side to reveal the shape of the lumen of these organs. (For a related 
image, see A BriefAtlas ofthe Human Body, Figure 75.) 


The Female Diiet System 

S Deseribe the loeation, stroetare, and function of eaeh of the 
organs of the female reproductive duct system. 

Unlike the male duct system, which is continuous with the tu- 
bules of the testes, the female duct system has little or no actual 
eontaet with the ovaries. An ovulated ooeyte is east into the 
peritoneal eavity, and some ooeytes are lost there. 

The UterineTubes 

The uterine tubes (u'ter-in), also ealled fallopian tubes or ovi- 
ducts, form the initial part of the female duct system (Figure 27.12 
and i< ure 27.14). They reeeive the ovulated ooeyte and are the 
site where fertilization generally occurs. Eaeh uterine tube is about 
10 em (4 inehes) long and extends medially from the region of an 
ovary to empty into the superolateral region of the uterus via a eon- 
strieted region ealled the isthmus (is'mus). The distal end of eaeh 
uterine tube expands as it curves around the ovary, forming the 
ampulla. The ampulla ends in the infundibulum (in"fun-dib'u- 
lum), an open, funnel-shaped structure bearing eiliated, fìngerlike 


projeetions ealled fimbriae (fim'bre-e; “fringe”) that drape over 
the ovary. 

Around the time of ovulation, the uterine tube performs a 
complex “danee” to capture ooeytes. It bends to drape over the 
ovary while the fimbriae stiffen and sweep the ovarian surface. 
The beating eilia on the fimbriae ereate currents in the peri- 
toneal fluid that tend to earry an ooeyte into the uterine tube, 
where it begins its journey toward the uterus. 

The uterine tube eontains sheets of smooth muscle, and its 
thiek, highly folded mucosa eontains both eiliated and noneili- 
ated eells. The ooeyte is earried toward the uterus by a eombina- 
tion of muscular peristalsis and the beating eilia. Noneiliated 
eells of the mucosa have dense mierovilli and produce a seere- 
tion that keeps the ooeyte (and sperm, if present) moist and 
nourished. 

Externally, the uterine tubes are eovered by peritoneum 
and supported along their length by a short mesentery (part of 
the broad ligament) ealled the mesosalpinx (mez"o-sal'pinks; 
“mesentery of the tmmpet”; salpin = tmmpet), a referenee to 
the tmmpet-shaped uterine tube it supports (Figure 27.14). 
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Homeostatie Imbalanee 27.4 


The faet that the uterine tubes are not continuous with the ova- 
ries plaees women at risk for eetopie pregnaney , in which an 
ooeyte fertilized in the peritoneal eavity or distal portion of the 
uterine tube begins developing there. Because the tube laeks 
adequate mass and vascularization to support a full-term preg- 
naney, eetopie pregnaneies tend to naturally abort, often with 
substantial bleeding. 

Another potential problem is infeetion spreading into the peri- 
toneal eavity from other parts of the reproductive traet. Sexually 
transmitted mieroorganisms, including gonorrhea baeteria, some- 
times infeet the peritoneal eavity in this way, causing an extremely 
severe inflammation ealled pelvie inflammatory disease (PID). 
Unless treated promptly with broad-speetmm antibioties, PID ean 
cause searring of the narrow uterine tubes and of the ovaries, re- 
sulting in sterility. Searring and closure of the uterine tubes, which 
have an internal diameter as small as the width of a human hair 
in some regions, is one of the major causes of female infertility. + 


The lltems 

The uterus (Latin for “womb”) is loeated in the pelvis, ante- 
rior to the rectum and posterosuperior to the bladder (Fig- 
ures 27.12 and 27.14). It is a hollow, thick-walled, muscular 
organ that reeeives, retains, and nourishes a fertilized ovum. 
In a fertile woman who has never been pregnant, the uterus 
is about the size and shape of an inverted pear, but it is usu- 
ally larger in women who have borne ehildren. Normally, the 
uterus flexes anteriorly to some extent where it joins the va- 
gina (see Figure 27.12), causing the uterus as a whole to be 
inelined forward, or anteverted. However, the organ is fre- 
quently turned backward, or retroverted , in older women. 

The major portion of the uterus is referred to as the body 
(Figures 27.12 and 27.14). The rounded region superior to the 
entranee of the uterine tubes is the fundus, and the slightly nar- 
rowed region between the body and the cervix is the isthnms. 
The cervix of the uterus is its narrow neek, or outlet, which 
projeets into the vagina inferiorly. 

The eavity of the cervix, ealled the eervieal eanal, communi- 
eates with the vagina via the external os (os = mouth) and with 
the eavity of the uterine body via the internal os. The mucosa of 
the eervieal eanal eontains eervieal glands that seerete a mucus 

I that fills the eervieal eanal and eovers the external os, presumably 
to bloek the spread of baeteria from the vagina into the uterus. 
Cervical mucus also bloeks sperm entry except at mideyele, when 
it beeomes less viscous and allows sperm to pass through. 
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Homeostatie imbalanee 27.5 

Cancer of the cervix strikes about 450,000 women worldwide 
eaeh year, killing about half. It is most eommon among women 
between the ages of 30 and 50. Risk faetors include frequent eer- 
vieal inflammations, sexually transmitted infeetions (including 
genital warts), and imiltiple pregnaneies. The eaneer eells arise 
from the epithelium eovering the eervieal tip. 

In a Papanicolaou ( Pap ) smear , or eervieal smear test, some 
of these eells are seraped away and then examined for abnor- 
malities. A Pap smear is the most effeetive way to deteet this 


slow-growing eaneer, and Ameriean Cancer Soeiety guidelines 
advise women to have one yearly until age 65, at which time 
this monitoring ean be stopped if there have been no abnormal 
results in the past 10 years. However, the Federal Government 
Source for Womens Health reeommends a Pap smear be eon- 
ducted every two years in women ages 21 to 30, and yearly over 
age 30. If results for three years in a row are negative, the physi- 
eian may suggest doing the tests farther apart and discontinuing 
them affer age 65. 

When results are inconclusive, a test for the sexually transmit- 
ted human papillomavims (HPV), the cause of most eervieal ean- 
eers, ean be done from the same Pap sample or a blood sample. 

Gardasil , a three-dose vaeeine that proteets against HPV- 
induced eervieal eaneer, is the latest addition to the offieial ehild- 
hood immunization schedule. It is reeommended for all 11- and 
12-year-old girls, although it may be administered to girls as 
young as 9. In unexposed girls, the vaeeine speeifieally bloeks 
two cancer-causing kinds of HPV as well as two additional types 
of HPV which are not assoeiated with eervieal eaneer. All four 
types of the virus are assoeiated with genital warts and mild Pap 
test abnormalities. Whether this vaeeine will beeome a require- 
ment for sehool is presently deeided on a state-to-state basis. + 


Supports of the Uterus The uterus is supported laterally by the 
mesometrium (“mesentery of the uterus”) portion of the broad 
ligament (Figure 27.14). More inferiorly, the eardinal (lateral 
eervieal) ligaments extend from the cervix and superior vagina 
to the lateral walls of the pelvis, and the paired uterosacral liga- 
ments secure the uterus to the saeram posteriorly. The uterus 
is bound to the anterior body wall by the fibrous round liga- 
ments, which run through the ingmnal eanals to anehor in the 
subcutaneous tissue of the labia majora. These ligaments allow 
the uterus a good deal of mobility, and its position ehanges as 
the rectum and bladder fill and empty. 



Homeostatie imbalanee 27.6 


Despite its many anehoring ligaments, the uterus is prineipally 
supported by the muscles of the pelvie floor, namely those of the 
mogenital and pelvie diaphragms (Table 10.7). These muscles 
streteh and sometimes tear during ehildbirth. Subsequently, the 
unsupported uterus may sink inferiorly, until the tip of the eer- 
vix protrades through the external vaginal opening. This eondi- 
tion is ealled prolapse of the uterus. + 


The undulating eomse of the peritoneum produces several 
cul-de-sacs, or blind-ended peritoneal pouches. The most im- 
portant of these are the vesicouterine pouch (ves"i-ko-u'ter-in) 
between the bladder and uterus, and the rectouterine pouch be- 
tween the rectum and uterus (see Figrne 27.12). 

The Uterine Wall The wall of the uterus is eomposed of three 
layers (Figrne 27.14): 

■ Perimetrium, the ineomplete outermost serous layer. 

■ Myometrium (mi"o-me'tre-um; C muscle of the uterus”), 
the bulky middle layer, eomposed of interlaeing bundles of 
smooth muscle. The myometrium eontraets rhythmieally 
during ehildbirth to expel the baby from the mother s body. 
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Figiire 27.1! The endometrium and its blood supply. (a) Photomierograph of the 
endometrium, longitudinal seetion, shovving its functionalis and basalis regions (28x). 
(b) Diagrammatie vievv of the endometrium, shovving the straight arteries that serve the 
stratum basalis and the spiral arteries that serve the stratum functionalis. The thin-vvalled 
veins and venous sinusoids are also illustrated. 


■ Endometriiim, the mucosal lining of the uterine eavity 

gure 27.15). It is a simple eohimnar epithelium under- 
lain by a thiek lamina propria. If fertilization occurs, the 
young embryo burrows into the endometrium (implants) 
and resides there for the rest of its development. 

The endometrimn has two ehief strata (layers). The stratum 
functionalis (fungk-shun-a'hs), or functional layer, undergoes 
eyelie ehanges in response to blood levels of ovarian hormones 
and is shed during menstmation (approximately every 28 days). 
The thinner, deeper stratum basalis (ba-sà'lis), or basal layer, 
forms a new functionalis affer menstmation ends. It is unre- 
sponsive to ovarian hormones. The endometrium has numerous 
uterine glands that ehange in length as endometrial thiekness 
ehanges during the menstmal eyele (see Figure 27.22). 

The vascular supply of the uterus is key to understanding 
the eyelie ehanges of the uterine endometrium, which we will 
discuss later in the ehapter. The uterine arteries arise from the 


internal iliaes in the pelvis, aseend along the sides of the uterus, 
and send branehes into the uterine wall (Figures 27.14 and 
27.15b). These branehes break up into several arcuate arteries 
(ar'ku-àt) within the myometrium. The arcuate arteries send 
radial arteries into the endometrium, where they in turn give 
off straight arteries to the stratum basalis and spiral (eoiled) 
arteries to the stratum functionalis. The spiral arteries repeat- 
edly degenerate and regenerate, and it is their spasms that actu- 
ally cause the functionalis layer to be shed during menstmation. 
Veins in the endometrimn are thin walled and form an exten- 
sive network with oeeasional sinusoidal enlargements. 

The Vagina 

The vagina (“sheath”) is a thin-walled tube, 8-10 em (3-4 
inehes) long. It lies between the bladder and the rectum and 
extends from the cervix to the body exterior (see Figure 27.12). 
The urethra parallels its course anteriorly. Often ealled the 
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gure 27.16 The external genitalia (vulva) of the female. 

(a) Superficial structures. The region enelosed by dashed lines is the 
perineum. (b) Deep structures. The labia majora and assoeiated skin 
have been removed to shovv the underlying ereetile bodies. For the 
assoeiated superficial muscles, see Figure 10.13 on p. 345. 


birth canal y the vagina provides a passageway for delivery of 
an infant and for menstmal flow. Because it reeeives the penis 
(and semen) during sexual intercourse, it is the female organ of 
copulation. 

The distensible wall of the vagina eonsists of three eoats: an 
outer fibroelastie adventitia , a smooth muscle muscularis , and 
an inner mucosa marked by transverse ridges or mgae, which 
stimulate the penis during intercourse. The mucosa is a stratified 
squamous epithelium adapted to stand up to frietion. Dendritie 
eells in the mucosa aet as antigen-presenting eells and are thought 
to provide the route of HIV transmission from an infeeted male 
to the female during sexual intercourse. (Chapter 21 deseribes 
AIDS, the imimme defieieney disease caused by the HIV vims.) 

The vaginal mucosa has no glands. Instead, it is lubricated 
by the eervieal mucous glands and the mucosal transudate 
that cc weeps” from the vaginal walls. Its epithelial eells release 
large amounts of glyeogen, which resident baeteria metabolize 
anaerobieally to laetie aeid. Consequently, the pH of a womans 
vagina is normally quite aeidie. This aeidity helps keep the va- 
gina healthy and free of infeetion, but it is also hostile to sperm. 
Although vaginal fluid of adult females is aeidie, it tends to be 
alkaline in adoleseents, predisposing sexually aetive teenagers 
to sexually transmitted infeetions. 

In virgins (those who have never partieipated in sexual 
intercourse), the mucosa near the distal vaginal orifiee forms 
an ineomplete partition ealled the hymen (hi'men) Fig- 
ure 27.16a] . The hymen is very vascular and may bleed when 
it stretehes or ruptures during the first coitus (sexual inter- 
course). However, its durability varies. In some females, it 
is ruptured by sports, inserting tampons, or pelvie examina- 
tions. Oeeasionally, it is so tough that it must be breaehed 
surgically if intercourse is to occur. 

The upper end of the vaginal eanal loosely surrounds the 
cervix of the uterus, producing a vaginal reeess ealled the vagi- 
nal fornix. The posterior part of this reeess, the posterior for- 
nix , is much deeper than the lateral and anterior forniees (see 
Figures 27.12 and 27.14). Generally, the lumen of the vagina is 
quite small and, except where the cervix holds it open, its pos- 
terior and anterior walls touch eaeh other. The vagina stretehes 
eonsiderably during copulation and ehildbirth, but its lateral 
distension is limited by the isehial spines and the sacrospinous 
ligaments. 



Homeostatie imbalanee 27.7 


The uterus tilts away from the vagina. For this reason, attempts 
by untrained persons to induce an abortion by entering the 
uterus with a surgical instrument may puncture the posterior 
wall of the vagina. This causes hemorrhage and—if the instm- 
ment is unsterile—peritonitis. + 



Check Your Llnderstanding' 


22. Why are women more at risk for PID than men? 

23. Ooeytes are ovulated into the peritoneal eavity and yet 
women do get pregnant. What aetion of the uterine tubes 
helps to direet the ooeytes into the woman's duct system? 





























ehapter 27 The Reproductive System 


1041 


24. VVhat portion of the female duct system is the usual 
site of fertilization? VVhieh is the "incubator" for fetal 
development? 

_ For ansvvers, see Appendix H. 

The External Genitalia 

S Deseribe the anatomy of the female external genitalia. 


The Female Perineum 

The female perineum is a diamond-shaped region loeated be- 
tween the pubic areh anteriorly, the coccyx posteriorly, and the 
isehial tuberosities laterally (Figure 27.16a). The soft tissues of 
the perineum overlie the muscles of the pelvie outlet, and the 
posterior ends of the labia majora overlie the eentral tendon , 
into which most muscles supporting the pelvie floor insert (see 
Table 10.7). 


The female reproductive structures that lie external to the vagina 
are ealled the external genitalia (Figure 27.16). Also ealled the 
vulva (vul'vah; “eovering”) or pudendum (“shamefur), these 
structures include the mons pubis, labia, elitoris, and structures 
assoeiated with the vestibule. 

The mons pubis (mons pu'bis; “mountain on the pubis”) 
is a fatty, rounded area overlying the pubic symphysis. Af- 
ter puberty, this area is eovered with pubic hair. Running 
posteriorly from the mons pubis are two elongated, hair- 
eovered fatty skin folds, the labia majora (la'be-ah mah- 
jor'ah; “larger lips”). These are the counterpart, or homo- 
logue, of the male scrotum (that is, they derive from the 
same embryonie tissue). The labia majora enelose the labia 
minora (mi-nor'ah; “smaller”), two thin, hair-free skin folds, 
homologous to the ventral penis. 

The labia minora enelose a reeess ealled the vestibule (“en- 
tranee hall”), which eontains the external openings of the 
urethra and the vagina. Flanking the vaginal opening are the 
pea-size greater vestibular glands, homologous to the bulbo- 
urethral glands of males (Figure 27.16b). These glands release 
mucus into the vestibule and help to keep it moist and lubri- 
eated, faeilitating intercourse. At the extreme posterior end of 
the vestibule the labia minora eome together to form a ridge 
ealled the fourchette. 

Just anterior to the vestibule is the elitoris (klit'o-ris; “hill”), 
a small, protruding structure eomposed largely of ereetile tissue, 
which is homologous to the penis of the male. Its exposed por- 
tion is ealled the glans of the elitoris. It is hooded by a skin fold 
ealled the prepuce of the elitoris, formed by the junction of the 
labia minora folds. 

The elitoris is riehly innervated with sensory nerve endings 
sensitive to touch. It beeomes swollen with blood and ereet dur- 
ing taetile stimulation, contributing to a females sexual arousal. 
Like the penis, the body of the elitoris has dorsal ereetile eol- 
umns (eorpora eavernosa) attaehed proximally by emra, but it 
laeks a corpus spongiosum that eonveys a urethra. 

In males the urethra earries both urine and semen and mns 
through the penis, but the female urinary and reproductive 
traets are eompletely separate. Instead, the bulbs of the ves- 
tibule (Figure 27.16b), which lie along eaeh side of the vagi- 
nal orifiee and deep to the bulbospongiosus muscles, are the 
homologues of the single penile bulb and corpus spongiosum 
of the male. During sexual stimulation the bulbs of the vestibule 
engorge with blood. This may help the vagina grip the penis and 
also squeezes the urethral orifiee shut, which prevents semen 
(and baeteria) from traveling superiorly into the bladder during 
intercourse. 



Check Your Llnderstanding 


25. VVhat is the female homologue of the bulbo-urethral glands 
of males? 

26. Cite similarities and differenees between the penis and 
elitoris. 


For ansvvers, see Appendix H. 


The Mammary Glands 

✓ Diseiiss the structure and function of the mammary glands. 


The mammary glands are present in both sexes, but they nor- 
mally fimetion only in females Figure 27.1 1 . The biologieal 
role of the mammary glands is to produce milk to nourish a 
newborn baby, so they are important only when reproduction 
has already been aeeomplished. 

Developmentally, mammary glands are modified sweat 
glands that are really part of the skin , or integimientary system. 
Eaeh mammary gland is eontained within a rounded skin- 
eovered breast within the hypodermis (superficial faseia), anterior 
to the peetoral muscles of the thorax. Slightly below the eenter of 
eaeh breast is a ring of pigmented skin, the areola (ah-re'o-lah), 
which surrounds a eentral protmding nipple. Large sebaceous 
glands in the areola make it slightly bumpy and produce sebum 
that reduces ehapping and eraeking of the skin of the nipple. Au- 
tonomie nervous system eontrols of smooth muscle fibers in the 
areola and nipple cause the nipple to beeome ereet when stimu- 
lated by taetile or sexual stimuli, or eold temperatures. 

Internally, eaeh mammary gland eonsists of 15 to 25 lobes 
that radiate around and open at the nipple. The lobes are pad- 
ded and separated from eaeh other by fibrous eonneetive tis- 
sue and fat. The interlobar eonneetive tissue forms suspensory 
ligaments that attaeh the breast to the underlying muscle faseia 
and the overlying dermis. As suggested by their name, the sus- 
pensory ligaments provide natural support for the breasts, like 
a built-in brassiere. 

Within the lobes are smaller units ealled lobules, which eon- 
tain glandular alveoli that produce milk when a woman is lae- 
tating. These compound alveolar glands pass the milk into the 
lactiferous ducts (lak-tif'er-us), which open to the outside at the 
nipple. Just deep to the areola, eaeh duct has a dilated region ealled 
a lactiferous sinus where milk accumulates during nursing. We 
deseribe the proeess and regulation of laetation in Chapter 28. 

The deseription of mammary glands that we have just given 
applies only to nursing women or women in the last trimester 
of pregnaney. In nonpregnant women, the glandular structure 
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gure 27.1 Structure of laetating mammary glands. (a) Anterior view of a partially 
disseeted breast. (b) Sagittal seetion of a breast. 


of the breast is largely imdeveloped and the duct system is rudi- 
mentary. For this reason, breast size is largely due to the amount 
of fat deposits. 


Breast Cancer 




27 


J 


Except for nonmelanoma skin eaneer, invasive breast eaneer 
is the most eommon malignaney and the seeond most eom- 
mon cause of eaneer death of U.S. women. Thirteen pereent of 
women in the general population (132 out of 1000 individuals) 
will develop this eondition—approximately 207,000 eases of in- 
vasive breast eaneer and an additional 54,000 eases of noninva- 
sive breast eaneer annually. 

Breast eaneer usually arises from the epithelial eells of the 
smallest ducts, not from the alveoli. A small cluster of eaneer 
eells grows into a lump in the breast from which eells eventually 
metastasize. 

Known risk faetors for developing breast eaneer include: 
early onset menstmation and late menopause, no pregnaneies 
or first pregnaney later in life and no or short periods of breast 
feeding, and family history of breast eaneer (espeeially in a sister 
or mother). 

Some 10% of breast eaneers stem from hereditary defeets 
and half of these ean be traeed to dangerous mutations in a pair 
of genes, dubbed BRCA1 (breast eaneer 1) and BRCA2. Of those 
who earry the altered genes, 50-80% develop breast eaneer, and 
have a greater risk of ovarian eaneer as well. However, more 


than 70% of women who develop breast eaneer have no known 
risk faetors for the disease. 

Diagnosis Breast eaneer is often signaled by a ehange in skin 
texture, skin puckering, or leakage from the nipple. Sinee most 
breast lumps are diseovered by women themselves in routine 
monthly breast exams, this simple examination should be a pri- 
ority in every womans life. 

The Ameriean Cancer Soeiety has reeommended mammog- 
raphy —X-ray examination that deteets breast eaneers too small 
to feel (less than 1 em)—every year for women over 40 years old 
(Figiire 27.18). However, some authorities suggest that yearly 
is too frequent, and the U.S. Prevention Serviees Task Foree on 
Breast Cancer Sereening reeommends delaying mammography 
sereening until age 50. 

Diagnostie MRI seans seem to be preferable for at-risk 
women who earry a mutated BRCA gene. Besides heightened 
monitoring, many women with the BRCA mutation are opt- 
ing to have their breasts and/or ovaries surgically removed as a 
preventive measure. 

Treatment Onee diagnosed, breast eaneer is treated in various 
ways depending on speeifie eharaeteristies of the lesion. Current 
therapies include (1) radiation therapy, (2) ehemotherapy, and 
(3) surgery, often followed by radiation or ehemotherapy to de- 
stroy stray eaneer eells. Drug therapies for estrogen-responsive 
eaneers include: 
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(a) Mammogram procedure 

Figure 27.18 Mammograms. 





(b) Film of normal breast 



(e) Film of breast with tumor 



■ Trastuzumab (Hereeptin), a drug eontaining bioengineered 
antibodies that jam estrogen reeeptors to eontrol aggressively 
growing eaneer eells 

■ Tamoxifen, an antiestrogen compound that bloeks estrogens 
effeets and signifieantly improves the outcome for premeno- 
pausal women with early- or late-stage breast eaneer 

■ Letrozole (Femara), which disables the enzyme needed 
to make estrogen and reduces breast eaneer recurrence in 
women (particularly postmenopausal women) who have ex- 
hausted the usefulness of tamoxifen 


determined by the time she is born, and the time span during 
which she releases them extends only from puberty to meno- 
pause (about age 51). However, studies done in adult miee 
show that egg stem eells are alive and generating little c egglets” 
throughout life. More reeent reports indieate that human egg 
stem eells ean arise from epithelial eells of the ovary surface. 
These findings might seem to overturn the assumption that the 
number of ooeytes is limited—an idea that has been part of the 
bedroek of biology. However, it is still too early to retire the cc no 
new eggs” doetrine based on these preliminary data. 


Until the 1970s, the standard treatment was radieal mas- 
teetomy (mas-tek'to-me; “breast cutting”)—removal of the 
entire aífeeted breast, plus all underlying muscles, faseia, and 
assoeiated lymph nodes. Most physieians now reeommend less 
extensive surgeries such as lumpectomy, which excises only 
the cancerous lump, or simple masteetomy, which removes 
only the breast tissue (and perhaps some of the axillary lymph 
nodes). 

Many masteetomy patients opt for breast reeonstmetion to 
replaee the excised tissue. Tissue cc flaps,” eontaining muscle, fat, 
and skin taken from the patienf s abdomen or baek, are used for 
cc sculpting” a natural-looking breast. 



Check Your IJnderstanding 


27. Developmentally, mammary glands are modifieations of 
eertain skin glands. Which type? 

28. From vvhat eell types does breast eaneer usually arise? 

_ For ansvvers, see Appendix H. 


Physiology of the Female 
Reproductive System 

Gamete production in males begins at puberty and continues 
throughout life, but the situation is quite different in females. It 
has been assumed that a females total supply of eggs is already 


Oogenesis 

✓ Deseribe the proeess of oogenesis and eompare it to 
spermatogenesis. 


Meiosis, the speeialized mielear division that occurs in the testes 
to produce sperm, also occurs in the ovaries. In this ease, it pro- 
duces female sex eells in a proeess ealled oogenesis (o"o-gen'e- 
sis; cc the beginning of an egg”). The proeess of oogenesis takes 
years to eomplete (Figure 27.19). 

First, in the fetal period the oogonia, the diploid stem eells 
of the ovaries, multiply rapidly by mitosis. Gradually, primor- 
dial follieles appear as the oogonia transform into primary 
ooeytes and beeome surrounded by a single layer of flattened 
eells ealled folliele eells. The primary ooeytes begin the first 
meiotie division, but beeome “stalled” late in prophase I and 
do not eomplete it. 

By birth, a female is presumed to have her lifetime supply 
of primary ooeytes. Of the original 7 million ooeytes, approxi- 
mately 1 million eseape programmed death and are already in 
plaee in the eortieal region of the immature ovary. By puberty, 
an endowment of perhaps 300,000 ooeytes remain. Over time, 
quiescent primordial follieles are reemited into a growing pool 
of primary follieles. This reemitment proeess begins during fe- 
tal life and continues throughout life until the supply of primor- 
dial follieles is depleted, a time ealled menopause (see p. 1058). 
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| gure 27.19 Events of oogenesis. Left, flovvehart of meiotie events. Right, eorrelation vvith 
folliele development and ovulation in the ovary. At various stages, unsuccessful ooeytes undergo 
atresia (not shovvn). Corresponding illustrations of meiotie events and folliele development lie 
opposite eaeh other. 


27 


I Oogenesis After Puberty 

Before puberty, all of the primordial follieles that are recruited un- 
dergo atresia (apoptosis, or programmed eell death). Beginning 
at piiberty, FSH rescues a small number of growing follieles from 
that fate eaeh month. In eaeh eyele, one of the rescued follieles is 
“seleeted” to beeome the dominant folliele and continue meiosis 
I, ultimately producing two haploid eells (eaeh with 23 replieated 
ehromosomes) that are quite dissimilar in size. The smaller eell is 
ealled the first polar body. The larger eell, which eontains nearly 


all the eytoplasm of the primary ooeyte, is the seeondary ooeyte. 
Those maturing follieles not seleeted undergo atresia. 

The events of this first maturation division ensure that the 
polar body reeeives almost no eytoplasm or organelles. Notiee 
in Figure 27.19 (left) that a spindle forms at the very edge of the 
ooeyte. A little “nipple” also appears at that edge, and the polar 
body ehromosomes are east into it. 

The first polar body may continue its development and un- 
dergo meiosis II, producing two even smaller polar bodies. 






























ehapter 27 The Reproductive System 


1045 


However, in humans, the seeondary ooeyte arrests in metaphase 
II, and it is this eell (not a fimetional ovum) that is ovulated. If 
a sperm does not penetrate an ovulated seeondary ooeyte, the 
ooeyte deteriorates. But, if a sperm penetration does occur, the 
ooeyte quickly eompletes meiosis II, yielding one large ovum 
and a tiny seeond polar body (Figure 27.19). The union of 
the egg and sperm nuclei, deseribed in Chapter 28, constitutes 
fertilization. 


Companson of Oogenesis and Spermatogenesis 

What you should realize now is that the potential end prod- 
ucts of oogenesis are three tiny polar bodies, nearly devoid of 
eytoplasm, and one large ovum. All of these eells are haploid, 
but only the ovum is a fimetional gamete. This is quite diífer- 
ent from spermatogenesis, where the product is four viable 
gametes—spermatozoa. 

The unequal eytoplasmie divisions that occur during oo- 
genesis ensure that a fertilized egg has ample nutrients for 
its six- to seven-day journey to the uterus. Laeking nutrient- 
eontaining eytoplasm, the polar bodies degenerate and die. Sinee 
the reproductive life of a woman is at most about 40 years (from 
about age 11 to 51) and typieally only one ovulation occurs eaeh 
month, fewer than 500 ooeytes out of her estimated pubertal 
potential of 300,000 are ever released during a womans lifetime. 

Perhaps the most striking diíferenee between male and fe- 
male meiosis is the error rate. As many as 20% of ooeytes but 
only 3-4% of sperm have the wrong mimber of ehromosomes, 
a situation that often results from faihire of the homologues to 
separate during meiosis I. It appears that faeed with meiotie 
dismption, meiosis in males grinds to a halt but in females it 
marehes on. 



Check Your LPnderstanding 


29. Hovv do the haploid eells arising from oogenesis differ 
structurally and functionally from those arising from 
spermatogenesis? 

_ For ansvvers, see Appendix H. 


The Ovarian Cycle 

Deseribe ovarian eyele phases # and relate them to events of 
oogenesis. 

The monthly series of events assoeiated with the maturation 
of an egg is ealled the ovarian eyele. The ovarian eyele is best 
deseribed in terms of two consecutive phases. The follicular 
phase is the period when the dominant folliele is seleeted and 
begins to seerete large amounts of estrogen. It generally lasts 
from the first to the fourteenth day of the ovarian eyele, at which 
point ovulation typieally occurs. The luteal phase is the period 
of corpus luteum aetivity, days 14-28. The so-ealled typieal 
ovarian eyele repeats at intervals of 28 days, with ovidation oe- 
curring mideyele. 

However, only 10-15% of women naturally have 28-day ey- 
eles, and eyeles as long as 40 days or as short as 21 days are fairly 
eommon. In such eases, the length of the follicular phase and 


timing of ovulation vary, but the luteal phase remains eonstant: 
It is always 14 days from the time of ovulation to the end of the 
eyele. 


Fotlicular Phase of the Ovarian Cycle 

Maturation of a primordial folliele involves preantral and antral 
phases and several events. The first phase, the gonadotropin- 
independent preantral phase , is when intrafollicular paraerines 
such as eytokines and growth faetors eontrol ooeyte and fol- 
liele development. Phase 2 is the antral phase , direeted by FSH 
and LH. During this phase, the aetivated follieles grow tremen- 
dously and the primary oeeyte in the dominant folliele resumes 
meiosis I. 

Lets look at events of these phases shown in Figure 27.20. 


■ A primordial follide beeomes a primary follide. When a 
primordial folliele (T) is aetivated (this occurs almost a year 
before its possible ovulation) the squamouslike eells sur- 
rounding the primary ooeyte grow, beeoming cuboidal eells, 
and the ooeyte enlarges. The folliele is now ealled a primary 
(1°) folliele @. 

■ A primary folliele beeomes a seeondary follide. Next, the 
follicular eells proliferate, forming a stratified epithelium 
around the ooeyte. As soon as more than one eell layer is 
present, the folliele is ealled a seeondary (2°) folliele (§a) and 
the folliele eells take on the name granulosa eells. The gran- 
ulosa eells are eonneeted to the developing ooeyte by gap 
junctions, through which ions, metabolites, and signaling 
molecules ean pass. From this point on, bidireetional ‘eon- 
versations” occur between the ooeyte and granulosa eells, 
so they guide one another s development. One of the signals 
passing from the granulosa eells cc tells” the ooeyte to grow. 
Other signals dietate asymmetry (polarity) in the future egg. 
The ooeyte grows tremendously during this stage and FSH 
reeeptors begin to appear on the gramilosa eells. 


■ A seeondary follide beeomes a late seeondary folliele. Late 
in stage (5), a layer of eonneetive tissue and epithelial eells 
eondenses around the folliele, forming the theea folliculi 
(the'kah fah-lik'u-li; cc box around the folliele”). As the folliele 
grows, the theeal and granulosa eells eooperate to produce 
estrogens. In response to LH the inner theeal eells produce 
androgens, which the granulosa eells eonvert to estrogens. 
At the same time, the ooeyte seeretes a glyeoprotein-rieh 
substance that forms a thiek transparent extracellular layer 
or membrane, ealled the zona pellucida (pé-lu'sid-ah), that 
encapsulates it (see Figure 27.20, (í)). 

At the end of stage (3), elear liquid begins to accumulate 
between the granulosa eells, producing the late seeondary 
folliele (3b). 

■ A late seeondary folliele beeomes a vesicular (antral) fol- 
lide. The late seeondary folliele ushers in events of the antral 
phase eneompassing events from (5b) to (í). In this phase, the 
folliele reaehes the eritieal preovulatory stage and all granu- 
losa eells bear FSH reeeptors. When six to seven layers of 
gramilosa eell layers are present, the fluid between the granu- 
losa eells eoalesees to form a large fluid-filled eavity ealled 
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© Mature vesicular folliele earries out 
meiosis I; ready to be ovulated 


gure 27.20 Sehematie and mieroseopie vievvs of the ovarian eyele: development and fate of ovarian follieles. The numbers on 
the diagram indieate the sequence of stages in folliele development, not the movement of a developing folliele vvithin the ovary. During stage @ (no 
photomierograph), the corpus luteum degenerates into the corpus albieans. No primordial folliele (@) is shovvn in the eentral sehematie vievv. 
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the antrum (“eave”), an event that distinguishes the early ve- 
sicular folliele from the late seeondary folliele and all prior 
follieles (preantral follieles ). 

The antram continues to expand with fluid until it iso- 
lates the ooeyte, along with its surrounding capsule of granu- 
losa eells ealled a eorona radiata (“radiating crown”), so the 
ooeyte is “sitting proudly” on a stalk on one side of the folliele. 
When a folliele is full size (about 2.5 em, or 1 ineh, in diame- 
ter), it bulges from the external ovarian surface like an “angry 
boil.” This usually occurs by day 14. 

As one of the final events of folliele maturation, the primary 
ooeyte eompletes meiosis I to form the seeondary ooeyte and 
first polar body (see Figure 27.19). Onee this has occurred, the 
stage is set for ovulation. At this point, the granulosa eells send 
another important signal to the ooeyte that says, in eífeet, “Wait, 
do not eomplete meiosis yet!” It is estimated that folliele growth 
from the primordial stage to this stage takes about a year. So 
eaeh folliele that ovulates actually began to grow some 10-12 
ovarian eyeles earlier. 

Oviilation 

Ovulation (stage (5) in Figure 27.20) occurs when the balloon- 
ing ovary wall ruptures and expels the seeondary ooeyte, still 
surrounded by its eorona radiata, into the peritoneal eavity. 
Some women experience a twinge of pain in the lower abdomen 
when ovulation occurs. The preeise cause of this pain, ealled 
mittelsehmerz (mit'el-shmàrts; German for “middle pain”), is 
not known, but possible reasons include intense stretehing of 
the ovarian wall during ovulation and irritation of the perito- 
neum by blood or fluid released from the ruptured folliele. 

In the ovaries of an adult female, there are always several 
follieles at different stages of maturation. As a rale, one folliele 
outstrips the others and is at the peak stage of maturation when 
the hormonal (LH) stimulus is given for ovulation. FSH is a 
survival faetor for antral follieles and plays a role in seleeting 
the so-ealled dominant folliele, but how this folliele is seleeted, 
or seleets itself, is still uncertain. It is probably the one that adds 
the most gonadotropin reeeptors and so attains the greatest FSH 
sensitivity the quickest. The others degenerate (undergo apo- 
ptosis) and are reabsorbed. 

In 1-2% of all ovulations, more than one ooeyte is ovu- 
lated. This phenomenon, which inereases with age, ean result 
in multiple births. Sinee, in such eases, different ooeytes are 
fertilized by different sperm, the siblings ar efraternal, or non- 
identieal, twins. Identieal twins result from the fertilization of 
a single ooeyte by a single sperm, followed by separation of 
the fertilized eggs daughter eells during early development. 
Additionally, it now appears that in some women ooeytes may 
be released at times unrelated to hormone levels. This timing 
may help to explain why a rhythm method of eontraeeption 
sometimes fails and why some fraternal twins have different 
eoneeption dates. 

Luteal Phase of the Ovarian Cycle 

Affer ovulation, the ruptured folliele eollapses and the antram 
fills with elotted blood. This corpus hemorrhagicum is eventually 


absorbed. The remaining granulosa eells enlarge, and along with 
the internal theeal eells they form a new, quite different endo- 
erine structure, the corpus luteum (“yellow body”) (Figure 27.20, 
stage (6)). It settles right into its role and begins to seerete proges- 
terone and some estrogen. 

If pregnaney does not occur, the corpus luteum starts de- 
generating in about 10 days and its hormonal output ends. In 
this ease, all that ultimately remains is a sear ealled the corpus 
albieans (al'bì-kans; “white body”) as shown in Figure 27.20, 
(7). The last two or three days of the luteal phase, when the en- 
dometrimn is just beginning to erode, is sometimes ealled the 
luteolytic or isehemie phase. 

On the other hand, if the ooeyte is fertilized and pregnaney 
ensues, the corpus luteum persists until the plaeenta is ready to 
take over its hormone-producing duties in about three months. 



Check Your LPnderstanding 


30. How do identieal twins differ developmentally from fraternal 
twins? 

31. VVhat occurs in the luteal phase of the ovarian eyele? 

_ For ansvvers, see Appendix H. 


Hormonal Regulation of the Ovarian Cycle 

S Deseribe the regulation of the ovarian and uterine eyeles. 


Ovarian events are much more eomplieated than those occur- 
ring in the testes, but the hormonal eontrols set into motion 
at puberty are similar in both sexes. Gonadotropin-releasing 
hormone (GnRH), pituitary gonadotropins, and, in this ease, 
ovarian estrogen and progesterone interaet to produce the ey- 
elie events occurring in the ovaries. 

However, in females another hormone plays an important 
role in stimulating the hypothalamus to release GnRH. The on- 
set of puberty in females is linked to the amount of adipose 
tissue, and the messenger from fatty tissue to the hypothalamus 
is leptin. If blood levels of lipids and leptin (better known for 
its role in energy production and appetite) are low, puberty is 
delayed. 


Establishing the Ovarian Cycle 

During ehildhood, the ovaries grow and continuously seerete 
small amounts of estrogens, which inhibit hypothalamie release 
of GnRH. Provided that leptin levels are adequate, the hypotha- 
lamus beeomes less sensitive to estrogen as puberty nears and 
begins to release GnRH in a rhythmie pulselike manner. GnRH, 
in turn, stimulates the anterior pituitary to release FSH and 
LH, which prompt the ovaries to seerete hormones (primarily 
estrogens). 

Gonadotropin levels continue to inerease for about four 
years. During this time, pubertal girls are still not ovulating and 
eannot beeome pregnant. Eventually, the adult eyelie pattern is 
aehieved, and hormonal interaetions stabilize. These events are 
heralded by the young womans first menstraal period, referred 
to as menarehe (mé-nar'ke; men = month, arehe = first). Usu- 
ally, it is not until the third year postmenarehe that the eyeles 
beeome regular and all are ovulatory. 
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Figure 27.21 Regulation of the ovarian eyele. Niimbers refer to events listed in the text. 
Note that all feedbaek signals exerted by ovarian hormones are negative except one—that 
exerted by estrogens immediately before ovulation. Events that follovv step (§) (negative 
feedbaek inhibition of the hypothalamus and anterior pituitary by progesterone and estrogens) 
are not depieted, but involve a gradual deterioration of the corpus luteum and, therefore, 
a deeline in ovarian hormone production. Ovarian hormones reaeh their lovvest blood levels 
around day 28. 



Hormonal interaetions During the Ovarian Cycle 

Next, let s look at how the waxing and waning of anterior pitui- 
tary gonadotropins (FSH and LH) and ovarian hormones and 
the negative and positive feedbaek interaetions regulate ovarian 
function. ure 27.21 shows these events in a 28-day eyele. 

® GnRH stimulates FSH and LH seeretion. GnRH seereted by 
the hypothalamus stimulates the anterior pituitary to pro- 
duce and release folhcle-stimulating hormone (FSH) and 
luteinizing hormone (LH). 

@ FSH and LH stimulate follieles to grow, mature, and se- 
erete sex hormones. FSH exerts its main effeets on the 
granulosa eells of late seeondary and vesicular follieles, 


causing them to release estrogens, whereas LH (at least ini- 
tially) prods the theeal eells to release androgens (actually 
the steroid hormone androstenedione). These hormones 
diífuse through the basement membrane, where the granu- 
losa eells eonvert them to estrogens. Only tiny amounts of 
ovarian androgens enter the blood, because they are almost 
eompletely eonverted to estrogens within the ovaries. 

@ Negative feedbaek inhibits gonadotropin release. As es- 

trogen levels in the plasma rise, they exert negativefeedbaek 
on the hypothalamus and anterior pituitary, inhibiting re- 
lease of FSH and LH. Within the ovary, estrogen enhanees 
output of estrogens by intensifying the effeet of FSH on 
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folliele maturation. Inhibin , released by the granulosa eells, 
also exerts negative feedbaek eontrols on FSH release dur- 
ing this period. Only the dominant folliele survives this dip 
in FSH—the other developing follieles fail to develop fur- 
ther, and they deteriorate. 

(5) Positive feedbaek stimulates gonadotropin release. Al- 

though the initial small rise in bloodborne estrogen inhibits 
the hypothalamic-pituitary-gonadal axis, the high estrogen 
level produced by the dominant folliele has the opposite ef- 
feet. Onee estrogen reaehes a eritieal blood eoneentration, 
it briefly exerts positive feedbaek on the brain and anterior 
pituitary. 

( 5 ) LH surge triggers ovulation and formation of the corpus 
luteum. The high estrogen level sets a easeade of events into 
motion. There is a sudden burstlike release of accumulated 
LH (and, to a lesser extent, FSH) by the anterior pituitary 
about mideyele (also see Figure 27.22a). 

The LH surge rouses the primary ooeyte of the domi- 
nant folliele from its resting state and it eompletes its fìrst 
meiotie division, forming a seeondary ooeyte that eontin- 
ues on to metaphase II. Around day 14, LH—aided by in- 
traovarian paraerine faetors—stimulates many events that 
lead to ovulation: It inereases loeal vascular permeability 
and triggers an inflammatory response that promotes re- 
lease of metalloproteinase enzymes that weaken the ovary 
wall. As a result, blood stops flowing through the protrad- 
ing part of the folliele wall. Within minutes, that region of 
the folliele wall thins, bulges, and ruptures, forming a hole 
or stigma. The ooeyte, still surrounded by its eorona ra- 
diata, exits, aeeomplishing ovulation. The role (if any) of 
FSH in this proeess is unknown. 

Shortly after ovulation, estrogen levels deeline. This 
probably refleets the damage to the dominant estrogen- 
seereting folliele during ovulation. 

The LH surge also transforms the ruptured folliele into a 
corpus luteum (which gives LH its name, c Tuteinizing” hor- 
mone). LH stimulates this newly formed endoerine strae- 
ture to produce large amounts of progesterone and some 
estrogen almost immediately after it is formed. Progester- 
one helps maintain the stratum functionalis and is essential 
for maintaining pregnaney should eoneeption occur. 

(6) Negative feedbaek inhibits LH and FSH release. Rising pro- 
gesterone and estrogen blood levels exert a powerful nega- 
tive feedbaek effeet on the hypothalamus and the anterior 
pituitary release of LH and FSH. Inhibin, released by the 
corpus luteum and granulosa eells, enhanees this inhibitory 
effeet. Deelining gonadotropin levels inhibit the matura- 
tion of new vesicular follieles and prevent additional LH 
surges that might cause additional ooeytes to be ovulated. 

In eyeles in which fertilization does not occur, the stimulus 
for luteal aetivity ends when LH blood levels fall and the corpus 
luteum degenerates. As goes the corpus luteum, so go the levels 
of ovarian hormones, and blood estrogen and progesterone lev- 
els drop sharply. The marked deeline in ovarian hormones at the 


end of the eyele (days 26-28) ends their bloekade of FSH and 
LH seeretion, and the eyele starts anew. 

We have just deseribed ovarian events as if we are following 
one folliele through the 28-day eyele, but this is not really the 
ease. What is happening is that the inerease of FSH at the begin- 
ning of eaeh eyele allows several vesicular follieles to continue to 
mature. Then, with the mideyele LH surge, one (or more) vesie- 
ular follieles undergo ovulation. However, the ovulated ooeyte 
would actually have been aetivated up to 12 months before, not 
14 days before. 


The llterine (Menstmal) Cycle 


Although the uterus is where an embryo implants and devel- 
ops, it is reeeptive to implantation for only a short period eaeh 
month. Not surprisingly, this brief interval is exactly the time 
when a developing embryo would normally begin implanting, 
six to seven days after ovulation. The uterine, or menstraal 
(men'stroo-al), eyele is a series of eyelie ehanges that the uter- 
ine endometrium goes through eaeh month as it responds to the 
waxing and waning of ovarian hormones in the blood. These 
endometrial ehanges are eoordinated with the phases of the 
ovarian eyele, which are dietated by gonadotropins released by 
the anterior pituitary. 

Changes in ovarian steroid hormone levels drive the events 
of the uterine eyele gure 27.22d) as follows: 


1. Days 1-5: Menstrual phase. In this phase, menstraation 

(men"stroo-a'shun) or menses, the uterus sheds all but the 
deepest part of its endometrmm. (Note in Figure 27.22a 
and e that at the beginning of this stage, ovarian hormones 
are at their lowest normal levels and gonadotropins are 
beginning to rise.) The thiek, hormone-dependent func- 
tional layer of the endometrium detaehes from the uterine 
wall, a proeess aeeompanied by bleeding for 3-5 days. The 
detaehed tissue and blood pass out through the vagina as 
the menstraal flow. By day 5, the growing ovarian follieles 
start to produce more estrogen (Figure 27.22c). 

2. Days 6-14: Proliferative (preovulatory) phase. In this 
phase, the endometrimn rebuilds itself: Under the influ- 
enee of rising blood levels of estrogens, the basal layer of 
the endometrium generates a new functional layer. As 
this new layer thiekens, its glands enlarge and its spiral 
arteries inerease in number (also see Figure 27.15). Con- 
sequently, the endometrium onee again beeomes velvety, 
thiek, and well vascularized. During this phase, estro- 
gens also induce the endometrial eells to synthesize pro- 
gesterone reeeptors, readying them for interaetion with 
progesterone. 

Normally, eervieal mucus is thiek and stieky, but ris- 
ing estrogen levels cause it to thin and form ehannels that 
faeilitate sperm passage into the uterus. Ovulation , which 
takes less than five minutes, occurs in the ovary at the end 
of the proliferative stage (day 14) in response to the sud- 
den release of LH from the anterior pituitary. As we saw 
earlier, LH also eonverts the ruptured folliele to a corpus 
luteum. 
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UNIT 5 Continuity 



(a) Fliietiiation of gonadotropin levels: Fluctuating 
levels of pituitary gonadotropins (follicle-stimulating 
hormone and luteinizing hormone) in the blood 
regulate the events of the ovarian eyele. 



<§) 
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(b) Ovarian eyele: Structural ehanges in the ovarian 
follieles during the ovarian eyele are eorrelated with 
(d) ehanges in the endometrium of the uterus during 
the uterine eyele. 


(e) Fluctuation of ovarian hormone levels: 

Fluctuating levels of ovarian hormones (estrogens 
and progesterone) cause the endometrial ehanges 
of the uterine eyele. The high estrogen levels are 
also responsible for the LH/FSH surge in (a). 
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(d) The three phases of the uterine eyele: 

• Menstmal: The functional layer of the 
endometrium is shed. 

• Proliferative: The functional layer of the 
endometrium is rebuilt. 

• Seeretory: Begins immediately after ovulation. 
Enriehment of the blood supply and glandular 
seeretion of nutrients prepare the endometrium 
to reeeive an embryo. 

Both the menstmal and proliferative phases occur 
before ovulation, and together they eorrespond to the 
follicular phase of the ovarian eyele. The seeretory 
phase eorresponds in time to the luteal phase of the 
ovarian eyele. 


gure 27.22 Correlation of anterior pituitary and ovarian hormones with structural 
ehanges of the ovary and uterus. The time bar at the bottom of the figiire, reading Days 
1 to 28, applies to all four parts of this figure. (For a related image, see/\ BriefAtlas ofthe 
Human Body, Plate 53.) 
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3. Days 15-28: Seeretory (postovulatory) phase. This 14-day 
phase is the most eonstant timewise. During the seere- 
tory phase the endometrium prepares for an embryo to 
implant. Rising levels of progesterone from the corpus lu- 
teum aet on the estrogen-primed endometrium, causing 
the spiral arteries to elaborate and eonverting the func- 
tional layer to a seeretory mucosa. The endometrial glands 
enlarge, eoil, and begin seereting nutrients into the uterine 
eavity that will sustain the embryo until it has implanted in 
the blood-rieh endometrial lining. 

As progesterone levels rise, the eervieal mucus beeomes 
viscous again, forming the eervieal plug , which helps to 
bloek entry of sperm and pathogens or other foreign mate- 
rials. Progesterone also plays an important role in keeping 
the uterus “private” in the event an embryo has begun to 
implant. Rising progesterone (and estrogen) levels inhibit 
LH release by the anterior pituitary. 

As noted earlier, if fertilization has not occurred, the 
corpus luteum degenerates toward the end of the seeretory 
phase as LH blood levels deeline. Progesterone levels fall, 
depriving the endometrium of hormonal support, and the 
spiral arteries kink and go into spasms. Denied oxygen 
and nutrients, the isehemie endometrial eells die and the 
glands regress, setting the stage for menstmation to begin 
on day 28. The spiral arteries eonstriet one final time and 
then suddenly relax and open wide. As blood gushes into 
the weakened eapillary beds, they fragment, causing the 
fimetional layer to slough off. The uterine eyele starts over 
again on this first day of menstmal flow. 

Figure 27.22b and d also illustrate how the ovarian and uter- 
ine eyeles fit together. Notiee that the menstmal and prolifera- 
tive phases overlap the follicular phase and ovulation in the 
ovarian eyele, and that the uterine seeretory phase eorresponds 
to the ovarian luteal phase. 



Homeostatie imbalanee 27.8 


Extremely strenuous physieal aetivity ean delay menarehe in girls 
and dismpt the normal menstmal eyele in adult women, even 
causing amenorrhea (a-men"o-re'ah), eessation of menstmation. 
Female athletes have little body fat, and adipose eells help eon- 
vert adrenal androgens to estrogens and are the source of leptin 
which, as noted above, plays a eritieal permissive role in the onset 
of puberty in females. Leptin informs the hypothalamus whether 
energy stores are suíficient to support the high energy demands 
of reproduction. If not, the reproductive eyeles are shut down. 

Amenorrhea is usually reversible when the woman diseon- 
tinues athletie training, but it has a worrisome consequence in 
young, healthy adult women: dramatie losses in bone mass nor- 
mally seen only in osteoporosis of old age. Onee estrogen levels 
drop and the menstmal eyele stops (regardless of cause), bone 
loss begins. + 



Check Your LJnderstanding' 


32. VVhieh hormone plays an important role in "letting the brain 
knovv" that puberty may occur in girls? 


33. VVhieh hormone(s) prompt folliele grovvth? VVhieh hormone 
prompts ovulation? 

34. VVhieh gonadal hormone exerts positive feedbaek on the 
anterior pituitary that results in a burstlike release of LH? 

_ For ansvvers, see Appendix Fi. 


Effeets of Estrogens and Progesterone 

S Discuss the physiologieal effeets of estrogens and 
progesterone. 


With a name meaning c generators of sexual aetivity ’ estrogens 
are analogous to testosterone, the male steroid. As estrogen lev- 
els rise during puberty, they (1) promote oogenesis and folliele 
growth in the ovary and (2) exert anabolie effeets on the fe- 
male reproductive traet (Table 27.1). Consequently, the uterine 
tubes, uterus, and vagina enlarge and beeome functional—more 
ready to support a pregnaney. The uterine tubes and uterus ex- 
hibit enhaneed motility; the vaginal mucosa thiekens; and the 
external genitalia mature. 

Estrogens also support the growth spurt at puberty that makes 
girls grow much more quickly than boys between the ages of 11 
and 12. But this growth is short-lived because rising estrogen levels 
also cause the epiphyses of long bones to elose sooner, and females 
reaeh their full height between the ages of 13 and 15. In eontrast, 
the aggressive growth of males continues until ages 15 to 19, at 
which point rising estrogen levels cause epiphyseal closure. 

The estrogen-induced seeondary sex eharaeteristies of fe- 
males include: 

■ Breast development 

■ inereasing deposition of subcutaneous fat, espeeially in the 
hips and breasts 

■ Development of a wider and lighter pelvis (adaptations for 
ehildbirth) 


Estrogens also have several metabolie effeets, including 
maintaining low total blood eholesterol levels (and high HDL 
levels) and faeilitating calcium uptake, which helps sustain the 
density of the skeleton. These metabolie effeets begin under es- 
trogens influence during puberty, but they are not true seeond- 
ary sex eharaeteristies. 

Progesterone works with estrogen to establish and then help 
regulate the uterine eyele and promotes ehanges in eervieal mu- 
cus (see Table 27.1). Its other effeets are exhibited largely during 
pregnaney, when it inhibits uterine motility and takes up where 
estrogen leaves off in preparing the breasts for laetation. Indeed, 
progesterone is named for these important roles (pro = for, gesta- 
tion = pregnaney). However, the source of progesterone and es- 
trogen during most of pregnaney is the plaeenta, not the ovaries. 



Female Sexual Response 



✓ Deseribe the phases of the female sexual response. 

The female sexual response is similar to that of males in most 
respeets. During sexual excitement, the elitoris, vaginal mucosa, 
bulbs of the vestibule, and breasts engorge with blood and the 
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Table 27.1 


Summary of Hormonal Effeets of Gonadal Estrogens, Progesterone, and Testosterone 


SOURCE f STIMULUS f 
EFFECTS 


ESTROGENS (MOSTLY ESTRADIOL) 


PROGESTERONE 


TESTOSTERONE 


Major source 


Stimulus for release 


Feedbaek effeets exerted 


Effeets on reproductive 
organs 


Promotion of seeondary 
sex eharaeteristies and 
somatie effeets 


Metabolie effeets 


Neural effeets 


Ovary: developing follieles and 
corpus luteum. 

FSH (and LH). 


Ovary: mainly the corpus 
luteum. 

LH. 


Testes: interstitial endoerine eells 


LH and deelining levels of inhibin 
produced by the sustentocytes. 


Both negative and positive feedbaek Negative feedbaek exerted on Negative feedbaek suppresses 
exerted on anterior pituitary release anterior pituitary release of 
of gonadotropins. 


gonadotropins. 


Stimulate grovvth and maturation 
of reproductive organs and breasts 
at puberty and maintain their adult 
size and function. Promote the 
proliferative phase of the uterine 
eyele. Stimulate production of 
vvatery eervieal mucus and aetivity of 
fimbriae and uterine tube eilia. 


Promote oogenesis and ovulation by 
stimulating formation of FSH and LH 
reeeptors on folliele eells. Stimulate 
eapaeitation of sperm in the female 
reproductive traet. 

During pregnaney stimulate grovvth 
of the uterus and enlargement of 
the external genitalia and mammary 
glands. 

Promote long bone grovvth and 
feminization of the skeleton 
(particularly the pelvis); inhibit bone 
reabsorption and then stimulate 
epiphyseal closure. Promote 
hydration of the skin and female 
pattern of fat deposit. 


During pregnaney aet with relaxin 
(plaeental hormone) to induce 
softening and relaxation of the pelvie 
ligaments and pubic symphysis. 

Generally anabolie. Stimulate Na + 
reabsorption by the renal tubules, 
henee inhibit diuresis. Enhanee 
HDL (and reduce LDL) blood levels 
(cardiovascular sparing effeet). 

Along with DHEA (an androgen 
produced by the adrenal cortex) are 
partially responsible for female libido 
(sex drive). 


Cooperates with estrogen in 
stimulating grovvth of breasts. 
Promotes the seeretory phase of 
the uterine eyele. Stimulates pro- 
duction of viscous eervieal mucus 
Progesterone surge after ovula- 
tion enhanees beating of eilia 
in the uterine tube, promoting 
meeting of sperm and ooeyte. 

During pregnaney, quiets the 
myometrium and aets with 
estrogen to cause mammary 
glands to aehieve their mature 
milk-producing state. 


release of LH by the anterior 
pituitary and release of GnRH by the 
hypothalamus. 

Stimulates formation of male 
reproductive ducts, glands, and 
external genitalia. Promotes deseent 
of the testes. Stimulates growth 
and maturation of the internal 
and external genitalia at puberty; 
maintains their adult size and 
function. 


Required for normal spermatogenesis 
via effeets promoted by ABP, which 
keeps its eoneentration high near 
spermatogenie eells. Suppresses 
mammary gland development. 


Stimulates the growth spurt at 
puberty; promotes inereased skeletal 
and muscle mass during adoleseenee. 
Promotes growth of the larynx and 
voeal eords and deepening of the 
voiee. Enhanees sebum seeretion and 
hair growth, espeeially on the faee, 
axillae, genital region, and ehest. 


Promotes diuresis 


Generally anabolie. Stimulates 


(antiestrogenie effeet). inereases hematopoiesis. Enhanees the basal 


body temperature. 


metabolie rate. 


Responsible for libido in males; 
promotes aggressiveness. 


nipples beeome ereet. inereased aetivity of the vestibular glands 
and cc sweating” of the vaginal walls lubricate the vestibule and 
faeilitate entry of the penis. These events, though more wide- 
spread, are analogous to the ereetion phase in men. Touch and 
psyehologieal stimuli promote sexual excitement, which is me- 
diated along the same autonomic nerve pathways as in males. 

The final phase of the female sexual response, orgasm , is 
not aeeompanied by ejaculation. However, muscle tension 


inereases throughout the body, pulse rate and blood pressure 
rise, and the uterus eontraets rhythmieally. As in males, orgasm 
is aeeompanied by a sensation of intense pleasure followed by 
relaxation. But unlike what is seen in males, a refraetory pe- 
riod does not follow orgasm, so females may experience multi- 
ple orgasms during a single sexual experience. Female orgasm 
is not required for eoneeption. Indeed, some women never 
experience orgasm, yet are perfeetly able to eoneeive. 
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Although the female libido was formerly believed to be 
prompted by testosterone, new studies indieate that dehydroep- 
iandrosterone (DHEA), an androgen produced by the adrenal 
cortex, is in faet the male sex hormone assoeiated with desire 
in females. 



Check Your IJnderstanding 


35. Which gonadal hormone causes the seeondary sex 
eharaeteristies to appear in a young vvoman? 

36. Which gonadal hormone promotes epiphyseal closure in 
both males and females? 

_ For ansvvers, see Appendix H. 


Sexually Transmitted infeetions 

✓ indieate the infectious agents and modes of transmission 

of gonorrhea, syphiIis # ehlamydia, triehomoniasis, genital 

vvarts, and genital herpes. 

Sexually transmitted infeetions (STIs), also ealled sexually 
transmitted diseases (STDs ) or venereal diseases (VDs), are infee- 
tious diseases spread through sexual eontaet. The United States 
has the highest rates of infeetion among developed countries. 
Over 12 million people in the U.S., a quarter of them adoles- 
eents, get STIs eaeh year. Latex eondoms ean help prevent the 
spread of STIs, and their use is strongly encouraged. 

As a group, STIs are the single most important cause of re- 
productive disorders. Until reeently, the baeterial infeetions 
gonorrhea and syphilis were the most eommon STIs, but now 
viral diseases have taken eenter stage. AIDS, the most notori- 
ous STI, is caused by HIV, the virus that eripples the immune 
system (see Chapter 21). Here we focus on other important bae- 
terial and viral STIs: gonorrhea, syphilis, ehlamydia, triehomo- 
niasis, genital warts, and genital herpes. 

Gonorrhea 

The causative agent of gonorrhea (gon"o-re'ah) is Neisseria 
gonorrhoeae , which invades the mucosae of the reproductive 
and urinary traets. These baeteria are spread by eontaet with 
genital, anal, and pharyngeal mucosal surfaces. Commonly 
ealled cc the elap,” gonorrhea occurs most frequently in adoles- 
eents and young adults. 

In men, the most eommon symptom of gonorrhea is ure- 
thritis , inflammation of the urethra aeeompanied by painful 
urination and diseharge of pus from the penis (penile cc drip”). 
Symptoms vary in women, ranging from none (about 20% of 
eases) to abdominal diseomfort, vaginal diseharge, abnormal 
uterine bleeding, and oeeasionally, urethral symptoms similar 
to those seen in males. 

In men, untreated gonorrhea ean cause urethral eonstrietion 
and inflammation of the entire male duct system. In women, it 
causes pelvie inflammatory disease and sterility. With the ad- 
vent of antibioties these eomplieations have deelined, and eases 
of gonorrhea in the United States have dropped to the lowest 


rate ever reeorded. However, antibiotie-resistant strains are be- 
eoming inereasingly prevalent. Currently, ceffriaxone is the an- 
tibiotie used most often to treat gonorrhea. 

Syphilis 

Syphilis (sif'ì-lis), caused by the corkscrew-shaped baetermm 
Treponema pallidum , is usually transmitted sexually, but it ean 
be eontraeted eongenitally from an infeeted mother. Fetuses 
infeeted with syphilis are usually stillborn or die shortly after 
birth. 

The baeterimn easily penetrates intaet mucosae and abraded 
skin. Within a few hours of exposure, an asymptomatie body- 
wide infeetion is in progress. Affer an incubation period of two 
to three weeks, a red, painless primary lesion ealled a ehanere 
(shang'ker) appears at the site of baeterial invasion. In males, 
this is typieally the penis, but in females the lesion often goes 
undetected within the vagina or on the cervix. The ehanere ul- 
eerates and beeomes ernsty, and then it heals spontaneously and 
disappears within a few weeks. 

If syphilis is untreated, its seeondary signs appear several 
weeks later. A pink skin rash all over the body is one of the first 
symptoms. Fever and joint pain are eommon. These signs and 
symptoms disappear spontaneously in three to twelve weeks. 
Then the disease enters the latent period and is deteetable only 
by a blood test. The latent stage may last a persons lifetime (or 
the immune system may kill the baeteria), or it may be followed 
by tertiary syphilis. 

Tertiary syphilis is eharaeterized by gummas (gum'ahs), de- 
stmetive lesions of the CNS, blood vessels, bones, and skin. Pen- 
ieillin is still the treatment of ehoiee for all stages of syphilis, but 
the number of reeorded eases continues to inerease in the U.S. 


Ghlamydia 


Chlamydia (klah-mid'e-ah; ehlamys = eloak) is a largely undi- 
agnosed, silent epidemie that is currently on the rise in eollege- 
age people. It infeets perhaps 4-5 million people yearly, making 
it the most eommon baeterial sexually transmitted infeetion in 
the United States. 

Chlamydia is responsible for 25-50% of all diagnosed eases 
of pelvie inflammatory disease (and, consequently, at least a 
one-in-four ehanee of eetopie pregnaney). Eaeh year more than 
150,000 infants are born to infeeted mothers. About 20% of men 
and 30% of women infeeted with gonorrhea are also infeeted by 
Chlamydia traehomatis , the causative agent of ehlamydia. 

Chlamydia is a baeterimn with a vimslike dependenee on 
host eells. Its incubation period within the body eells is about 
one week. Symptoms include urethritis (involving painfiil, fre- 
quent urination and a thiek penile diseharge); vaginal diseharge; 
abdominal, reetal, or testicular pain; painfiil intercourse; and 
irregular menses. In men, it ean cause arthritis as well as wide- 
spread urogenital traet infeetion. In women, 80% of whom 
suffer no symptoms from the infeetion, it is a major cause of 
sterility. Newborns infeeted in the birth eanal tend to develop 
conjunctivitis (speeifieally, traehoma , a painfiil eye infeetion 
that leads to eorneal searring if untreated (offen the ease in 
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nonindustrialized countries) and respiratory traet inflamma- 
tions including pneumonia. 

Chlamydia ean be diagnosed by eell culture techniques and 
is easily treated with tetraeyeline. In 2010, reported eases of 
ehlamydia in the United States reaehed a reeord high of 1.2 mil- 
lion eases. 


Triehomoniasis 

Triehomoniasis is the most eommon emable STI in sexually 
aetive young women in the United States. Accounting for about 
7.4 million new eases of STI per year, this parasitie infeetion is 
easily and inexpensively treated. Triehomoniasis is indieated by 
a yellow-green vaginal diseharge with a strong odor. However, 
many of its vietims exhibit no symptoms. 


Genital Warts 

Genital warts due to the human papillomavims ( HPV )—actually 
a group of about 60 virases—is the seeond most eommon STI in 
the United States. About 6.2 million new eases of genital warts 
develop in Amerieans eaeh year, and it appears that HPV infeetion 
inereases the risk for eaneers in infeeted body regions. Indeed, the 
viras is linked to 80% of all eases of invasive eervieal eaneer. Im- 
portantly, most of the strains that cause genital warts do not cause 
eervieal eaneer. 

Treatment is difficult and eontroversial, and the warts tend to 
reappear. Some elinieians prefer to leave the warts untreated un- 
less they beeome widespread, whereas others reeommend their 
removal by cryosurgery or laser therapy, and/or treatment with 
alpha interferon. 


Genital Herpes 
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The cause of genital herpes is the herpes simplex virus 2, and 
these virases are among the most difficult human pathogens 
to eontrol. They remain silent for weeks or years and then sud- 
denly flare up, causing a burst of blisterlike lesions. The viras is 
transmitted via infectious seeretions or direet skin-to-skin eon- 
taet when the viras is shedding. The painffil lesions that appear 
on the reproductive organs of infeeted adults are usually more 
of a nmsanee than a threat. However, eongenital herpes infee- 
tions ean cause severe malformations of a fetus. 

Most people who have genital herpes do not know it, and 
it has been estimated that one-quarter to one-half of all adult 
Amerieans harbor the herpes simplex viras 2. Only about 15% 
of that population displays signs of infeetion. 

The antiviral drag aeyelovir , which helps the lesions heal 
faster and reduces the frequency of flare-ups, is the treatment of 
ehoiee. However, onee eontraeted, genital herpes never leaves. It 
just goes into periodie remissions. 



Check Your IJnderstanding' 


37. Which pathogen is most assoeiated with eervieal eaneer? 

38. What is the most eommon baeterial STI in the llnited States? 

_ For ansvvers, see Appendix Fi. 


Developmental Aspeets 
of the Reproductive System 

So far, we have deseribed the reproductive organs as they exist 
and operate in adults. Now we are ready to look at events that 
cause us to beeome reproductive individuals. These events begin 
long before birth and end, at least in women, in late middle age. 


Embryologieal and Fetal Events 

✓ Discuss the determination of genetie sex and prenatal 
development of male and female structures. 

Determination of Genetie Sex 

Aristotle believed that the £t heat” of lovemaking determined 
maleness. Not so! Genetie sex is determined at the instant the 
genes of a sperm eombine with those of an ovum, and the de- 
termining faetor is the sex ehromosomes eaeh gamete eontains. 
Of the 46 ehromosomes in the fertilized egg, two (one pair) are 
sex ehromosomes. The other 44 are ealled aiitosomes. 

Two types of sex ehromosomes, quite different in size, ex- 
ist in humans: the large X ehromosome and the much smaller 

Y ehromosome. The body eells of females have two X ehro- 
mosomes and are designated XX, and the ovum resulting from 
normal meiosis in a female always eontains an X ehromosome. 
Males have one X ehromosome and one Y in eaeh body eell 
(XY). Approximately half of the sperm produced by normal 
meiosis in males eontain an X and the other half a Y. 

If the fertilizing sperm delivers an X ehromosome, the fer- 
tilized egg and its daughter eells will eontain the female (XX) 
eomposition, and the embryo will develop ovaries. If the sperm 
bears a Y ehromosome, the offspring will be male (XY) and will 
develop testes. A single gene on the Y ehromosome—the SRY 
(for sex-determining region of the Y ehromosome) gene —is 
the master switch that initiates testes development and henee 
maleness. Thus, the father s gamete determines the genetie sex 
of the offspring. All subsequent events of sexual differentiation 
depend on which gonads form during embryonie life. 

However, some of the genes present in autosomes are neees- 
sary for a male to beeome a ffinetional male. Mutation of the 
SRY gene ean result in XY individuals with the male ehromo- 
some but female sex eharaeteristies. 



Homeostatie imbalanee 27.9 


When meiosis distributes the sex ehromosomes to the gametes 
improperly, an event ealled nondisjunction, abnormal eombi- 
nations of sex ehromosomes occur in the zygote (fertilized egg) 
and cause striking abnormalities in sexual and reproductive sys- 
tem development. 

For example, females with a single X ehromosome (XO), a 
eondition ealled Trnners syndrome , never develop ovaries. As a 
rale, females earrying four or more X ehromosomes are mentally 
retarded and have underdeveloped ovaries and limited fertility. 

Klinefelters syndrome , which affeets one out of 500 live male 
births, is the most eommon sex ehromosome abnormality. 
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Affeeted individuals usually have a single Y ehromosome, two 
or more X ehromosomes, and are sterile males. Although XXY 
males are normal (or only slightly below normal) intellectually 
the ineidenee of mental retardation inereases as the number of 
X ehromosomes rises. Males with no X ehromosome (YO) die 
during embryonie development. + 

Sexual Differentiation of the Reproductive System 

The gonads of both males and females begin their develop- 
ment during week 5 of gestation as masses of mesoderm ealled 
the gonadal ridges Figure 27.23). These ridges bulge from 
the dorsal abdominal wall just medial to the mesonephros (a 
transient kidney system, see p. 983). The paramesonephrie, or 
Mtillerian, ducts (future female ducts) develop lateral to the 
mesonephrie (Wolffian) ducts (future male ducts), and both 
sets of ducts empty into a eommon ehamber ealled the eloaea. 
At this stage of development, the embryo is said to be in the 
sexually indifferent stage, because the gonadal ridge tissue ean 
develop into either male or female gonads and both duct sys- 
tems are present. 

Shortly after the gonadal ridges appear, primordial germ 
eells migrate to them from a different region of the embryo, the 
hindgut, presumably guided by a gradient of ehemieal signals 
(ehemokines). There they seed the developing gonads with stem 
eells destined to beeome spermatogonia or oogonia. Onee these 
eells are in residenee, the gonadal ridges form testes or ovaries, 
depending on the genetie makeup of the embryo. 

The proeess of forming the testes begins in week 7 in male 
embryos. Seminiferous tubules form in the internal part of the 
gonadal ridges and join the mesonephrie duct via the efferent 
ductules. Further development of the mesonephrie duct pro- 
duces the duct system of the male. The paramesonephrie ducts 
degenerate. 

In female embryos the proeess of gonad formation begins 
about a week later. The outer, or eortieal, part of eaeh immature 
ovary forms follieles, and the paramesonephrie ducts differenti- 
ate into the structures of the female duct system (the uterine 
tubes and uterus). The mesonephrie ducts degenerate. 

Like the gonads, the external genitalia arise from the same 
structures in both sexes gure 27.24). During the sexually 
indifferent stage, all embryos exhibit a small external projeetion 
ealled the genital tubercle. The urogenital sinus, which devel- 
ops from subdivision of the eloaea (future urethra and blad- 
der), lies deep to the tubercle. The urethral groove, the external 
opening of the urogenital sinus, is on the tubercles inferior sur- 
faee and is flanked laterally by the urethral folds and then the 
labioserotal swellings. 

During week 8, the external genitalia begin to develop rap- 
idly. In males, the genital tubercle enlarges, forming the penis. 
The urethral folds fuse in the midline, forming the spongy ure- 
thra in the penis. Only the tips of the folds remain unfused to 
form the methral orifiee at the tip of the penis. The labioserotal 
swellings also fuse medially to form the scrotum. 

In females, the genital tubercle gives rise to the elitoris and 
the urethral groove persists as the vestibule. The unfused ure- 
thral folds beeome the labia minora, and the unfused labiosero- 
tal folds beeome the labia majora. 


Differentiation of aeeessory structures and the external 
genitalia into male or female structures depends on whether 
testosterone is present. When testes form, they quickly begin 
to release testosterone, which continues until four to five days 
after birth and which causes the development of male aeeessory 
ducts and external genitalia. In the absenee of testosterone, the 
female ducts and external genitalia develop. 



Homeostatie imbalanee 27.10 


Any interferenee with the normal pattern of sex hormone pro- 
duction in the embryo results in abnormalities. For example: 

■ If the embryonie testes do not produce testosterone, a ge- 
netie male develops female aeeessory structures and external 
genitalia. 

■ If a genetie female is exposed to testosterone (as might hap- 
pen if the mother has an androgen-producing tumor of her 
adrenal gland), the embryo has ovaries but develops the male 
ducts and glands, as well as a penis and an empty scrotum. 


It appears that the female pattern of reproductive structures has 
an intrinsie ability to develop (it is the default eondition). In the 
absenee of testosterone it proeeeds to do so, regardless of the 
embryos genetie makeup. 

Individuals with external genitalia that do not “mateh” their 
gonads are ealled pseudohermaphrodites (soo-do-her-maf'ro- 
dlts). (True hermaphrodites who possess both ovarian and 
testicular tissue are rare.) Many pseudohermaphrodites have 
sought sex-change operations to mateh their outer selves (ex- 
ternal genitalia) with their inner selves (gonads). + 


Deseent of the Gonads 


About two months before birth, the testes begin their deseent 
toward the scrotum, dragging their supplying blood vessels and 
nerves along behind them. They finally exit from the pelvie eav- 
ity via the inguinal eanals and enter the scrotum. Testosterone 
made by the fetus s testes stimulates this migration. The migra- 
tion is meehanieally guided by a strong fibrous eord ealled the 
gubernaculum (“governor”), which extends from the testis to 
the floor of the serotal sae. 

Initially the gubernaculum is a eohimn of soff eonneetive tis- 
sue, but it beeomes inereasingly fibrous as it continues to grow. 
By the seventh month of fetal development, it stops growing 
and its inferior part fills the inguinal eanal. The gubernaculums 
eessation of growth, coupled with the rapid growth of the fetal 
body, helps to pull the testes into the scrotum. 

The tunica vaginalis eovering of the testis is derived from 
a fingerlike outpocketing of the parietal peritoneum, the vagi- 
nalproeess. The aeeompanying blood vessels, nerves, and faseial 
layers form part of the spermatie eord , which helps suspend the 
testis within the scrotum. 

Like the testes, the ovaries deseend during fetal development, 
but in this ease only to the pelvie brim, where the tentlike broad 
ligament stops their progress. Eaeh ovary is guided in its deseent 
by a gubernaculum (anehored in the labium majus) that later 
divides, beeoming the ovarian and round ligaments that help 
support the internal genitalia in the pelvis. 
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At birth: male development 


At birth: Female development 


Figure 27.23 Development of the internal reproductive organs. (5RY = sex-determining 
region of the Y ehromosome.) 
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(b) Male development 


(e) Female development 


gure 27.24 Development of homologous structures of the external genitalia in 
both sexes. The tvvo pictures at the bottom of the figure shovv the fully developed perineal 
region. 



Homeostatie imbalanee 27.11 


Failure of the testes to make their normal deseent leads to eryp- 
torehidism (erypt — hidden, eoneealed; orehi — testiele). Be- 
cause eryptorehidism causes sterility and inereases the risk of 
testicular eaneer, surgery is usually performed during early 
ehildhood to reetify this problem. + 


41. VVhieh structure guides the deseent of the testis into the 
scrotum? 


For ansvvers, see Appendix Fi. 


Puberty 

✓ Deseribe the signifieant events of puberty and menopause. 



Check Your Understanding 


39. If a fertilized egg eontains X and Y sex ehromosomes, a baby 
girl vvill develop, right? 

40. VVhat is the sexually indifferent stage of development? 


FSH and LH levels, elevated at birth, fall to low levels within a 
few months and remain low throughout the prepubertal years. 
Between the ages of 10 and 15 years, a host of interaeting hor- 
mones bring on the ehanges of puberty. 
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Puberty is the period of life when the reproductive organs 
grow to adult size and beeome functional. As puberty nears, 
these ehanges occur in response to rising levels of gonadal hor- 
mones (testosterone in males and estrogen in females). Ear- 
lier we deseribed seeondary sex eharaeteristies and regulatory 
events of puberty. But it is important to remember that puberty 
represents the earliest time that reproduction is possible. 

The events of puberty occur in the same sequence in all indi- 
viduals, but the age at which they occur varies widely. 

In males, seeretion of adrenal androgens, particularly dehy- 
droepiandrosterone (DHEA), begins to rise several years before 
the testosterone surge of puberty and initiates faeial, pubic, and ax- 
illary hair growth and other pubertal events. The major event that 
signals pubertys onset in males is enlargement of the testes and 
scrotum between the ages of 8 and 14. The penis grows over the 
next two years, and sexual maturation is evideneed by the presenee 
of mature sperm in the semen (see Figure 27.11). In the meantime, 
the young man has unexpected ereetions and oeeasional nocturnal 
emissions (“wet dreams”) as his hormones surge and the hormonal 
eontrol axis stmggles to aehieve a normal balanee. 

In females, the fìrst sign of puberty is budding breasts be- 
tween the ages of 8 and 13, followed by the appearanee of axil- 
lary and pubic hair. Menarehe usually occurs about two years 
later. Dependable ovulation and fertility await the maturation 
of the hormonal eontrols, which takes nearly two more years. 

Epiphyseal plate closure and termination of skeletal growth 
in height occurs in response to rising estrogen levels late in pu- 
berty in both boys and girls. 


Menopause 
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Most women reaeh the peak of their reproductive abilities in 
their late 20s. After that, ovarian function deelines gradually, 
presumably because the ovaries beeome less and less responsive 
to gonadotropin signals. At age 30, there are still some 100,000 
ooeytes in the ovaries but the quality (henee fertility) has begun 
to deeline. By age 50, there are probably 1000 eggs left (the pan- 
try is nearly bare). 

As estrogen production deelines, many ovarian eyeles beeome 
anovulatory, while in others 2 to 4 ooeytes per month are ovu- 
lated, a sign of deelining eontrol. inereasingly frequent multiple 
ovulations explain why twins and triplets are more eommon in 
women who have deferred ehildbearing until their late 30s. In the 
perimenopausal period, menstraal periods beeome erratie and in- 
ereasingly shorter. Eventually, ovulation and menstraation eease 
entirely. This normally occurs between the ages of 46 and 54, an 
event ealled menopaiise. Menopause is eonsidered to have oe- 
curred when a whole year has passed without menstruation. 

Although the ovaries continue to produce estrogen for a while 
after menopause, they finally stop fimetioning as endoerine or- 
gans. Without suíficient estrogen the reproductive organs and 
breasts begin to atrophy, the vagina beeomes dry, and vaginal 
infeetions beeome inereasingly eommon. Other sequels due 
to laek of estrogen include irritability and depression (in some 
women); intense vasodilation of the skins blood vessels, which 
causes uncomfortable, sweat-drenching cc hot flashes”; gradually 
thinning skin; and loss of bone mass. Slowly rising total blood 


eholesterol levels and falling HDL levels plaee postmenopausal 
women at risk for cardiovascular disorders. At one time physi- 
eians preseribed low-dose estrogen-progesterone preparations 
to help women through this period and prevent skeletal and 
cardiovascular eomplieations. This seemed like a great idea and 
by 2002, approximately 14 million Ameriean women were tak- 
ing some form of estrogen-eontaining hormone replaeement 
therapy (HRT). Then, the Womens Health Initiative (WHI) 
abraptly ended a elinieal trial of 16,000 postmenopausal women, 
reporting that those who took a popular progesterone-estrogen 
medieation had an inereased risk of 51 % in heart disease, 24% 
in invasive breast eaneer, 31% in stroke, and a doubled risk of 
dementia eompared to those taking plaeebos. 

The baeklash of this information (aired in the popular press) 
is still spreading through physieians offiees and researeh labs. It 
is restrieting funding and the ability to find new volunteers for 
future studies, and has dampened enthusiasm for HRT in both 
the medieal community and postmenopausal women. How- 
ever, newer data suggest that the smallest dose of HRT for the 
shortest time is OK to reduce symptoms in women who do not 
have existing breast eaneer or mutated BRCA gene(s). 

There is no equivalent of menopause in males, and healthy 
men are able to father offspring well into their eighth deeade 
of life thanks to their small but enduring population of stem 
eells (spermatogonia). However, aging men do exhibit a steady 
deeline in testosterone seeretion and experience a longer latent 
period affer orgasm, a eondition sometimes ealled andropause , 
and testosterone replaeement therapy is currently being pre- 
seribed for more older men. Additionally, there is a notieeable 
differenee in sperm motility with aging. Sperm of a young man 
ean make it up the uterine tubes in 20-50 minutes, whereas 
those of a 75-year-old take 2Vi days for the same trip. 



Check Your Understanding 


42. What are the early signs of piiberty's onset in boys? 

43. What is the definition of menopause? 

_ For ansvvers, see Appendix H. 


The reproductive system is unique among organ systems in at 
least two ways: (1) It is nonfimetional during the first 10-15 years 
of life, and (2) it is eapable of interaeting with the eomplementary 
system of another person—indeed, it must do so to earry out its 
biologieal fimetion of pregnaney and birth. To be sure, having a 
baby is not always what the interaeting partners have in mind, and 
we humans have devised a variety of techniques for preventing 
this outcome (see A CloserLook on pp. 1090-1091). 

The major goal of the reproductive system is ensuring the 
healthy fimetion of its own organs so that eonditions are optimal 
for producing offspring. However, as ilhistrated in System Connec- 
tions , gonadal hormones do influence other body organs, and the 
reproductive system depends on other body systems for oxygen 
and nutrients and to earry away and dispose of its wastes. 

Now that we know how the reproductive system prepares 
itself for ehildbearing, we are ready to eonsider the events of 
pregnaney and prenatal development of a new living being, the 
topies of Chapter 28. 






SYSTEM CONNECTIONS 


Homeostatie Interrelationships Between 

the Reproductive System and Other Body Systems 



lntegumentary System Chapter 5 

■ Androgens aetivate oil glands that lubricate skin and hair; 
gonadal hormones stimulate eharaeteristie fat distribution 
and appearanee of pubic and axillary hair; estrogen inereases 
skin hydration, and during pregnaney it enhanees faeial skin 
pigmentation 

■ Skin proteets all body organs by external enclosure; mammary 
gland seeretions (milk) nourish the infant 

Skeletal System Chapters 6-8 

■ Androgens masculinize the skeleton and inerease bone density; 
estrogen feminizes the skeleton and maintains bone mass in 
females 

■ The bony pelvis eneloses some reproductive organs; if narrovv, 
the bony pelvis may hinder vaginal delivery of an infant 


Muscular System Chapters 9-10 

■ Androgens promote inereased muscle mass 

■ Abdominal muscles aetive during ehildbirth; muscles of the 
pelvie floor support reproductive organs and aid ereetion of 
penis/elitoris 

Nervous System Chapters 11-15 

■ Sex hormones masculinize or feminize the brain and influence 
sex drive 

■ Hypothalamus regulates timing of puberty; neural reflexes 
regulate events of sexual response 

Endoerine System Chapter 16 

■ Gonadal hormones exert feedbaek effeets on hypothalamie- 
pituitary axis; plaeental hormones promote maternal 
hypermetabolism 

■ Gonadotropins (and GnRH) help regulate function of gonads; 
leptin signals the hypothalamus about the body's state of 
energy availability (in fat stores) 

Cardiovascular System Chapters 17-19 

■ Estrogens lovver blood eholesterol levels and promote 
cardiovascular health in premenopausal vvomen; pregnaney 
inereases vvorkload of the cardiovascular system 

■ Cardiovascular system transports needed substances to organs 
of reproductive system; loeal vasodilation involved in ereetion; 
blood transports sex hormones 

Lymphatie System/lmmunity Chapters 20-21 

■ Developing embryo/fetus eseapes immune surveillance (not 
rejeeted) 

■ Lymphatie vessels drain leaked tissue fluids; transport sex 
hormones; immune eells proteet reproductive organs from 
disease; IgA is present in breast milk 

Respiratory System Chapter 22 

■ Pregnaney impairs deseent of the diaphragm, promotes dyspnea 

■ Respiratory system provides oxygen; disposes of earbon dioxide; 
tidal volume inereases during pregnaney vvhile residual volume 
deelines 


Digestive System Chapter 23 

■ Developing fetus erovvds digestive organs; heartburn, 
eonstipation eommon during pregnaney 

■ Digestive system provides nutrients needed for health 


IJrinary System Chapters 25-26 

■ Hypertrophy of the prostate inhibits urination; eompression 
of bladder during pregnaney leads to urinary frequency and 
urgency 

■ Kidneys dispose of nitrogenous vvastes and maintain aeid- 
base balanee of blood of mother and fetus; semen diseharged 
through the urethra of the male 
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Chapter Summary 



For more ehapter study tools, go to the Study Area of 
MasteringA&P at www.masteringaandp.com. 

There you will find: 

■ interaetive Physiology IP 

■ A&PFIix A&PFIix 

■ Praetiee Anatomy Lab PÁL 


PhysioEx 


PEx 


Videos, Praetiee Quizzes and Tests, MP3 Tutor Sessions, 
Case Studies, and much more! 


1. The function of the reproductive system is to produce oífspring. 
The gonads produce gametes (sperm or ova) and sex hormones. 
All other reproductive organs are aeeessory organs. 

Anatomy of the Male Reproductive System (pp. 1019-1026) 

The Scrotum (pp. 1019-1020) 

1. The scrotum eontains the testes. It provides a temperature slightly 
lower than that of body temperature, as required to produce 
viable sperm. 

The Testes (pp. 1020-1022) 

2. Eaeh testis is eovered externally by a tunica albuginea that 
extends internally to divide the testis into many lobules. Eaeh 
lobule eontains sperm-producing seminiferous tubules and 
interstitial endoerine eells that produce androgens. 

The Male Perineum and the Penis (pp. 1022-1023) 

3. Tbe male perineum which suspends the scrotum and penis, is the 
region eneompassed by the pubic symphysis, isehial tuberosities, 
and coccyx. 

4. Tbe penis is largely ereetile tissue (corpus spongiosum and 
eorpora eavernosa). Engorgement of the ereetile tissue with blood 
causes the penis to beeome rigid, an event ealled ereetion. 

The Male Duct System (p. 1024) 

5. The epididymis hugs the external surface of the testis and serves 
as a site for sperm maturation and storage. 

6. The ductus (vas) deferens, extending from the epididymis to the 
ejaculatory duct, propels sperm into the urethra by peristalsis 
during ejaculation. Its terminus fuses with the duct of the seminal 
gland, forming the ejaculatory duct, which empties into the 
urethra within the prostate. 

7. The urethra extends from the urinary bladder to the tip of the 
penis. It conducts semen and urine to the body exterior. 


2. Ejaculation is expulsion of semen from the male duct system, 
promoted by the sympathetie nervous system. Ejaculation is part 
of male orgasm, which also includes pleasurable sensations and 
inereased pulse and blood pressure. 

Spermatogenesis (pp. 1027-1033) 

3. Spermatogenesis, the production of male gametes in the 
seminiferous tubules, begins at puberty. 

4. Meiosis, the basis of gamete production, eonsists of two 
consecutive nuclear divisions without DNA replieation in 
between. Meiosis reduces the ehromosomal mimber by half and 
introduces genetie variability. Events unique to meiosis include 
synapsis and erossover of homologous ehromosomes. 

5. Spermatogonia divide by mitosis to maintain the germ eell line. 
Some of their progeny beeome primary spermatoeytes, which 
undergo meiosis I to produce seeondary spermatoeytes. Seeondary 
spermatoeytes undergo meiosis II, eaeh producing two haploid (n) 
spermatids. 

6. Spermiogenesis eonverts spermatids to functional sperm, 
stripping away superfluous eytoplasm and producing an 
aerosome and a flagellmn (tail). 

7. Sustentocytes form the blood testis barrier, nourish 
spermatogenie eells, move them toward the lumen of the tubules, 
and seerete fluid for sperm transport. 

Hormonal Regulation of Male Reproductive Function 

(pp.1033-1035) 

8. GnRH, produced by the hypothalaimis, stimulates the anterior 
pituitary gland to release FSH and LH. FSH causes sustentocytes 
to produce androgen-binding protein (ABP). LH stimulates 
interstitial endoerine eells to release testosterone, which 

binds to ABP, stiimilating spermatogenesis. Testosterone and 
inhibin (produced by sustentocytes) feed baek to inhibit the 
hypothalaimis and anterior pituitary. 

9. Maturation of hormonal eontrols occurs during puberty and 
takes about three years. 

10. Testosterone stimulates maturation of the male reproductive 
organs and triggers the development of the seeondary sex 
eharaeteristies of the male. It exerts anabolie effeets on the 
skeleton and skeletal muscles, stimulates spermatogenesis, and is 
responsible for male sex drive. 

Anatomy of the Female Reproductive System 

(pp.1035-1043) 

1. The female reproductive system produces gametes and sex 
hormones and houses a developing infant until birth. 


The Male Aeeessory Glands (pp. 1024-1026) 

8. The aeeessory glands produce the bulk of the semen, which 
eontains fmetose from the seminal glands, an aetivating fluid 
from the prostate, and mucus from the bulbo-urethral glands. 

Semen (p. 1026) 

9. Semen is an alkaline fluid that dihites and transports sperm. 
Important ehemieals in semen are mitrients, prostaglandins, and 
antibiotie ehemieals. 

Physiology of the Male Reproductive System 

(pp.1026-1035) 

Male Sexual Response (pp. 1026-1027) 

1. Parasympathetie reflexes eontrol ereetion. 


The Ovaries (pp. 1035-1036) 

2. The ovaries flank the uterus laterally and are held in position by 
the ovarian and suspensory ligaments and mesovaria. 

3. Within eaeh ovary are ooeyte-eontaining follieles at different 
stages of development and possibly a corpus luteum. 

The Female Duct System (pp. 1037-1041) 

4. The uterine tube, supported by the mesosalpinx, extends from 
near the ovary to the uterus. Its fimbriae and eiliated distal end 
along with peristalsis ereate currents that help move an ovulated 
ooeyte into the uterine tube. 

5. The uterus has fundus, body, and eervieal regions. It is supported 
by the broad, eardinal, uterosacral, and round ligaments. 




ehapter 27 The Reproductive System 


1061 


6. The uterine wall is eomposed of the outer perimetrmm, the 
myometrmm, and the inner endometrium. The endometrium 
eonsists of a fhnetional layer (stratum fhnetionalis), which sloughs 
off periodieally unless an embryo has implanted, and an underlying 
basal layer (stratmm basalis), which rebuilds the fhnetional layer. 

7. The vagina extends from the uterus to the exterior. It is the 
copulatory organ and allows passage of the menstraal flow or a baby. 

The External Genitalia and Female Perineum (p. 1041) 

8. The female external genitalia (vulva) include the mons pubis, 
labia majora and minora, elitoris, and the urethral and vaginal 
orifìees. The labia majora house the mucus-secreting greater 
vestibular glands. 

The Mammary Glands (pp. 1041-1043) 

9. The mammary glands lie over the peetoral muscles of the ehest 
and are surrounded by adipose and fìbrous eonneetive tissue. 
Eaeh mammary gland eonsists of many lobules, which eontain 
milk-producing alveoli. 

Physiology of the Female Reproductive System 

(pp.1043-1053) 

Oogenesis (pp. 1043-1045) 

1. Oogenesis, the production of eggs, begins in the fetus. Oogonia, 
the diploid stem eells of female gametes, are eonverted to primary 
ooeytes before birth. The infant females ovaries eontain about 

1 million primary ooeytes arrested in prophase of meiosis I. 

2. At puberty, meiosis resumes. Eaeh month, one primary ooeyte 
eompletes meiosis I, producing a large seeondary ooeyte and a 
tiny fìrst polar body. Meiosis II of the seeondary ooeyte produces 
a functional ovum and a seeond polar body, but does not occur in 
humans unless a sperm penetrates the seeondary ooeyte. 

3. The ovum eontains most of the primary ooeytes eytoplasm. The 
polar bodies are nonfunctional and degenerate. 

The Ovarian Cycle (pp. 1045-1047) 

4. During the folliailar phase (days 1-14), several primary follieles 
begin to mature. Generally, only one folliele per month eompletes 
the maturation proeess, beeoming the dominant folliele. Late in 
this phase, the ooeyte in the dominant folliele eompletes meiosis 

I. Ovulation occurs about day 14, releasing the seeondary ooeyte 
into the peritoneal eavity. Other developing follieles deteriorate. 

5. In the luteal phase (days 15-28), the ruptured folliele is eonverted 
to a corpus luteum, which produces progesterone and estrogen 
for the remainder of the eyele. If fertilization does not occur, the 
corpus luteum degenerates after about 10 days. 

Hormonal Regulation of the Ovarian Cycle (pp. 1047-1049) 

6. Beginning at puberty, the hormones of the hypothalamus, anterior 
pituitary, and ovaries interaet to establish and regulate the ovarian 
eyele. Establishment of the mature eyelie pattern, indieated by 
menarehe, takes about four years. Leptin serves a permissive role in 
puberty s onset, stimulating the hypothalamus when adipose tissue is 
sufficient for the energy requirements of reproduction. 

7. The hormonal events of eaeh ovarian eyele are as follows: (1) 
GnRH stimulates the anterior pitmtary to release FSH and LH, 
which stimulate folliele maturation and estrogen production. 

(2) When blood estrogen reaehes a eertain level, positive 
feedbaek exerted on the hypothalamic-pituitary-gonadal axis 
causes a sudden release of LH that stimulates the primary ooeyte 
to eontimie meiosis and triggers ovulation. LH then causes 


eonversion of the ruptured folliele to a corpus luteum and 
stimulates its seeretory aetivity. (3) Rising levels of progesterone 
and estrogen inhibit the hypothalamie-pitmtary-gonadal (HPG) 
axis, the corpus luteum deteriorates, ovarian hormones drop to 
their lowest levels, and the eyele begins anew. 

The llterine (Menstraal) Cycle (pp. 1049-1051) 

8. Varying levels of ovarian hormones in the blood trigger events of 
the uterine eyele. 

9. During the menstraal phase of the uterine eyele (days 1-5), 
the hmetional layer sloughs oíf in menses. During the 
proliferative phase (days 6-14), rising estrogen levels stimulate 
its regeneration, making the uterus reeeptive to implantation 
about one week after ovulation. During the seeretory phase (days 
15-28), the uterine glands seerete nutrients, and endometrial 
vascularity inereases ffirther. 

10. Falling levels of ovarian hormones during the last few days of the 
ovarian eyele cause the spiral arteries to beeome spastie and cut 
oíf the blood supply of the ffinetional layer, and the uterine eyele 
begins again with menstraation. 

Effeets of Estrogens and Progesterone (p. 1051) 

11. Estrogen promotes oogenesis. At puberty, it stimulates the growth 
of the reproductive organs and the growth spurt and promotes 
the appearanee of the seeondary sex eharaeteristies. 

12. Progesterone eooperates with estrogen in breast maturation and 
regulation of the uterine eyele. 

Female Sexual Response (pp. 1051-1053) 

13. The female sexual response is similar to that of males. Orgasm in 
females is not aeeompanied by ejaculation. 

Sexually Transmitted infeetions (pp. 1053-1054) 

1. Sexually transmitted infeetions (STIs) are infectious diseases 
spread via sexual eontaet. Gonorrhea, syphilis, and ehlamydia are 
baeterial diseases. Syphilis has broader consequences than most 
other sexually transmitted baeterial diseases sinee it ean infeet 
organs throughout the body. Triehomoniasis is a parasitie infeetion. 
Genital herpes and genital warts are viral infeetions; genital warts, 
caused by the HPV viras, are implieated in eervieal eaneer. 

Developmental Aspeets of the Reproductive 

System (pp. 1054-1058) 

Embryologieal and Fetal Events (pp. 1054-1057) 

1. Genetie sex is determined by the sex ehromosomes: an X from 
the mother, an X or a Y from the father. If the fertilized egg 
eontains XX, it is a female and develops ovaries; if it eontains XY, 
it is a male and develops testes. 

2. Gonads of both sexes arise from the mesodermal gonadal ridges. 
The mesonephrie ducts produce the male aeeessory ducts and 
glands. The paramesonephrie ducts produce the female duct system. 

3. The external genitalia arise from the genital tubercle and assoeiated 
structures. The development of male aeeessory structures and external 
genitalia depends on the presenee of testosterone produced by the 
embryonie testes. In its absenee, female structures develop. 

4. The testes deseend into the scrotum from the abdominal eavity. 

Puberty (pp. 1057-1058) 

5. Puberty is the interval when reproductive organs mature and 
beeome ffinetional. It begins in males with penile and serotal 
growth and in females with breast development. 
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Menopause (p. 1058) 

6. During menopause, ovulation and menstruation eease. Hot 
flashes and mood ehanges may occur. Postmenopausal events 
include atrophy of the reproductive organs, bone mass loss, 


and inereasing risk for cardiovascular disease. Men experience 
andropause with milder signs and symptoms of testosterone 
defieit. 


Review Questions 




Multiple Choice/Matching 


(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 


1 . 

2 . 

3 . 

4. 



6 . 

7 . 


8 . 

9. 




The structures that draw an ovulated ooeyte into the female duct 
system are (a) eilia, (b) fimbriae, (e) mierovilli, (d) stereoeilia. 

The usual site of embryo implantation is (a) the uterine tube, 

(b) the peritoneal eavity, (e) the vagina, (d) the uterus. 

The male homologue of the female elitoris is (a) the penis, 

(b) the scrotum, (e) the penile urethra, (d) the testis. 

Which of the following is eorreet relative to female anatomy? 

(a) the vaginal orifiee is the most dorsal of the three openings 
in the perineum, (b) the urethra is between the vaginal orifiee 
and the anus, (e) the anus is between the vaginal orifiee and the 
urethra, (d) the urethra is the more ventral of the two orifiees in 
the vulva. 

Seeondary sex eharaeteristies are (a) present in the embryo, 

(b) a result of male or female sex hormones inereasing in amount 
at puberty, (e) the testis in the male and the ovary in the female, 
(d) not subject to withdrawal onee established. 

Which of the following produces the male sex hormones? 

(a) seminal glands, (b) corpus luteum, (e) developing follieles of 
the testes, (d) interstitial endoerine eells. 

Which will occur as a result of nondeseent of the testes? (a) male 
sex hormones will not be circulated in the body, (b) sperm will 
have no means of exit from the body, (e) inadequate blood supply 
will retard the development of the testes, (d) viable sperm will not 
be produced. 

The normal diploid number of human ehromosomes is (a) 48, 

(b) 47, (e) 46, (d) 23, (e) 24. 

Relative to differenees between mitosis and meiosis, ehoose 
the statements that apply only to events of meiosis. (a) tetrads 
present, (b) produces two daughter eells, (e) produces four 
daughter eells, (d) occurs throughout life, (e) reduces the 
ehromosomal number by half, (f) synapsis and erossover of 
homologues occur. 

Mateh the key ehoiees with the deseriptive phrases below. 


Key: (a) androgen-binding protein 

(b) estrogens 
(e) FSH 
(d) GnRH 


(e) inhibin 

(f) LH 

(g) progesterone 

(h) testosterone 

_(i) Hormones that direetly regulate the ovarian eyele 

_(2) Chemicals in males that inhibit the hypothalamie- 

pituitary-testicular axis 

_(3) Hormone that makes the eervieal mucus viscous 

_(4) Potentiates the aetivity of testosterone on 

spermatogenie eells 

_(5) In females, exerts feedbaek inhibition on the 

hypothalamus and anterior pituitary 

_(6) Stirmffates the seeretion of testosterone 

The menstmal eyele ean be divided into three continuous 
phases. Starting from the first day of the eyele, their consecutive 
order is (a) menstmal, proliferative, seeretory, (b) menstmal, 
seeretory, proliferative, (e) seeretory, menstmal, proliferative, 


(d) proliferative, menstmal, seeretory, (e) seeretory, proliferative, 
menstmal. 

12. Spermatozoa are to seminiferous tubules as ooeytes are to 

(a) fimbriae, (b) corpus albieans, (e) ovarian follieles, (d) eorpora lutea. 

13. Which of the following does not add a seeretion that makes a 
major contribution to semen? (a) prostate, (b) bulbo-urethral 
glands, (e) testes, (d) ductus deferens. 

14. The corpus luteum is formed at the site of (a) fertilization, 

(b) ovulation, (e) menstruation, (d) implantation. 

15. The sex of a ehild is determined by (a) the sex ehromosome 
eontained in the sperm, (b) the sex ehromosome eontained 
in the ooeyte, (e) the nrnnber of sperm fertilizing the ooeyte, 

(d) the position of the fetus in the uterus. 

16. FSH is to estrogen as estrogen is to (a) progesterone, (b) LH, 

(e) FSH, (d) testosterone. 

17. A dmg that “reminds the pituitary” to produce gonadotropins 
might be useful as (a) a eontraeeptive, (b) a dmretie, (e) a fertility 
dmg, (d) an abortion stirmfiant. 

Short Answer Essay Questions 

18. Why is the term urogenital system more applieable to males than 
to females? 

19. Deseribe the major structural (and fimetional) regions of a sperm. 

20. Oogenesis in the female results in one fimetional gamete—the 
egg, or ovum. What other eells are produced? What is the 
signifieanee of this rather wasteful type of gamete production— 
that is, production of a single fimetional gamete instead of four, as 
seen in males? 

21. Deseribe the events and possible consequences of menopause. 

22. Define menarehe. What does it indieate? 

23. Traee the pathway of a sperm from the male testes to the uterine 
tube of a female. 

24. In menstruation, the stratum fimetionalis is shed from the 
endometrium. Explain the hormonal and physieal faetors 
responsible for this shedding. (Hint: See Figure 27.22.) 

25. Both the epithelmm of the vagina and the eervieal glands of the 
uterus help prevent the invasion and spread of vaginal pathogens. 
Explain how eaeh of these meehanisms works. 

26. Some anatomy students were saying that the bulbo-urethral 
glands of males aet like eity workers who eome around and elear 
parked ears from the street before a parade. What did they mean 
by this analogy? 

27. A man swam in a eold lake for an hour and then notieed that his 
scrotum was shrunken and wrinkled. His first thought was that 
he had lost his testieles. What had really happened? 

Critical Thinking 
and eiinieal Applieation 
Questions 

1. Gina Mareiano, a 44-year-old mother of eight ehildren, visited 
her physieian eomplaining of a “bearing down ’ sensation in 
her pelvis, low baekaehe, and urinary ineontinenee. A vaginal 
examination showed that the external os of her cervix was just 
inside the vaginal orifiee and her perineum exhibited large 
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keloids (masses of sear tissue). Her history revealed that she was 
a member of a eommime loeated in the nearby mountains that 
shunned hospital births (if at all possible). What do you think 
Ginas problem is and what caused it? (Be anatomieally speeifie.) 

2. Harry, a sexually aetive adoleseent, appeared in the emergeney 
room eomplaining of a penile “drip” and pain during urination. 
An account of his reeent sexual behavior was requested and 
reeorded. (a) What do you think Harry s problem is? (b) What 
is the causative agent of this disorder? (e) How is the eondition 
treated, and what may happen if it isn t treated? 

3. A 36-year-old mother of four is eonsidering tubal ligation to 
ensure that her family gets no larger. She asks the physieian if she 


will beeome “menopausal” after the surgery. (a) How would you 
answer her question and explain away her eoneerns? (b) Explain 
what a tubal ligation is. 

4. Mr. Seanlon, a 76-year-old gentleman, is interested in a much 
younger woman. Concerned because of his age, he asks his urologist 
if he will be able to father a ehild. What questions would a physieian 
ask of this man, and what diagnostie tests would be ordered? 

5. Lucy had both her left ovary and her right uterine tube removed 
surgically at age 17 because of a eyst and a tumor in these organs. 
Now, at age 32, she remains healthy and is expecting her seeond ehild. 
How could Lucy eoneeive a ehild with just one ovary and one uterine 
tube, widely separated on opposite sides of the pelvis like this? 


AT THE e L I N I e 




Related eiinieal Terms 


Dysmenorrhea (dis"men-ó-re'ah; dys — bad, meno = menses, a 
month) Painful menstmation; may refleet abnormally high 
prostaglandin aetivity during menses. 

Endometrial eaneer Cancer that arises from the uterine 

endometrimn (usually from uterine glands). Most important 
sign is vaginal bleeding, which allows early deteetion. Risk 
faetors include obesity and HRT. 

Endometriosis (en"do-me"tre-o'sis) An inflammatory eondition 
in which endometrial tissue occurs and grows atypieally in 
the pelvie eavity. Characterized by abnormal uterine or reetal 
bleeding, dysmenorrhea, and pelvie pain. May cause sterility. 

Gyneeology (gi"né-koTo-je;gyneco = woman, ology = study of) 

Speeialized braneh of medieine that deals with the diagnosis and 
treatment of female reproductive system disorders. 

Gyneeomastia (gi"né-ko-mas'te-ah) Development of breast tissue 
in the male; a consequence of adrenal cortex hyperseeretion of 
estrogens, eertain dmgs (eimetidine, spironolaetone, and some 
chemotherapeutic agents), and marijuana use. 

Hystereetomy (his"té-rek'to-me; hyster = uterus, eetomy = cut out) 
Surgical removal of the uterus. 

Inguinal hernia Protrusion of part of the intestine into the scrotum 
or through a separation in the abdominal muscles in the groin 
region. Sinee the inguinal eanals represent weak points in the 
abdominal wall, inguinal hernia may be caused by heavy lifting 
or other aetivities that inerease intra-abdominal pressure. 

Laparoseopy (lap"ah-ros'ko-pe; lapar = the flank, seopy = 

observation) Examination of the abdominopelvie eavity with a 
laparoseope, a viewing deviee at the end of a thin tube inserted 
through the anterior abdominal wall. Laparoseopy is often used 
to assess the eondition of a womans pelvie reproductive organs. 


Oophoreetomy (o"of-o-rek'to-me; oophor = ovary) Surgical removal 
of the ovary. 

Orehitis (or-ki'tis; oreho = testis) Inflammation of the testes, 
sometimes caused by the mumps virus. 

Ovarian eaneer Malignaney that typieally arises from the eells in the 
germinal epithelial eovering of the ovary. The fifth most eommon 
reproductive system eaneer, its ineidenee inereases with age. Called 
the “disease that whispers” because early symptoms are nondeseript 
and easily mistaken for other disorders (baek pain, abdominal 
diseomfort, nausea, bloating, and flatulence). Diagnosis may involve 
palpating a mass during a physieal exam, visualizing it with an 
ultrasound probe, or conducting blood tests for a protein marker 
for ovarian eaneer (CA-125). However, medieal assessment is often 
delayed until after metastasis has occurred; five-year survival rate is 
90% if the eondition is diagnosed before metastasis. 

Ovarian eysts The most eommon disorders of the ovary; some are 
tumors. Types include (1) simple folliele retention eysts in which 
single or clustered follieles beeome enlarged with a elear fluid; 

(2) dermoid eysts , which are filled with a thiek yellow fluid 
and eontain partially developed hair, teeth, bone, ete.; and (3) 
ehoeolate eysts filled with dark gelatinous material, which are the 
result of endometriosis of the ovary. None of these is malignant, 
but the latter two may beeome so. 

Polyeystie ovary syndrome (PCOS) The most eommon endoerinopathy 
in women and the most eommon cause of anovulatory infertility. 
Affeets 5-10% of women; eharaeterized by signs of androgen excess, 
inereased cardiovascular risk (evideneed by high blood pressure, 
deereased HDL eholesterol levels, and high triglyeerides); and 
linked to extreme obesity and some degree of insulin resistanee. 
Treated with insulin-sensitizing dmgs. 

Salpingitis (sal"pin-ji'tis; salpingo = uterine tube) Inflammation of 
the uterine tubes. 




Case Study 


Reproductive System 


We are baek to look in on Mr. Heyden 
today. Sinee we last saw him (ehapter 
26), he has had an X ray to determine 
the cause of his baek pain, and his blood 
test results have eome in. Aeeording to 
the note reeorded at radiology: X irradiation of skeleton displays 
numerous carcinomatous metastases in his skull and lumbar 
vertebrae. The hematology note of interest here reads: PSA levels 
abnormally high. 


1. What is eareinoma? What do you suppose is the primary source 
of the seeondary eareinoma lesions in his skull and spine? 

2. On what basis did you eome to this conclusion? 

3. What other tests might be of some diagnostie help here? 

4. What type of therapy do you prediet Mr. Heyden will be given 
to treat his eareinoma? Why? 
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(Ansvvers in Appendix H) 














From Egg to Zygote (pp. 1065-1067) 

Aeeomplishing FertiIization 
(pp. 1065-1067) 

Events of Embryonie Development: 
Zygote to Blastoeyst Implantation 

(pp. 1067-1074) 

eieavage and Blastoeyst Formation 
(p. 1067) 

Implantation (pp. 1067, 1070-1071) 
Plaeentation (pp. 1071-1074) 

Events of Embryonie Development: 
Gastmla to Fetus (pp. 1074-1081) 

Formation and Roles of the Extraembryonic 
Membranes (pp. 1074-1075) 


Gastmlation: Germ Layer Formation 
(pp. 1075-1076) 

Organogenesis: Differentiation of the 
Germ Layers (pp. 1076-1081) 

Events of Fetal Development 

(pp. 1081-1082) 
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(pp. 1082-1085) 

Anatomieal ehanges (pp. 1082-1083) 
Metabolie ehanges (p. 1083) 
Physiologieal ehanges (pp. 1083-1085) 


Parturition (Birth) (pp. 1085-1087) 

Initiation of Labor (p. 1085) 

Stages of Labor (pp. 1085-1087) 

Adjustments of the Infant to Extrauterine 
Life (p. 1087) 

Taking the First Breath and Transition 
(p. 1087) 

Occlusion of Speeial Fetal Blood Vessels and 
Vascular Shunts (p. 1087) 

Laetation (pp. 1087-1089) 

Assisted Reproductive Teehnology and 
Reproductive eioning (pp. 1089-1091) 


T he birth of a baby is such a familiar event that we tend to lose sight of 

the wonder of this aeeomplishment: How does a single eell, the fertilized egg, 
grow to beeome a complex human being eonsisting of trillions of eells? The de- 
tails of this proeess ean fill a good-sized book. Our intention here is simply to outline 
the important events of gestation and to eonsider briefly the events occurring imme- 
diately after birth. 
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Embryo 




Fertilization 1-week 3-week 

conceptus embryo 

(3 mm) 


5-week embryo 
(10 mm) 



8-week embryo 
(22 mm) 



12-week fetus 
(90 mm) 


Figiire 28.1 Diagrams shovving the approximate size of a human conceptus from 
fertilization to the early fetal stage. The embryonie stage is from fertilization through 
vveek 8; the fetal stage begins in vveek 9. (Measurements are erovvn to rump length.) 


Lets get started by defìning some terms. The term preg- 
naney refers to events that occur from the time of fertilization 
(eoneeption) until the infant is born. The pregnant womans de- 
veloping offspring is ealled the conceptus (kon-sep'tus; a that 
which is eoneeived”). Development occurs during the gestation 
period (gestare = to earry), which extends by eonvention from 
the last menstmal period (a date the woman is likely to remem- 
ber) until birth, approximately 280 days. So, at the moment of 
fertilization, the mother is offieially (but illogieally) two weeks 
pregnant! 

From fertilization through week 8, the embryonie period, the 
conceptus is ealled an embryo, and from week 9 through birth, 
the fetal period , the conceptus is ealled a fetus ( cc the young in 
the womb”). At birth, it is an infant. Fi< ure 28.1 shows the 
ehanging size and shape of the conceptus as it progresses from 
fertilization to the early fetal stage. 


Before fertilization ean occur, sperm must reaeh the ovulated 
seeondary ooeyte. The ooeyte is viable for 12 to 24 hours after it 
is east out of the ovary. The ehanee of pregnaney drops to almost 
zero the next day. Most sperm retain their fertilizing power for 
24 to 48 hours affer ejaculation. Consequently, for successful 
fertilization to occur, coitus must occur no more than two days 
before ovulation and no later than 24 hours after. At this point 
the ooeyte is approximately one-third of the way down the 
length of the uterine tube. 


Aeeomplishing Fertilization 

Fertilization occurs when a sperms ehromosomes eombine 
with those of an egg (actually a seeondary ooeyte) to form a 
fertilized egg, or zygote (zi'gót; cc yoked together”), the first 
eell of the new individual. Lets look at the events leading to 
fertilization. 



From Egg to Zygote 

Deseribe the importanee of sperm eapaeitation. 

Explain the meehanism of the slovv bloek to polyspermy. 
Define fertiIization. 


SpermTransport and Capacitation 

During copulation, a man expels millions of sperm with eonsid- 
erable foree into his partner s vaginal eanal. Despite this cc head 
start,” most sperm don t reaeh the ooeyte, even though it is only 
about 12 em (5 inehes) away. Millions of sperm leak from the 
vagina almost immediately after being deposited there. Of those 
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remaining, millions more are destroyed by the vaginas aeidie 
environment. Millions more fail to make it through the cervix, 
unless the thiek C curtain ’ of eervieal mucus has been made fluid 
by estrogens. 

Sperm that do reaeh the uterus, propelled by their whiplike 
tail movements, are then subjected to forceful uterine eontrae- 
tions that aet in a washing maehine-like manner to disperse 
them throughout the uterine eavity, where thousands more are 
destroyed by resident phagoeytes. Only a few thousand (and 
sometimes fewer than 100) sperm, out of the millions in the 
male ejaculate, are conducted by reverse peristalsis into the 
uterine tube, where the ooeyte may be moving leisurely toward 
the uterus. 

These difficulties aside, there is still another hurdle to over- 
eome. Sperm freshly deposited in the vagina are ineapable of 
penetrating an ooeyte. They must first be eapaeitated over 
the next 2 to 10 hours. Speeifieally, their motility must be 
enhaneed and their membranes must beeome fragile so that 
the hydrolytie enzymes in their aerosomes ean be released. 
As sperm swim through the eervieal mucus, uterus, and uter- 
ine tubes, seeretions of the female traet remove some of their 
proteetive membrane proteins, and the eholesterol that keeps 
their aerosomal membranes cc tough” and stable is depleted. 
Even though the sperm may reaeh the ooeyte within a few 
minutes, they must cc wait around” (so to speak) for eapaeita- 
tion to occur. 

This elaborate meehanism prevents the spilling of aerosomal 
enzymes. But eonsider the alternative. Fragile aerosomal mem- 
branes could rupture prematurely in the male reproductive 
traet, causing some degree of autolysis (self-digestion) of the 
male reproductive organs. 

How do sperm navigate to find a released ooeyte in the 
uterine tube? This question is an area of aetive researeh. It now 
appears that they cc sniíf ” their way to the ooeyte. Sperm bear 
proteins ealled olfaetory reeeptors that respond to ehemieal 
stimuli. It is presumed that the ooeyte or its surrounding eells 
release signaling molecules that direet the sperm. 
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Aerosomal Reaetion and Sperm Penetration 

The ovulated ooeyte is encapsulated by the eorona radiata and by 
the deeper zona pellucida, a transparent layer of glyeoprotein- 
rieh extracellular matrix seereted by the ooeyte. Both must be 
breaehed before the ooeyte ean be penetrated. Onee in the im- 
mediate vieinity of the ooeyte, a sperm weaves its way through 
the eells of the eorona radiata. This journey is assisted by a eell- 
surface hyaluronidase on the sperm that digests the intercellular 
eement between the granulosa eells in the loeal area, causing 
them to fall away from the ooeyte ( Focus on Sperm Penetration 
and the Cortical Reaetion , gure 28.2 (T , p. 1068). 

After breaehing the eorona, the sperm head binds to a ZP3 
glyeoprotein of the zona pelhieida, which ffinetions as a sperm 
reeeptor. This binding opens calcium ehannels, which leads to a 
rise in Ca 2+ inside the sperm that triggers the aerosomal (ak"ro- 
so'mal) reaetion (Figure 28.2 (5)). The aerosomal reaetion 


involves the release of aerosomal enzymes (hyaluronidase, aero- 
sin, proteases, and others) that digest holes through the zona 
pellucida. Hundreds of aerosomes must undergo exocytosis to 
digest holes in the zona pellucida. This is one ease that does not 
bear out the adage, cc The early bird eatehes the worm.” A sperm 
that eomes along later, after hundreds of sperm have undergone 
aerosomal reaetions to expose the ooeyte membrane, is in the 
best position to be the fertilizing sperm. 

Onee a path is eleared, the sperms whiplike tail gyrates, fore- 
ing the sperms head to roek and move toward the ooeyte mem- 
brane. There the sperms postaerosomal c eollar,” the rear portion 
of the aerosomal membrane, binds to the ooeytes plasma mem- 
brane reeeptors (Figure 28.2 (3)). This binding event has two 
consequences. (a) It causes the ooeyte to form mierovilli that 
surround the sperm head, and the sperm and ooeyte mem- 
branes to fuse (Figure 28.2 (S}), and then (b) like a snake 
crawling out of its skin, the eytoplasmie eontents of the sperm 
enter the ooeyte, leaving the sperms plasma membrane behind 
(Figure 28.2 (5)). The gametes fuse together with such perfeet 
eontaet that the eontents of both eells are eombined within a 
single membrane—all without spilling a drop. 

Bloekto Polyspermy 

Polyspermy (entry of several sperm into an egg) occurs in some 
animals, but in humans only one sperm is allowed to penetrate 
the ooeyte, ensuring monospermy, the one-sperm-per-ooeyte 
eondition. Onee the sperm head has entered the ooeyte, waves 
of Ca 2+ are released by the ooeytes endoplasmie reticulum into 
its eytoplasm, which aetivates the ooeyte to prepare for the 
seeond meiotie division. These calcium surges also cause the 
eortieal reaetion (Figure 28.2 (5 ..), in which granules loeated 
just inside the plasma membrane spill their enzymes into the 
extracellular spaee beneath the zona pelhieida. These enzymes, 
ealled zonal inhibitingproteins (Z/Ps), destroy the sperm reeep- 
tors, preventing any more sperm from entering. 

Additionally, the spilled material binds water, and as 
the material swells and hardens, it detaehes all sperm still 
bound to reeeptors on the ooeyte membrane, eompleting 
the so-ealled slow bloek to polyspermy. In the rare eases of 
polyspermy that do occur, the embryos eontain too much ge- 
netie material and die. 

Completion of Meiosis II and Fertilization 

As the sperms eytoplasmie eontents enter the ooeyte, the sperm 
loses its plasma membrane. The eentrosome from its midpieee 
elaborates microtubules which the sperm uses to loeomote its 
DNA-rieh nucleus toward the ooeyte nucleus. On the way, its 
nucleus swells to about five times its normal size to form the 
male pronucleus (pro-nu'kle-us; pro = before). Meanwhile 
the seeondary ooeyte, aetivated from its semidormant state by the 
calcium surges, eompletes meiosis II, forming the ovum nucleus 
and the seeond polar body ( : igure 28.3a (T and @, p. 1070). 

This aeeomplished, the ovum nucleus swells, beeoming the 
female pronucleus, and the two pronuclei approaeh eaeh other. 



ehapter 28 Pregnaney and Human Development 


1067 


As a mitotie spindle develops between them (Figure 28.3a (3 ), 
the pronuclei membranes rupture, releasing their ehromosomes 
together into the immediate vieinity of the newly formed spindle. 

The tme moment of fertilization occurs as the maternal and 
paternal ehromosomes eombine and produce the diploid zy- 
gote , or fertilized egg (Figure 28.3a (í ). Some sources define 
the term fertilization simply as the aet of ooeyte penetration 
by the sperm. However, unless the ehromosomes in the male 
and female pronuclei are actually eombined, the zygote is never 
formed in humans. Almost as soon as the male and female pro- 
nuclei eome together, their ehromosomes replieate. The zygote, 
the first eell of a new individual, is now ready to undergo the 
first mitotie division of the conceptus. 



Check Your IJnderstanding 


1. What has to happen before ejaculated sperm ean penetrate 
an ooeyte? 

2. What is the eortieal reaetion and vvhat does it aeeomplish? 

_ For ansvvers, see Appendix H. 


Events of Embryonie 
Development: Zygote to 
Blastoeyst Implantation 

Early embryonie development begins with fertilization and 
continues as the embryo travels through the uterine tube, floats 
free in the eavity of the uterus, and finally implants in the uter- 
ine wall. Signifieant events of this early embryonie period are 
eleavage, which produces a structure ealled a blastoeyst, and 
implantation of the blastoeyst. 

Cleavage and Blastoeyst Formation 

Deseribe the proeess and product of eleavage. 

Cleavage is a period of fairly rapid mitotie divisions of the zy- 
gote without intervening growth ( : igure 28.4, p. 1071). The 
goal of this first phase of development is to produce small eells 
with a high surface-to-volume ratio, which enhanees their up- 
take of nutrients and oxygen and the disposal of wastes. It also 
provides a large number of eells to serve as building bloeks for 
eonstmeting the embryo. Consider, for a moment, the difficulty 
of trying to eonstmet a building from one huge bloek of granite. 
If you now eonsider how much easier it would be if instead you 
could use hundreds of brieks, you will quickly grasp the impor- 
tanee of eleavage. 

Some 36 hours after fertilization, the first eleavage division of 
the zygote has produced two identieal eells ealled blastomeres. 
These divide to produce four eells (Figure 28.4b), then eight, 
and so on. By 72 hours after fertilization, a loose eolleetion of 


eells that form a berry-shaped cluster of 16 or more eells ealled 
the momla (mor'u-lah; “little mulberry”) has been formed 
(Figure 28.4c). All the while, transport of the embryo toward 
the uterus continues. 

By day 4 or 5 after fertilization, the embryo eonsists of about 
100 eells, has begun accumulating fluid within an internal eav- 
ity, and floats free in the uterus (Figure 28.4d). The zona pel- 
lucida now starts to break down and the inner structure, now 
ealled a blastoeyst, “hatehes” from it. The blastoeyst (blas'to- 
sist) is a flmd-filled hollow sphere eomposed of a single layer of 
large, flattened eells ealled trophoblast eells (tro'fo-blast) and 
a small cluster of 20 to 30 rounded eells, ealled the inner eell 
mass, loeated at one side (Figure 28.4e). 

Soon after the blastoeyst forms, trophoblast eells begin to dis- 
play L-seleetin adhesion molecules on their smfaee. They take 
part in plaeenta formation, as suggested by the literal translation 
of “trophoblast” (nomishment generator). They also seerete and 
display several faetors with immunosuppressive effeets that pro- 
teet the trophoblast (and the developing embryo) from attaek 
by the mother s eells. 

The inner eell mass beeomes the embryonie dise , which forms 
the embryo proper, and three of the fom extraembryonic mem- 
branes. (The fourth membrane, the ehorion, is a trophoblast 
derivative.) 



Check Your Understanding 


3. Why is the miiltieelliilar blastoeyst only slightly larger than 
the single-eelled zygote? 

4. What is the fiinetion of the trophoblast eells? 

_ For ansvvers, see Appendix H. 


Implantation 

S Deseribe implantation. 


While the blastoeyst floats in the uterine eavity for two to three 
days, it is nomished by the glyeoprotein-rieh uterine seeretions, 
which also eontain steroids and various nutrients including iron 
and fat-soluble vitamins. Then, some six to seven days after ovu- 
lation, given a properly prepared endometrium, implantation 
begins. The reeeptivity of the endometrium to implantation— 
the so-ealled window of implantation —is opened by the smging 
levels of ovarian hormones (estrogens and progesterone) in the 
blood. If the mucosa is properly prepared, integrin and seleetin 
proteins on the trophoblast eells bind respeetively to the extra- 
cellular matrix eomponents (eollagen, fibroneetin, laminin, and 
others) of the endometrial eells and to seleetin-binding earbohy- 
drates on the inner uterine wall, and the blastoeyst implants high 
in the uterus. If the endometrium is not yet optimally mature, the 
blastoeyst detaehes and floats to a lower level, implanting when it 
finds a site with the proper reeeptors and ehemieal signals. 
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(Text continues onp. 1070.) 










F O C II S Sperm Penetration and the Cortical Reaetion 


Figure 28.2 Sperm use aerosomal enzymes and reeeptors to 
approaeh, bind, and enter the ooeyte.The eortieal reaetion 
prevents further sperm entry, ensuring that only two eopies 
of eaeh ehromosome are present in the fertilized ovum. 


Sperm, delivered to the vagina and 
eapaeitated in the female reproductive 
traet, stream toward a seeondary 


ooeyte. 



Approaeh. Aided by enzymes 
on its surface, a sperm eell 
vveaves its way past granulosa 
eells of the eorona radiata. 




















































Aerosomal reaetion. 

Binding of the sperm to 
sperm-binding reeeptors in 
the zona pelliieida causes the 
Ca 2+ levels vvithin the sperm 
to rise, triggering the 
aerosomal reaetion. Aerosomal 
enzymes from many sperm 
digest holes through the zona 
pellucida, elearing a path to 
the ooeyte membrane. 



oj Binding. The sperm's 
membrane binds to the 
ooeyte's sperm-binding 
reeeptors. 



Ooeyte sperm-binding 
membrane reeeptors 



Fusion. The sperm and 
ooeyte plasma membranes 
fuse, allovving sperm eontents 
to enter the ooeyte. 




Oortieal 

granules 


Zona pellucida 
sperm-binding 
reeeptors 




oj Bloek of polyspermy. Entry 
of the sperm's eontents causes 
Ca 2+ levels in the ooeyte's 
eytoplasm to rise, triggering 
the eortieal reaetion 
(exocytosis of eortieal 
granules). As a result, the 
zona pellucida hardens and 
the sperm reeeptors are 
elipped off (slovv bloek to 
polyspermy). 


Microtubules 
from sperm 
flagellum 

Mitoehondria 


Sperm 

nucleus 
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Sperm nucleus 


Extracellular 
spaee 

Corona 
radiata 

Zona 
pellucida 

Seeond meiotie 
division of ooeyte 

Seeond meiotie 



division of first 
polar body 


Male pro- 
nucleus 

Female pro- 
nucleus (svvollen 
ovum nucleus) 

Polar bodies 



(T) After the sperm 
penetrates the 
seeondary ooeyte, the 
ooeyte eompletes 
meiosis II, forming the 
ovum and seeond polar 
body. 


{£) Sperm and ovum 
nuclei svvell, forming 
pronuclei. 


Male- 

pronucleus 

Mitotie spindle 

Centriole- 

Female- 

pronucleus 



Zygote 




{Pronuclei approaeh 
eaeh other and mitotie 
spindle forms betvveen 
them. 


ehromosomes of 
the pronuclei intermix. 
Fertilization is 
aeeomplished. Then, 
the DNA replieates in 
preparation for the first 
eleavage division. 
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Male and female 
pronuclei 


Polar bodies 



Figure 28.3 Events of fertilization. (a) Events from sperm pen- 
etration to zygote formation. (b) Mierograph of an ooeyte in vvhieh 
the male and female pronuclei are beginning to fuse to aeeomplish 
fertilization and form the zygote. Occurs in time betvveen steps @ 
and @ of (a). 


The trophoblast eells overlying the inner eell mass adhere 
to the endometrium Figure 28.5a, b) and seerete digestive 
enzymes and growth faetors against the endometrial surface. 
The endometrmm quickly thiekens at the point of eontaet and 
takes on eharaeteristies of an acute inflammatory response—the 
uterine blood vessels beeome more permeable and leaky, and 
inflammatory eells including lymphoeytes, natural killer eells, 
and maerophages invade the area. 

The trophoblast then proliferates and forms two distinet lay- 
ers (Figure 28.5c). The eells in the inner layer, eolleetively ealled 
the eytotrophoblast (si'to-tro'fo-blast) or cellular tropho- 
blast, retain their eell boundaries. The eells in the outer layer 
lose their plasma membranes and form a multinuclear eytoplas- 
mie mass ealled the syneytiotrophoblast (sin-sit"e-o-tro'fo- 
blast; syn — together, eyt = eell) or syneytial trophoblast. This 
syneytial region sends out long protmsions that invade the en- 
dometrium and rapidly digest the uterine eells it eontaets. As 
the endometrium is eroded, the blastoeyst burrows into this 
thiek, velvety lining and is surrounded by a pool of blood leaked 
from degraded endometrial blood vessels. Shortly, proliferation 
of the endometrial eells eovers and seals oflF the implanted blas- 
toeyst from the uterine eavity (Figure 28.5d). 

In eases where implantation fails to occur, a reeeptive uterus 
beeomes nonreeeptive onee again. It is estimated that a mini- 
mum of two-thirds of all zygotes formed fail to implant by the 
end of the first week or spontaneously abort. Moreover, an es- 
timated 30% of implanted embryos later misearry due to ge- 
netie defeets of the embryo, uterine malformation, or unknown 
problems. 

When successful, implantation takes about five days and is 
usually eompleted by the 12th day after ovulation—just before 
the endometrium normally begins to slough oflF. Menstrua- 
tion would flush away the embryo as well and must be pre- 
vented if the pregnaney is to continue. Viability of the corpus 
luteum is maintained by an LH-like hormone ealled human 
ehorionie gonadotropin (hCG) (ko're-on'ik go-nad'o- 
tróp'in) seereted by the trophoblast eells. hCG bypasses 
hypothalamic-pituitary-ovarian eontrols at this eritieal time 
and prompts the corpus luteum to continue seereting proges- 
terone and estrogen. The ehorion , the extraembryonic mem- 
brane that develops from the trophoblast after implantation, 
continues this hormonal stimulus. In this way, the develop- 
ing conceptus takes over the hormonal eontrol of the uterus 
during this early phase of development. Besides rescuing the 
corpus luteum, hCG has protease aetivity and is an autocrine 
growth faetor that promotes plaeental development. hCG lev- 
els are particularly high in areas where the trophoblast faees 
the endometrium. 

Usually deteetable in the mother s blood one week after fer- 
tilization, blood levels of hCG continue to rise until the end 
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(e) Mornla (a solid ball 
of blastomeres). 

3 days 


(d) Early blastoeyst 

(Morula hollovvs out, 
fills with fluid, and 
“hatehes” from the 


zona pellucida). 
4 days 


Degenerating 


zona 


pellucida 


Blastoeyst 


eavity 


Endometrium 


Cavity of 
uterus 


(e) Implanting blastoeyst 

(Oonsists of a sphere 
of trophoblast eells and 
an eeeentrie eell cluster 
ealled the inner eell 
mass). 7 days 


Trophoblast 


Blastoeyst 

eavity 


Inner eell 
mass 


Ooeyte 

(egg) 


(a) Zygote 

(fertilized egg) 




Zona 

pellucida 


Llterine 

tube 


Fertilization 


(sperm 
meets and 
enters egg) 


(b) 4-eell stage 

2 days 


gure 28.4 eieavage: From zygote 
to blastoeyst. The zygote begins to divide 
about 24 hours after fertilization, and 
continues the more rapid mitotie divisions 
of eleavage as it travels dovvn the uterine 


tube. Three to four days after ovulation, the 
embryo reaehes the uterus and floats freely 
for tvvo to three days, nourished by seeretions 
of the endometrial glands. Because there 
is little time for grovvth betvveen successive 


eleavage divisions, the resulting blastoeyst is 
only slightly larger than the zygote. At the 
late blastoeyst stage, the embryo implants 
into the endometrium; this begins at about 
day 7 after ovulation. 


of the seeond month. Then, blood levels deeline sharply to 
reaeh a low value by 4 months, a situation that persists for 
the remainder of gestation Figure 28.6) . Between the seeond 
and third month, the plaeenta (which we deseribe next) as- 
sumes the role of progesterone and estrogen production for 
the remainder of the pregnaney. The corpus luteum then de- 
generates and the ovaries remain inaetive until after birth. All 
pregnaney tests used today are antibody tests that deteet hCG 
in a womans blood or urine. 

Initially, the implanted embryo obtains its nutrition by di- 
gesting the endometrial eells, but by the seeond month, the 
plaeenta is providing nutrients and oxygen to the embryo and 
earrying away embryonie metabolie wastes. Sinee plaeenta for- 
mation is a continuation of the events of implantation, we will 
eonsider it next, although we will be getting a little ahead of our- 
selves as far as embryonie development is eoneerned. 



Check Your 


LPnderstanding 


5. VVhieh portion of the trophoblast aeeomplishes implantation? 

6. Marie, vvondering if she is pregnant, buys an over-the- 
counter pregnaney test to assess this possibility. Hovv vvill the 
blastoeyst, if present, "make itself knovvn"? 

_ For ansvvers, see Appendix H. 



Plaeentation 

Deseribe plaeenta formation, and list plaeental functions. 


Plaeentation (plas"en-ta'shun) refers to the formation of a plaeenta 
(“flat eake”), a temporary organ that originates from both embry- 
onie and maternal (endometrial) tissues. Cells from the original in- 
ner eell mass give rise to a layer of extraembryonic mesoderm that 
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Figure 28.5 Implantation 
of the blastoeyst. 

(a) Diagrammatie view of a 
blastoeyst that has just adhered 
to the uterine endometrium 
and (b) mieroseopie view. 

(e) Slightly later stage of 
an implanting embryo 
(approximately seven days 
after ovulation), depieting 
the eytotrophoblast and 
syneytiotrophoblast of the 
eroding trophoblast. (d) Light 
mierograph of an implanted 
blastoeyst (approximately 
12 days after ovulation). 

Source: (b) R. O'Rahilly and 
R. Muller, Human Embryology and 
Teratology, VViley-Liss, 3rd Edition, 
2001. This material is reproduced 
with permission of VViley-Liss, 
ine., a subsidiary of John VViley & 
Sons, ine. 




Endometrium 


Llterine endometrial 
epithelium 


Inner eell mass 


Trophoblast 

Blastoeyst eavity 
Lumen of uterus 






f 



(b) 



Endometrial stroma — 
with blood vessels 
and glands 

Syneytiotrophoblast 
Cytotrophoblast- 


Blastoeyst eavity 


Lumen of uterus 





and fertilization 

Figure 28.6 Hormonal ehanges during pregnaney. The relative 
ehanges in maternal blood levels of three hormones that maintain 
pregnaney are depieted, rather than actual blood eoneentrations. 


lines the inner surface of the trophoblast Figure 28.7b). Together 
these beeome the ehorion. The ehorion develops fingerlike eho- 
rionie vilh, which beeome espeeially elaborate where they are in 
eontaet with maternal blood (Figure 2 8.7c). 

Soon the mesodermal eores of the ehorionie villi are invaded 
by newly forming blood vessels, which extend to the embryo 
as the umbilical arteries and vein. The continuing erosion pro- 
duces large, blood-filled lacunae, or intervillous spaees, in the 
stratum functionalis of the endometrimn (see Figure 27.15, 
p. 1039). The villi eome to lie in these spaees totally immersed in 
maternal blood, which is continouously refreshed by extravas- 
ailarized maternal blood (Figure 28.7d). The part of the en- 
dometrium that lies beneath the embryo beeomes the decidua 
basalis (de-sid'u-ah), and that surrounding the uterine eavity 
faee of the implanted embryo forms the decidua capsularis 
(Figure 28.7d and e). Together, the ehorionie villi and the de- 
cidua basalis form the dise-shaped plaeenta. 

The plaeenta detaehes and sloughs off after the infant is born, 
so the name of the maternal portion —decidua ( cc that which falls 
off”)—is appropriate. During development, the decidua capsu- 
laris expands to aeeommodate the fetus, which eventually fills 
and stretehes the uterine eavity. As the developing fetus grows, 
the villi in the decidua capsularis are eompressed and degener- 
ate, while those in the decidua basalis inerease in number and 
braneh even more profusely. 

The plaeenta is usually fully functional as a nutritive, respi- 
ratory, excretory, and endoerine organ by the end of the third 
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Endometrium 


Amniotie 


Maternal 


blood vessels 


Proliferating 
syneytiotrophoblast 

Cytotrophoblast ■ 

Amniotie eavity 

Bilayered 
embryonie dise 

• Epiblast^ 

• Hypoblast 


Endometrial 

epithelium 


Chorion 
being formed 


Lacuna (intervillous 
spaee) eontaining 
maternal blood 


Chorionic villus 


Chorion 

Amnion 


Yolk sae 


Extraembryonic 

mesoderm 


Lumen of uterus 


eavity 


Primary 
germ layers 

• Eetoderm 

• Mesoderm 

• Endoderm 


Forming 

umbilical 

eord 

Allantois 


Extraembryonic 

eoelom 


(a) Implanting 7V2-day blastoeyst. The 

syneytiotrophoblast is eroding the 
endometrium. Cells of the embryonie 
dise are now separated from the 
amnion by a fluid-filled spaee. 


(b) 12-day blastoeyst. Implantation is 
eomplete. Extraembryonic mesoderm 
is forming a diserete layer beneath the 
eytotrophoblast. 


(e) 16-day embryo. Cytotrophoblast and assoeiated 
mesoderm have beeome the ehorion, and ehorionie 
villi are elaborating. The embryo exhibits all three 
germ layers, a yolk sae, and an allantois, which 
forms the basis of the umbilical eord. 



Decidua basalis 
Maternal blood 


Chorionic villus 

llmbilieal blood 
vessels in 
umbilical eord 

Amnion 

Amniotie eavity 

Yolk sae 

Extraembryonic 

eoelom 

Chorion 

Decidua 

capsularis 


(d) 4 V 2 -week embryo. The decidua capsularis, decidua basalis, amnion, and yolk 
sae are well formed.The ehorionie villi lie in blood-filled intervillous spaees 
within the endometrium.The embryo is nourished via the umbilical vessels that 
eonneet it (through the umbilical eord) to the plaeenta. 



Plaeenta 
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\ \ 
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Lumen of 
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(e) 13-week fetus. 



gure 28/ Events of plaeentation, early embryonie development, and extraembryonic 
membrane formation. 



month of pregnaney. However, well before this time, oxygen 
and nutrients are diífusing from maternal to embryonie blood, 
and embryonie metabolie wastes are passing in the opposite di- 
reetion. The barriers to free passage of substances between the 
two blood supplies are embryonie barriers—the membranes of 
the ehorionie villi and the endothelium of embryonie eapillar- 
ies. Although the maternal and embryonie blood supplies are 
very elose, they normally do not intermix gure 28.8: . 


The plaeenta seeretes hCG from the beginning, but the abil- 
ity of its syneytiotrophoblast eells (the “hormone manufactur- 
ers”) to produce the estrogens and progesterone of pregnaney 
matures much more slowly. If, for some reason, plaeental hor- 
mones are inadequate when hCG levels wane, the endometrium 
degenerates and the pregnaney is aborted. Throughout preg- 
naney, blood levels of estrogens and progesterone continue to 
inerease (see Figure 28.6). They encourage growth and further 
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Llmbilieal eord 
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eontaining fetal 
eapillaries 


Maternal blood — 
in lacuna 

(intervillous spaee) 


Figure 28.8 Detailed anatomy of the vaseiilar 
relationships in the mature decidua basalis. This state of 
development has been aeeomplished by the end of the third 
month of development. 
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Connection to yolk sae 


differentiation of the mammary glands and ready them for lae- 
tation. The plaeenta also produces other hormones, such as hu- 
man plaeental laetogen and relaxin. Shortly we will deseribe the 
effeets of these hormones on the mother. 



Check Your IJnderstanding 


7. What is the eomposition of the ehorion? 

8. What endometrial decidua eooperates vvith the ehorionie villi 
to form the plaeenta? 

9. Generally speaking, vvhen does the plaeenta beeome fully 
functional? 

_ For ansvvers, see Appendix H. 


Events of Embryonie 
Development: Gastmlato Fetus 



Having followed plaeental development into the fetal stage, we 
will now baektraek and eonsider development of the embryo 
during and after implantation, referring again to Figure 28.7. 
Even while implantation is occurring, the blastoeyst is being 
eonverted to a gastrula (gas'troo-lah), in which the three pri- 
mary germ layers form, and the extraembryonic membranes 
develop. Before beeoming three-layered, the inner eell mass first 
subdivides into two layers—the upper epiblast and the lower hy- 
poblast (Figure 28.7a, b). The subdivided inner eell mass is now 
ealled the embryonie dise. 


Formation and Roles of 

the Extraembryonic Membranes 

Name and deseribe the formation, loeation, and function of 

the extraembryonic membranes. 

The extraembryonic membranes that form during the first two 
to three weeks of development include the amnion, yolk sae, 
allantois, and ehorion (Figure 28.7c). The amnion (am'ne-on) 
develops when eells of the epiblast fashion themselves into a 
transparent membranous sae. This sae, the amnion, beeomes 
filled with amniotie fluid. Fater, as the embryonie dise curves 
to form the tubular body, the amnion curves with it. Eventually, 
the sae extends all the way around the embryo, broken only by 
the umbilical eord (Figure 28.7d). 

Sometimes ealled the cc bag of waters,” the amnion provides 
a buoyant environment that proteets the developing embryo 
against physieal trauma, and helps maintain a eonstant homeo- 
statie temperature. The fluid also prevents the rapidly growing 
embryonie parts from adhering and fusing together and allows 
the embryo eonsiderable freedom of movement. Initially, the 
fluid is derived from the maternal blood, but as the fetal kidneys 
beeome functional later in development, fetal urine contributes 
to amniotie fluid volume. 

The yolk sae forms from eells of the primitive gut, which 
arrange themselves into a sae that hangs from the ventral sur- 
faee of the embryo (Figure 28.7b-d). The amnion and yolk 
sae resemble two balloons touching one another with the em- 
bryonie dise at the point of eontaet. In many speeies, the yolk 
sae is the main source of nutrition for the embryo, but human 
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Amnion 



(a) 


Cut edge 
of amnion 


Left 


Bilayered 
embryonie dise 





Yolk sae 


(b) Frontal 
seetion 


(e) 3-D view 


Head end 


Yolk sae 
(cut edge) 



Primitive 

streak 


Tail end 




Head end of bilayered 
embryonie dise 



(d) Seetion 
view in (e) 


Primitive streak 



Epiblast 


(f) 14-15 days 


Endoderm 


Hypoblast 


t 


Eetoderm 



(e) Bilayered embryonie dise, superior view 


(g) 16 days 


Mesoderm 


Endoderm 


gure 28.9 Formation of the three 
primary germ layers. (a-d) Orienting 
diagrams. (e) Surface vievv of an embryonie 
dise, amnion and yolk sae removed. 


(f,g) Cross seetions of the embryonie dise, 
shovving the germ layers resulting from eell 
migration. The first epiblast eells that migrate eetoderm. 
medially into the primitive streak (f) beeome 


endoderm. Those that follovv (g) beeome 
mesoderm. The epiblast surface is novv ealled 


eggs eontain very little yolk and mitritive functions have been 
taken over by the plaeenta. Nevertheless, the yolk sae is impor- 
tant in humans because it (1) forms part of the gut (digestive 
tube), and (2) is the source of the earliest blood eells and blood 
vessels. 

The allantois (ah-lan'to-is) forms as a small outpocketing of 
embryonie tissue at the caudal end of the yolk sae (Figure 28.7c). 
In animals that develop in shelled eggs, the allantois is a disposal 
site for solid metabolie wastes (excreta). In humans, the allantois 
is the structural base for the umbilical eord that links the em- 
bryo to the plaeenta, and ultimately it beeomes part of the urinary 
bladder. The fully formed umbilical eord eontains a eore of em- 
bryonie eonneetive tissue (Whartons jelly), the umbilical arteries 
and vein, and is eovered externally by amniotie membrane. 

We have already deseribed the ehorion , which helps to form 
the plaeenta (Figure 28.7c). As the outermost membrane, the 
ehorion eneloses the embryonie body and all other membranes. 



Check Your 


LPnderstanding 


10. What is the function of the amnion? 

11. Which extraembryonic membrane provides a path for the 
embryonie blood vessels to reaeh the plaeenta? 

_ For ansvvers, see Appendix H. 


28 


Gastriilation: Germ Layer Formation I 

Deseribe gastrulation and its consequence. 

During week 3, the two-layered embryonie dise transforms into 
a three-layered embryo in which the primary germ layers— 
eetoderm , mesoderm , and endoderm —are present (Figure 28.7c). 
This proeess, ealled gastmlation (gas"troo-la'shun), involves eel- 
lular rearrangements and migrations. 

Figure 28.9 focuses on the ehanges that take plaee in the 
days between Figure 28.7b (12-day embryo) and Figure 28.7c 
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(16-day embryo). Gastmlation begins when a groove with 
raised edges ealled the primitive streak appears on the dorsal 
surface of the embryonie dise and establishes the longitudinal 
axis of the embryo (Figure 28.9e). Surface (epiblast) eells of the 
embryonie dise then migrate medially aeross other eells and 
enter the primitive streak. The first eells to enter the groove dis- 
plaee the hypoblast eells of the yolk sae and form the most infe- 
rior germ layer, the endoderm (Figure 28.9f). Those that follow 
push laterally between the eells at the upper and lower surfaces, 
forming the mesoderm (Figure 28.9g). As soon as the meso- 
derm is formed, the mesodermal eells immediately beneath the 
early primitive streak aggregate, forming a rod of mesodermal 
eells ealled the notoehord (no'to-kord), the first axial support 
of the embryo (see Figure 28.12a). The eells that remain on the 
embryos dorsal surface are the eetoderm. At this point, the em- 
bryo is about 2 mm long. 

The three primary germ layers serve as the primitive tissues 
from which all body organs derive. Eetoderm ( cc outer skin’) fash- 
ions structures of the nervous system and the skin epidermis. 
Endoderm (“inner skin”) forms the epithelial linings of the diges- 
tive, respiratory, and urogenital systems, and assoeiated glands. 
Mesoderm ( cc middle skin”) forms virtually everything else. 

Both eetoderm and endoderm eonsist mostly of eells that 
are securely joined to eaeh other and are epithelia. Mesoderm, 
by eontrast, is a mesenehyme [literally, cc poured into the middle 
(of the embryo)”], an embryonie tissue with star-shaped eells 
that are free to migrate widely within the embryo. Figure 28.13 
(p. 1079) lists the germ layer derivatives. Some of the details of 
the differentiation proeesses are deseribed next. 
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Organogenesis: Differentiation 
of the Germ Layers 

Define organogenesis and indieate the important roles of 
the three primary germ layers in this proeess. 

s Deseribe unique features of the fetal circulation. 




28 


j 


Gastmlation lays down the basie structural framework of the 
embryo. It also sets the stage for the rearrangements that occur 
during organogenesis (or"gah-no-jen'é-sis), formation of body 
organs and organ systems. By the end of the embryonie period 
at 8 weeks, when the embryo is about 22 mm (slightly less than 1 
ineh) long from head to buttocks (referred to as the crown-rump 
measmement ), all the adult organ systems are reeognizable. It is 
tmly amazing how much organogenesis occurs in such a short 
time in such a small amount of living matter. 

As gure 28.10 shows, the embryo starts off as a flat plate, 
but as it grows, it folds to aehieve a eylindrieal body shape which 
lifts off the yolk sae and protmdes into the amniotie eavity. In 
the simplest sense, this proeess resembles three staeked sheets of 
paper folding laterally into a tube (Figure 28. lOa, b). At the same 
time, the folding occurs from both ends (the head and tail re- 
gions) and progresses toward the eentral part of the embryonie 
body, where the yolk sae and umbilical vessels protrude. As the 
endoderm undercuts and its edges eome together and fuse, it 
eneloses part of the yolk sae (Figure 28.10d). 
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gure 28.10 Folding of the embryonie body, lateral vievvs. 

(a) Model of the flat three-layered embryo as three sheets of paper. 
(b, e) Folding begins vvith lateral folds, then head and tail folds 
appear. (d) A 24-day embryo in sagittal seetion. Notiee the primitive 
gut, vvhieh derives from the yolk sae, and the notoehord and neural 
tube dorsally. 
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Speeialization of the Endoderm 

The tube of endoderm formed by the folding proeess deseribed 
is ealled the primitive gut. It beeomes the epithelial lining 
(mucosa) of the gastrointestinal traet í:gure 28.11 . The or- 
gans of the GI traet (pharynx, esophagus, ete.) quickly beeome 
apparent, and then the oral and anal openings perforate. The 
mucosal lining of the respiratory traet forms as an outpocketing 
from the foregut (pharyngeal endoderm), and glands arise as 
endodermal outpocketings at various points further along the 
traet. For example, the epithelium of the thyroid, parathyroids, 
and thymus forms from the pharyngeal endoderm. 

Speeialization of the Eetoderm 

The first major event in organogenesis is neurulation, the dif- 
ferentiation of eetoderm that produces the brain and spinal eord 
(Figure 28.12 . This proeess is induced (stimulated to happen) 
by ehemieal signals from the notoehord , the rod of mesoderm that 
defines the body axis, mentioned earlier. The eetoderm overlying 
the notoehord thiekens, forming the neural plate (Figure 28.12a). 
Then the eetoderm starts to fold inward as a neural groove. As 
the neural groove deepens it forms prominent neural folds 
(Figure 28.12b). By day 22, the superior margins of the neu- 
ral folds fuse, forming a neural tube, which soon pinehes off 
from the eetodermal layer and beeomes eovered by surface 
eetoderm (Figure 28.12c). 

As we deseribed in Chapter 12, the anterior end of the neural 
tube beeomes the brain and the rest beeomes the spinal eord. 
The assoeiated neural erest eells (Figure 28.12c) migrate widely 
and give rise to the eranial, spinal, and sympathetie ganglia (and 
assoeiated nerves), to the ehromaífin eells of the adrenal me- 
dulla, to pigment eells of the skin, and contribute to some eon- 
neetive tissues. 

By the end of the first month of development, the three pri- 
mary brain vesieles (fore-, mid-, and hindbrain) are apparent. 
By the end of the seeond month, all brain flexures are evident, 
the eerebral hemispheres eover the top of the brain stem (see 
Figure 12.2), and brain waves ean be reeorded. Most of the re- 
maining eetoderm forming the surface layer of the embryonie 
body differentiates into the epidermis of the skin. Other eeto- 
dermal derivatives are indieated in Figure 28.13. 

Speeialization of the Mesoderm 

The first evidenee of mesodermal differentiation is the appear- 
anee of the notoehord in the embryonie dise (see Figure 28.12a). 
The notoehord is eventually replaeed by the vertebral column, 
but its remnants persist in the springy nucleus pulposus of the 
intervertebral dises. Shortly thereafter, three mesodermal aggre- 
gates appear on either side of the notoehord (Figure 28.12b, e). 
The largest of these, the somites (so'mìts), are paired mesoder- 
mal bloeks that hug the notoehord on either side. All 40 pairs of 
somites are present by the end of week 4. Flanking the somites lat- 
erally are small clusters of segmented mesoderm ealled interme- 
diate mesoderm and then double sheets of lateralplate mesoderm. 

Eaeh somite has three fimetional parts— selerotome, der- 
matome , and myotome (Figure 28.12d). Cells of the selerotome 
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Figure 28.11 Endodermal differentiation. Endoderm forms 
the epithelial linings of the digestive and respiratory traets and 
assoeiated glands. 


(skle'ro-tóm; £C hard pieee”) migrate medially, gather around the 
notoehord and neural tube, and produce the vertebra and rib at 
the assoeiated level. Dermatome (“skin pieee”) eells help form 
the dermis of the skin in the dorsal part of the body. The myo- 
tome (mi'o-tòm; ££ muscle pieee”) eells develop in conjunction 
with the vertebrae. They form the skeletal muscles of the neek, 
body tmnk, and, via their limb buds, the muscles of the limbs. 

Cells of the intermediate mesoderm form the gonads and 
kidneys. The lateral plate mesoderm eonsists of paired meso- 
dermal plates: the somatie mesoderm and the more inferior 
splanehnie mesoderm. Cells of the superior plates help to form 
(1) the skin dermis; (2) the parietal serosa that lines the ventral 
body eavity; and (3) most tissues of the limbs. The more infe- 
rior plates provide the mesenehymal eells that form the heart 
and blood vessels and most eonneetive tissues of the body, as 
well as nearly the entire wall of the digestive and respiratory 
organs. The lateral mesodermal layers eooperate to form the 
serosae of the eoelom (se'lom), or ventral body eavity. The 
mesodermal derivatives are summarized in gure 28.13. 

By the end of the embryonie period, the bones have begun to 
ossify and the skeletal muscles are well formed and eontraeting 
spontaneously. Metanephrie kidneys are developing, gonads are 
formed, and the lungs and digestive organs are attaining their 
final shape and body position. Blood delivery to and from the 
plaeenta via the umbilical vessels is eonstant and effieient. The 
heart and the liver are eompeting for spaee and form a eonspie- 
uous bulge on the ventral surface of the embryos body. All this 
by the end of eight weeks in an embryo about 2.5 em (1 ineh) 
long from crown to mmp! 
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(a) 17 days. The flat three-layered 
embryo has eompleted 
gastrulation. Notoehord and 
neural plate are present. 
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(b) 20 days. The neural folds form 
by folding of the neural plate, which 
then deepens, producing the 
neural groove. Three mesodermal 
aggregates form on eaeh side of 
the notoehord (somite, 
intermediate mesoderm, and 
lateral plate mesoderm). 
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(e) 22 days. The neural folds have 
elosed, forming the neural tube 
which has detaehed from the 
surface eetoderm and lies 
between the surface eetoderm 
and the notoehord. Embryonie 
body is beginning to undercut. 
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(d) End of week 4. Embryo 

undercutting is eomplete. Somites 
have subdivided into selerotome, 
myotome, and dermatome, which 
form the vertebrae, skeletal 
muscles, and dermis respeetively. 
Body eoelom present. 
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Figure 28.12 Neurulation and early mesodermal differentiation. 
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gure 28.13 Flovvehart shovving major derivatives of the embryonie germ layers. 


Development of the Fetal Circulation Embryonie develop- 
ment of the cardiovascular system lays the groundwork for the 
fetal circulatory pattern, which is eonverted to the adult pattern 
at birth. The first blood eells arise in the yolk sae. Before week 
3 of development, tiny spaees appear in the splanehnie meso- 
derm. These are quickly lined by endothelial eells, eovered with 
mesenehyme, and linked together into rapidly spreading vascu- 
lar networks, destined to form the heart, blood vessels, and lym- 
phaties. By the end of week 3, the embryo has a system of paired 
blood vessels, and the two vessels forming the heart have fused 
and bent into an S shape. By 3Vi weeks, the miniature heart is 
pumping blood for an embryo less than a quarter ineh long. 

Unique cardiovascular modifieations seen only during pre- 
natal development include the umbilical arteries and vein and 
three vascular shunts Figure 28.14). All of these structures 
are occluded at birth. As you read about these vessels, keep in 
mind that the blood is flowing from and to the fetal heart. The 
large umbilical vein earries freshly oxygenated blood returning 
from the plaeenta into the embryonie body, where it is eonveyed 
to the liver. There, some of the returning blood pereolates 
through the liver sinusoids and out the hepatie veins. Most of 
the blood coursing through the umbilical vein, however, en- 
ters the ductus venosus (duk'tus ve-no'sus), a venous shunt 


that bypasses the liver sinusoids. Both the hepatie veins and the 
ductus venosus empty into the inferior vena eava where the pla- 
eental blood mixes with deoxygenated blood returning from the 
lower parts of the fetus s body. The vena eava in turn eonveys this 
<c mixed load” of blood direetly to the right atrmm of the heart. 

After birth, the liver plays an important role in nutrient 
proeessing, but during embryonie life the mother s liver per- 
forms these fimetions. Consequently, blood flow through the 
fetal liver during development is important only to ensure that 
the liver eells remain healthy. 

Blood entering and leaving the heart encounters two more 
shunt systems, eaeh serving to bypass the nonfimetional lungs. 
Some of the blood entering the right atrium flows direetly into 
the left atrium via the foramen ovale ( <c oval hole”), an opening 
in the interatrial septum loosely elosed by a flap of tissue. Blood 
that enters the right ventriele is pumped out into the pulmonary 
tmnk. However, the seeond shunt, the ductus arteriosus, trans- 
fers most of that blood direetly into the aorta, again bypassing 
the pulmonary circuit. (The lungs do reeeive adequate blood to 
maintain their growth.) Blood enters the two pulmonary bypass 
shunts because the heart ehamber or vessel on the other side of 
eaeh shunt is a lower-pressure area, owing to the low volume of 
venous return from the hrngs. Blood flowing distally through 
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Fetus 


Newborn 



Aortie areh 


Superior vena eava 


Ductus arteriosus 
Ligamentum arteríosum 


Pulmonary artery 

Pulmonary veins 
Heart 
Lung 


Foramen ovale 




Fossa ovalis 


Liver 


Ductus venosiis 

* 

Ligamentum venosum 


Hepatie portal vein 


Llmbilieal vein 

I 

Ligamentum teres 


Inferior vena eava 


Umbilicus 


Abdominal aorta 


Common iliae artery 


Llmbilieal arteries 

I 

Medial umbilical ligaments 


Urinary bladder 


Llmbilieal eord 





, 


(b) 


Plaeenta 




High oxygenation 

Moderate oxygenation 
Low oxygenation 


Very low oxygenation 


(a) 


gure 28.14 Circulation in fetus and 
nevvborn. Arrovvs on blood vessels indieate 
direetion of blood flovv. Arrovvs in eolor 
sereens go from the fetal structure to vvhat it 
beeomes after birth. (a) Speeial adaptations 
for embryonie and fetal life. The umbilical 


vein earries oxygen- and nutrient-rich blood 
from the plaeenta to the fetus. The umbilical 
arteries earry vvaste-laden blood from the 
fetus to the plaeenta. The ductus arteriosus 
and foramen ovale bypass the nonfunctional 
lungs. Note that blood passing through the 


foramen ovale eomes mostly from the inferior 
vena eava. The ductus venosus allovvs blood 
to partially bypass the liver. (b) ehanges 
in the cardiovascular system at birth. The 
umbilical vessels as vvell as the liver and lung 
bypasses are occluded. 
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Amniotie sae Llmbilieal eord Llmbilieal vein 



Chorionic 

villi 


Yolk sae 


Cut edge 
of ehorion 


(a) Embryo at week 7, about 17 mm long. 


Figiire 28.1 Photographs of a developing fetus. By birth, the 
fetus is typieally 36 em long from erovvn to rump. 




(b) Fetus in month 3, about 6 em long. 


(e) Fetiis late in month 5, about 19 em long. 


the aorta eventually reaehes the umbilical arteries, which are 
branehes of the internal iliae arteries serving the pelvis. From 
here the largely deoxygenated blood, laden with metabolie 
wastes, is delivered baek to the eapillaries in the ehorionie villi 
of the plaeenta. The ehanges in the circulatory plan that occur at 
birth are illustrated in Figure 28.14b. 



Check Your IJnderstanding 


12. The early embryo is flat like a three-layered paneake. What 
event must occur before organogenesis ean get going in 
earnest? 

13. What germ layer gives rise to essentially all body tissues 
except nervous tissue, the epidermis, and mucosae? 


For ansvvers, see Appendix H 


Events of Fetal Development 

indieate the duration of the fetal period # and note the 
major events of fetal development. 

I 4 

During the fetal period, the developing fetus grows from a 
crown-to-rump length of about 22 mm (slightly less than 1 ineh) 
and a weight of approximately 2 g (0.06 ounce) to about 360 
mm (14 inehes) and 3.2 kg (7 lb) or more. (Total body length at 
birth is about 550 mm, or 22 inehes.) As you might expect with 
such tremendous growth, the ehanges in fetal appearanee are 
quite dramatie gure 28.1 1 . The fetal period is a time of 
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UNIT 5 Continuity 



(a) Before eoneeption 

(Uterus the size of a fist 
and resides in the pelvis.) 


(b) 4 months 

(Fundus of the uterus is 
halfvvay betvveen the 
pubic symphysis and 
the umbilicus.) 


(e) 7 months 

(Fundus is vvell above 
the umbilicus.) 


(d) 9 months 

(Fundus reaehes the 
xiphoid proeess.) 


Figure 28.16 Relative size of the uterus before eoneeption and during pregnaney. 


rapid growth of the body structures that were established in the 
embryo. During the first half of this period, eells are still dif- 
ferentiating into speeifie eell types to form the body s distinetive 
tissues and are eompleting the fine details of body structure. The 
main events of the fetal period—weeks 9 through 38—are listed 
ehronologieally in able 28.1 on p. 1084. The greatest amount 
of growth occurs in the first 8 weeks of life, when the embryo 
grows from one eell to a fetus of 1 ineh. 



CheckYour IJnderstanding 


14. When does the fetal period begin? 

_ For ansvvers, see Appendix Fi. 


Effeets of Pregnaney 
on the Mother 


I / Deseribe functional ehanges ín maternal reproductive 

organs and in the eardiovasralar, respiratory, and urinary 
systems during pregnaney. 



indieate the effeets of pregnaney on maternal metabolism 
and posture. 


I The mean duration of pregnaney is 38 weeks from the time 
of ovulation to birth. Pregnaney ean be a difficult time for the 
mother because profound adaptations occur in several body 
systems. Not only are there anatomieal ehanges, but striking 
ehanges in her metabolism and physiology occur to support the 
pregnaney and prepare her body for delivery and laetation. 


Anatomieal Ghanges 

As pregnaney progresses, the female reproductive organs be- 
eome inereasingly vascular and engorged with blood, and the 
vagina develops a purplish hue (Chadwicks sign). The enhaneed 
vascularity inereases vaginal sensitivity and sexual intensity, 
and some women aehieve orgasm for the first time when they 
are pregnant. Prodded by rising levels of estrogen and proges- 
terone, the breasts enlarge and engorge with blood, and their ar- 
eolae darken. Some women develop inereased pigmentation of 
faeial skin of the nose and eheeks, a eondition ealled ehloasma 
(klo-az'mah; “to be green”) or the “mask of pregnaney.” 

The degree of uterine enlargement during pregnaney is re- 
markable. Starting as a fist-sized organ, the uterus fills most of 
the pelvie eavity by 16 weeks gure 28.16a, b]. Though the 
fetus is only about 140 mm long (crown-to-rump) at this time, 
the plaeenta is fully formed, uterine muscle is hypertrophied, 
and amniotie fluid volume is inereasing. 

As pregnaney continues, the uterus pushes higher into the 
abdominal eavity, exerting pressure on both abdominal and pel- 
vie organs (Figure 28.16c). As birth nears, the uterus reaehes the 
level of the xiphoid proeess and occupies most of the abdominal 
eavity (Figure 28.16d). The crowded abdominal organs press su- 
periorly against the diaphragm, which intrades on the thoraeie 
eavity. As a result, the ribs flare, causing the thorax to widen. 

The inereasing bulkiness of the anterior abdomen ehanges 
the womans eenter of gravity, and many women develop lor- 
dosis (accentuated lumbar curvature) and baekaehes during 
the last few months of pregnaney. Plaeental production of the 
hormone relaxin causes pelvie ligaments and the pubic sym- 
physis to relax, widen, and beeome more flexible. This inereased 
flexibility eases birth passage, but it may result in a waddling 
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gait in the meantime. Considerable weight gain occurs during 
a normal pregnaney. Because some women are over- or under- 
weight before pregnaney begins, it is almost impossible to state 
the ideal or desirable weight gain. However, summing up the 
weight inereases resulting from fetal and plaeental growth, in- 
ereased size of the maternal reproductive organs and breasts, 
and greater blood volume during pregnaney, a weight gain of 
approximately 13 kg (about 28 lb) usually occurs. 

Good nutrition is neeessary all through pregnaney if the de- 
veloping fetus is to have all the building materials (espeeially 
proteins, calcium, and iron) needed to form its tissues. Addi- 
tionally, multivitamins eontaining folie aeid reduce the risk of 
having a baby with neurological problems, including such birth 
defeets as spina bifida and aneneephaly, as well as spontaneous 
preterm birth. (Indeed, a reeent study on preconceptual folie 
aeid supplementation for a year or more resulted in a reduction 
of spontaneous preterm birth by 50-70%.) However, a preg- 
nant woman needs only 300 additional ealories daily to sustain 
proper fetal growth. The emphasis should be on eating high- 
quality food, not just more food. 

Not surprisingly, effeets of the fetal environment may not show 
up until deeades later. Below-normal birth weight, for instanee, 
plaees females at risk for type 2 diabetes and inereases the general 
risk of cardiovascular disease later in life for both men and women. 


Metabolie Ghanges 

As the plaeenta enlarges, it seeretes inereasing amounts of hu- 
man plaeental laetogen (hPL), also ealled human ehorionie 
somatomammotropin (hCS). hPL works eooperatively with 
estrogens and progesterone to stimulate maturation of the 
breasts for laetation, promotes growth of the fetus, and exerts 
a glucose-sparing effeet in the mother. Consequently, maternal 
eells metabolize more fatty aeids and less glucose than usual, 
sparing glucose for use by the fetus. Gestational diabetes mel- 
litus occurs in about 10% of pregnaneies, but over half of those 
women go on to develop type 2 diabetes later in life. 

Plasma levels of parathyroid hormone and aetivated vitamin 
D rise, so that pregnant women tend to be in positive calcium 
balanee throughout pregnaney. This state ensures that the devel- 
oping fetus will have adequate calcium to mineralize its bones. 



Homeostatie imbalanee 28.1 


Because many potentially harmful substances ean eross plaeen- 
tal barriers and enter the fetal blood, a pregnant woman should 
be aware of what she is taking into her body, particularly dur- 
ing the embryonie period when the body s foundations are laid 
down. Teratogens (ter'ah-to-jenz; terato — monster), faetors 
that may cause severe eongenital abnormalities or even fetal 
death, include aleohol, nieotine, many dmgs (anticoagulants, 
sedatives, antihypertensives, and some antibioties), and ma- 
ternal infeetions, particularly German measles. For example, 
when a woman drinks aleohol, her fetus beeomes inebriated 
as well. However, the fetal consequences may be much more 
lasting and result in th efetal aleohol syndrome (FAS ) typified by 
mieroeephaly (small head), mental retardation, and abnormal 
growth. Nieotine hinders oxygen delivery to the fetus, impair- 
ing normal growth and development. The sedative thalidomide 
(thah-lid'o-mld) was used by thousands of pregnant women in 
the 1960s to alleviate morning siekness. When taken during the 
period of limb bud differentiation (days 26-56), it sometimes 
resulted in tragieally deformed infants with short flipperlike 
legs and arms. + 


Llrinary System 

The kidneys produce more urine during pregnaney because of 
the mother s inereased metabolie rate and the additional burden 
of disposing of fetal metabolie wastes. As the growing uterus 
eompresses the bladder, urination beeomes more frequent, more 
urgent, and sometimes uncontrollable ( stress ineontinenee ). 


Respiratory System 

The nasal mucosa responds to estrogens by beeoming edema- 
tous and eongested. Thus, nasal stuffiness and oeeasional nose- 
bleeds may occur. Tidal volume inereases markedly during 
pregnaney, while respiratory rate is relatively unchanged and 
residual volume deelines. The inerease in tidal volume is due 
to the mother s greater need for oxygen during pregnaney and 
the faet that progesterone enhanees the sensitivity of the medul- 
lary respiratory eenter to C0 2 . Many women exhibit dyspnea 
(disp-ne'ah), or difficult breathing, during the later stages of 
pregnaney. 


Physiologieal Ghanges 

Physiologieal ehanges take plaee in many systems during preg- 
naney. A few of these ehanges are deseribed next. 

Gastrointestinal System 

The nausea and vomiting (eommonly ealled morning siekness) 
suffered by many women during the first few months of preg- 
naney are believed to be related to elevated levels of hCG, es- 
trogens, and progesterone. (Nausea is also a side effeet of many 
birth eontrol pills.) Heartbmn , due to reflux of stomaeh aeid 
into the esophagus, is eommon because the esophagus is dis- 
plaeed and the stomaeh is crowded by the growing uterus. Con- 
stipation occurs because motility of the digestive traet deelines 
during pregnaney. 


Cardiovascular System 

The most dramatie physiologieal ehanges occur in the eardio- 
vascular system. Total body water rises, and blood volume may 
inerease as much as 40% by the 32nd week to aeeommodate 
the additional needs of the fetus. The rise in blood volume also 
safeguards against blood loss during birth. Mean blood pressure 
typieally deereases during midpregnaney, but then rises to nor- 
mal levels during the third trimester. Cardiac output inereases 
by 35-40% at various stages of pregnaney. This helps propel the 
greater circulatory volume around the body. The uterus presses 
on the pelvie blood vessels, which may impair venous return 
from the lower limbs, resulting in varieose veins and leg edema. 
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UNIT 5 Continuity 


Table 28.1 Developmental Events of the Fetal Period 


TIME CHANGES AND ACCOMPLISHMENTS 


8 weeks 
(end of 
embryonie 
period) 



U u 

8 vveeks 


Head nearly as large as body; all major brain regions present; first brain waves in brain stem 
Liver disproportionately large and begins to form blood eells 

Limbs present; digits are initially webbed, but fingers and toes are free by the end of this interval 
Ossifieation just begun; weak, spontaneous muscle eontraetions occur 

Cardiovascular system fully functional (heart has been pumping blood sinee the fourth week) 

All body systems present in at least rudimentary form 

Approximate crown-to-rump length: 22 mm (0.9 ineh); weight: 2 grams (0.06 ounce) 


9-12 weeks 
(month 3) 



12 weeks 


Head still dominant, but body elongating; brain continues to enlarge, shows its general structural 
features; eervieal and lumbar enlargements apparent in spinal eord; retina of eye is present 

Skin epidermis and dermis obvious; faeial features present in crude form 

Liver prominent and bile being seereted; palate is fusing; most glands of endodermal origin are 
developed; walls of hollow viseeral organs gaining smooth musde 

Blood eell formation begins in bone marrow 

Notoehord degenerating and ossifieation aeeelerating; limbs well molded 
Sex readily deteeted from the genitals 

Approximate crown-to-rump length at end of interval: 90 mm 


13-16 weeks 
(month 4) 



16 weeks 


Cerebellum beeoming prominent; general sensory organs differentiated; eyes and ears assume 
eharaeteristie position and shape; blinking of eyes and sucking motions of lips occur 

Faee looks human and growth of the body beginning to outpace that of the head 

Glands developed in Gl traet; meconium is eolleeting 

Kidneys attain typieal structure 

Most bones are now distinet and joint eavities are apparent 
Approximate crown-to-rump length at end of interval: 140 mm 


17-20 weeks 
(month 5) 


Vernix easeosa (fatty seeretions of sebaceous glands) eovers body; lanugo (silklike hair) eovers skin 
Fetal position (body flexed anteriorly) assumed because of spaee restrietions 
Limbs reaeh near-final proportions 

Quickening occurs (mother feels spontaneous muscular aetivity of fetus) 

Approximate crown-to-rump length at end of interval: 190 mm 


21-30 weeks 
(months 
6 and 7) 


30-40 weeks 
(term) (months 
8 and 9) 



At birth 


Period of substantial inerease in weight (may survive if born prematurely at 27-28 weeks, but 
hypothalamie temperature regulation and lung production of surfactant are still inadequate) 

Myelination of spinal eord begins; eyes are open 

Distal limb bones are beginning to ossify 

Skin is wrinkled and red; fingernails and toenails are present; tooth enamel is forming on deciduous 
teeth 

Body is lean and well proportioned 

Bone marrow beeomes sole site of blood eell formation 

Testes reaeh scrotum in seventh month (in males) 

Approximate crown-to-rump length at end of interval: 280 mm 

Skin whitish pink; fat laid down in subcutaneous tissue (hypodermis) 

Approximate crown-to-rump length at end of interval: 360 mm (14 inehes); weight: 3.2 kg (7 Ib) 
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Homeostatie imbalanee 28.2 


A dangerous eomplieation of pregnaney ealled preeelamp- 
sia results in an insufficient plaeental blood supply, which ean 
starve a fetus of oxygen. The pregnant woman beeomes edema- 
tous and hypertensive, and proteinuria occurs. This eondition, 
which affeets one in 10 pregnaneies, is believed to be due to 
imimmologieal abnormalities in some eases, because its occur- 
renee seems to be positively eorrelated with the number of fetal 
eells that enter the maternal circulation. + 



Check Your Understanding 


15. VVhat causes the difficult breathing that some vvomen 
experience during pregnaney? VVhat causes the vvaddling 
gait seen in some? 

16. VVhat is the cause of morning siekness? 

17. VVhat is the role of the hormone hPL? 


For ansvvers, see Appendix H. 


Parturition (Birth) 

✓ Explain how labor is initiated, and deseribe the three stages 
of labor. 

Parturition (par"tu-rish'un; “bringing forth young”) is the cul- 
mination of pregnaney—giving birth to the baby. It usually oe- 
curs within 15 days of the calculated due date (280 days from 
the last menstmal period). The series of events that expel the 
infant from the uterus are eolleetively ealled labor. 

Initiation of Labor 

Several events and hormones interloek to trigger labor. During 
the last few weeks of pregnaney, estrogens reaeh their highest 
levels in the mother s blood. Studies indieate that the fetus de- 
termines its own birth date. Rising levels of fetal adrenoeortieal 
hormones (espeeially eortisol) late in pregnaney are believed to 
stimulate the plaeenta to release such large amounts of estro- 
gens. In addition, inereased production of smfaetant protein A 
(SP-A) by the fetal hrngs in the weeks before delivery appears to 
trigger an inflammatory response in the cervix that stimulates 
its softening in preparation for labor. 

The rise in estrogens has three important consequences. 
(1) It stimulates the myometrial eells of the uterus to form abun- 
dant oxytocin reeeptors Figure 28.11 . (2) It promotes forma- 
tion of gap junctions between the uterine smooth muscle eells. 
(3) It antagonizes progesterones quieting influence on uterine 
muscle. As a result, the myometrium beeomes inereasingly ir- 
ritable, and weak, irregular uterine eontraetions begin to oe- 
cur. These eontraetions, ealled Braxton Hieks eontraetions , have 
caused many women to go to the hospital, only to be told that 
they were in false labor and sent home. 

As birth nears, two more ehemieal signals eooperate to eonvert 
these false labor pains into the real thing. Certain fetal eells begin 
to produce oxytocin (ok"sí-to'sin), which causes the plaeenta to 


Start 


Estrogen 



Oxytocin 



plaeenta 


lnduces oxytocin 
reeeptors on uterus 



from fetus 
and mother's 
posterior pituitary 




Stimulates uterus 
to eontraet 

Stimulates 
plaeenta to release 


Prostaglandins 


Stimulate more 
vigorous eontraetions 
of uterus 


gure 28.1 Hormonal induction of labor. 


release prostaglandins (pros"tah-glan'dinz) (Figure 28.17) which, 
like estrogens, stimulate the synthesis of more gap junctions in 
uterine smooth muscle. Both hormones are powerful uterine 
muscle stimulants, and sinee the myometrium is now highly 
sensitive to oxytocin, eontraetions beeome more frequent and 
more vigorous. While elevated levels of oxytocin and prosta- 
glandins sustain labor onee it begins, many studies indieate that 
it is the prostaglandins (aeting as paraerines) that actually trig- 
ger the rhythmie expulsive eontraetions of true labor, and play a 
major role in the thinning and softening of the cervix just before 
and during labor. At this point, the inereasing eervieal distension 
aetivates the mother s hypothalamus, which signals for oxytocin 
release by the posterior pituitary. 

Onee the hypothalamus is involved, several positive feedbaek 
meehanisms involving prostaglandins and oxytocin are pro- 
pelled into aetion—greater distension of the cervix causes the 
release of more oxytocin, which causes greater eontraetile foree, 
and so on (Figure 28.17). These expulsive eontraetions are aided 
by the faet that fetal fibroneetin, a natural a stickum” (adhesive 
protein) that binds the fetal and maternal tissues of the plaeenta 
together throughout pregnaney, ehanges to a lubricant just be- 
fore true labor begins. 

As mentioned earlier, prostaglandins are essential for initi- 
ating labor in humans, and interfering with their production 
will hinder onset of labor. For example, antiprostaglandin dmgs 
such as ibuprofen ean inhibit the early stages of labor and such 
drugs are used oeeasionally to prevent preterm births. 
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Stages of Labor 

Labor includes the dilation, expulsion, and plaeental stages il- 
lustrated in Figure 28.18. 
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VJ3/ Early dilation. 

Baby's head 
engaged; vvidest 
dimension is 
along left-right 
axis. 


Llmbilieal eord 


Plaeenta 



Uterus 


Cervix 


Vagina 


(Jb) Late dilation. 

Baby's head 
rotates so vvidest 
dimension is in 
anteroposterior 
axis (of pelvie 
outlet). Dilation 
nearly eomplete. 



Pubic 

symphysis 


Sacrum 


© Expulsion. 

Baby's head extends 
as it is delivered. 



Perineum 




28 



© Plaeental stage. 
After baby is 
delivered, the 
plaeenta detaehes 
and is removed. 


Uterus 


Plaeenta 

(detaehing) 


Umbilical 



© Dilation stage. The dilation stage is the time from labor s 
onset until the cervix is fully dilated by the baby s head 
(about 10 em in diameter). As labor starts, weak but regu- 
lar eontraetions begin in the upper part of the uterus and 
move toward the vagina. At first, only the superior uterine 
muscle is aetive; eontraetions are 15-30 minutes apart, and 
last for 10-30 seeonds. As labor progresses, the eontrae- 
tions beeome more vigorous and rapid, and the lower part 
of the uterus gets involved. As the infants head is foreed 
against the cervix with eaeh eontraetion, the cervix sof- 
tens and thins ( effaees ), and dilates. Eventually the amnion 
ruptures, releasing the amniotie fluid, an event eommonly 
ealled “breaking the water.” 

The dilation stage is the longest part of labor, lasting 
6-12 hours or more. Several events happen during this 
phase. Engagement occurs when the infant s head enters the 
tme pelvis. As deseent continues through the birth eanal, 
the baby s head rotates so that its greatest dimension is in 
the anteroposterior line, which allows it to navigate the nar- 
row dimensions of the pelvie outlet (Figure 28.18 (ÍB ). 

© Expulsion stage. The expulsion stage lasts from full dila- 
tion to delivery of the infant, or actual ehildbirth. By the 
time the cervix is fully dilated, strong eontraetions occur 
every 2-3 minutes and last about 1 minute. In this stage, a 
mother undergoing labor without loeal anesthesia has an 
inereasing urge to push or bear down with the abdominal 
muscles. Although this phase may last 2 hours, it is typieally 
50 minutes in a first birth and around 20 mimites in subse- 
quent births. 

Crowning occurs when the largest dimension of the ba- 
bys head distends the vulva. At this point, an episiotomy 
(e-piz"e-ot'o-me) may be done to reduce tissue tearing. An 
episiotomy is an ineision made to widen the vaginal orifiee. 
The babys neek extends as the head exits from the peri- 
neum, and onee the head has been delivered, the rest of the 
baby s body is delivered much more easily. After birth, the 
umbilical eord is elamped and cut. 

When the infant is in the usual vertex , or head-first, pre- 
sentation , the skull (its largest diameter) aets as a wedge to 
dilate the cervix. The head-first presentation also allows the 
baby to be suctioned free of mucus and to breathe even be- 
fore it has eompletely exited from the birth eanal. In breeeh 
(buttock-first) and other nonvertex presentations, these ad- 
vantages are lost and delivery is much more diíficult, often 
requiring the use of foreeps, or a C-section (see below). 



Homeostatie imbalanee 28.3 


If a woman has a deformed or malelike pelvis, labor may be 
prolonged and difficult. This eondition is ealled dystoeia (dis- 
to'se-ah; dys = difficult; toe = birth). Besides extreme maternal 
fatigue, another possible consequence of dystoeia is fetal brain 
damage, resulting in eerebral palsy or epilepsy. To prevent these 
outcomes, a eesarean (C-) seetion (se-sa're-an) is performed in 
many such eases. A C-section is delivery of the infant through 
an ineision made through the abdominal and uterine walls. + 


Figure 28.18 Parturition. 
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(3) Plaeental stage. The plaeental stage, or the delivery of 
the plaeenta and its attaehed fetal membranes, which are 
eolleetively ealled the afìterbirth, is usually aeeomplished 
within 30 minutes after birth of the infant. The strong uter- 
ine eontraetions that continue after birth eompress uterine 
blood vessels, limit bleeding, and shear the plaeenta off the 
uterine wall (cause plaeental detaehment). It is very impor- 
tant that all plaeental fragments be removed to prevent eon- 
tinued uterine bleeding after birth (postpartiim bleeding). 



Check Your LPnderstanding 


18. What is a breeeh presentation? 

19. What ehemieal is most responsible for triggering true labor? 

20. Why does a baby turn as it travels through the birth eanal? 

_ For ansvvers, see Appendix Fi. 


Adjiistments of the Infant 
to Extrauterine Life 

Outline the events leading to the first breath of a nevvborn. 

Deseribe ehanges that occur in the fetal circulation after 

birth. 

The neonatal period is the four-week period immediately after 
birth. Here we will be eoneerned with the events of just the first 
few hours after birth in a normal infant. As you might suspect, 
birth represents quite a shoek to the infant. Exposed to physieal 
trauma during the birth proeess, it is suddenly east out of its 
watery, warm environment and its plaeental life supports are 
severed. Now it must do for itself all that the mother had been 
doing for it—respire, obtain nutrients, excrete, and maintain its 
body temperature. 

At 1 and 5 minutes after birth, the infants physieal status is 
assessed based on five signs: heart rate, respiration, eolor, mus- 
ele tone, and reflexes (tested by response to eatheter in nostril). 
Eaeh observation is given a seore of 0 to 2, and the total is ealled 
the Apgar seore. An Apgar seore of 8 to 10 indieates a healthy 
baby. Lower seores reveal problems in one or more of the physi- 
ologieal functions assessed. 

Takíng the First Breath andTransition 

The emeial first requirement is to breathe. Vasoeonstrietion of 
the umbilical arteries, initiated when they are stretehed during 
birth, leads to loss of plaeental support. Onee earbon dioxide is 
no longer removed by the plaeenta, it accumulates in the baby s 
blood, causing eentral aeidosis. This excites respiratory eontrol 
eenters in the baby s brain and triggers the first inspiration. The 
first breath requires a tremendous effort—the airways are tiny, 
and the hrngs are eollapsed. However, onee the hrngs have been 
inflated in full-term babies, surfactant in alveolar fluid reduces 
surface tension in the alveoli, and breathing is easier. The rate of 
respiration is rapid (about 45 respirations/min) during the first 
two weeks and then gradually deelines. 


Keeping the lungs inflated is much more difficult for pre- 
mature infants (those weighing less than 2500 g, or about 5.5 
lb, at birth) because surfactant production occurs during the 
last months of prenatal life. Consequently, preemies are usually 
put on respiratory assistanee (a ventilator) until their lungs are 
mature enough to fimetion on their own. 

For 6-8 hours after birth, infants pass through an unstable 
transitional period marked by alternating periods of inereased 
aetivity and sleep. During the aetivity periods, vital signs are 
irregular and the baby gags frequently as it regurgitates mucus 
and debris. After this, the infant stabilizes, with waking periods 
(dietated by hunger) occurring every 3-4 hours. 


Occlusion of Speeial Fetal Blood Vessels 
and Vascular Shunts 

After birth the speeial umbilical blood vessels and fetal shunts are 
no longer neeessary (see Figure 28.14b). The umbilical arteries 
and vein eonstriet and beeome fibrosed. The proximal parts of the 
umbilical arteries persist as the superior vesieal arteries that supply 
the urinary bladder, and their distal parts beeome the medial um- 
bilieal ligaments. The remnant of the umbilical vein beeomes the 
round ligament of the liver, or ligamentum teres, that attaehes 
the umbilicus to the liver. The ductus venosus eollapses as blood 
stops flowing through the umbilical vein and is eventually eon- 
verted to the ligamentum venosum on the liver s undersurface. 

As the pulmonary circulation beeomes fimetional, pressure 
in the left side of the heart inereases and that in the right side of 
the heart deereases, causing the pulmonary shunts to elose. The 
flap of the foramen ovale is pushed to the shut position, and its 
edges fuse to the septal wall. Ultimately, only a slight depres- 
sion, the fossa ovalis, marks its position. The ductus arteriosus 
eonstriets and is eonverted to the eordlike ligamentum arterio- 
sum, eonneeting the aorta and pulmonary trunk. 

Except for the foramen ovale, all of the speeial circulatory ad- 
aptations of the fetus are functionally occluded within 30 min- 
utes aft er birth. Closure of the foramen ovale is usually eomplete 
within the year. As we deseribed in Chapter 18, failure of the 
ductus arteriosus or foramen ovale to elose leads to eongenital 
heart defeets. 



Check Your LPnderstanding 


21. What two modifieations of the fetal circulation allow most 
blood to bypass parts of the heart? 

22. What happens to the speeial fetal circulatory modifieations 
after birth? 


For ansvvers, see Appendix H. 


Laetation 

s Explain how the breasts are prepared for laetation. 


r 
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Laetation is production of milk by the hormone-prepared 
mammary glands. Rising levels of (plaeental) estrogens, pro- 
gesterone, and human plaeental laetogen toward the end of 
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Stimulation of 
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nipples by suckling 
infant sends afferent 
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hypothalamus. 
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Hypothalamus releases prolaetin- 
releasing faetors (PRF) 
to portal circulation. 



Hypothalamus 
sends efferent 
impulses to the 
posterior 
pituitary where 
oxytocin is stored 


Let-down reflex. 

Milk is ejeeted 
through ducts 
of nipples. 



Anterior pituitary 
seeretes prolaetin 
to blood. 
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Oxytocin is 
released from the 
posterior pituitary 
and stimulates 

V 

myoepithelial eells 
of breasts to eontraet. 
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Prolaetin targets 
mammary glands 
of breasts. 



t Milk production 


Figiire 28.19 Milk production and the positive feedbaek meehanism of the milk 
let-down reflex. 
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pregnaney stimulate the hypothalamus to release prolaetin- 
releasing faetors (PRFs). The anterior pituitary gland responds 
by seereting prolaetin. (This meehanism is deseribed below.) 
After a delay of two to three days following birth, tme milk 
production begins. 

During the initial delay (and during late gestation), the 
mammary glands seerete a yellowish fluid ealled eolostmm 
(ko-los'trum). It has less laetose than milk and almost no fat, 
but it eontains more protein, vitamin A, and minerals than true 
milk. Like milk, colostrum is rieh in IgA antibodies. Sinee these 
antibodies are resistant to digestion in the stomaeh, they may 
help to proteet the infant s digestive traet against baeterial infee- 
tion. Additionally, these IgA antibodies are absorbed by endo- 
eytosis and subsequently enter the bloodstream to provide even 
broader immunity. 

After birth, prolaetin release gradually wanes, and eon- 
tinual milk production depends on meehanieal stimulation of 
the nipples, normally provided by the suckling infant. Meeh- 
anoreeeptors in the nipple send afferent nerve impulses to the 
hypothalamus, stimulating seeretion of PRF. This results in a 
burstlike release of prolaetin, which stimulates milk production 
for the next feeding. 

The same afferent impulses also prompt hypothalamie re- 
lease of oxytocin from the posterior pituitary via a positive 
feedbaek meehanism. Oxytocin causes the let-down reflex, 
the actual ejeetion of milk from the alveoli of the mammary 
glands Figure 28.19] . Let-down occurs when oxytocin binds 
to myoepithelial eells surrounding the glands, after which milk 


is ejeeted from both breasts, not just the suckled one. During 
nursing, oxytocin also stimulates the reeently emptied uterus 
to eontraet, helping it to return to (nearly) its prepregnant size. 
Breast milk has advantages for the infant: 

■ Its fats and iron are better absorbed and its amino aeids are 
metabolized more effieiently than those of cows milk. 

■ It has a host of benefieial ehemieals , including IgA, eomple- 
ment, lysozyme, interferon, and lactoperoxidase, that pro- 
teet infants from life-threatening infeetions. Mother s milk 
also eontains interleukins and prostaglandins that prevent 
overzealous inflammatory responses, and a glyeoprotein that 
deters the ulcer-causing bacterium (Helieobaeterpylori) from 
attaehing to the stomaeh mucosa. 

■ Its natmal laxative effieet helps to eleanse the bowels of meeo- 
nium (mé-ko'ne-um), a tarry green-blaek paste eontaining 
sloughed-off epithelial eells, bile, and other substances. Sinee 
meconium, and later feees, provides the route for eliminat- 
ing bilimbin from the body, elearing meconium as quickly 
as possible helps to prevent physiologieal jaundice (see the 
Related Clinical Terms seetion). Breast milk also encourages 
baeteria (the source of vitamin K and some B vitamins) to 
eolonize the large intestine. 

When nursing is discontinued, the stimulus for prolaetin re- 
lease and milk production ends, and the mammary glands stop 
producing milk. Women who nurse their infants for six months 
or more lose a signifieant amount of calcium from their bones, 
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but those on sound diets usually replaee lost bone ealeimn after 
weaning the infant. 

While prolaetin levels are high, the normal hypothalamie- 
pituitary eontrols of the ovarian eyele are damped, probably 
because stimulation of the hypothalamus by suckling causes 
it to release beta endorphin, a peptide hormone that inhibits 
hypothalamie release of GnRH and, consequently, the release 
of gonadotropins by the pituitary. Because of this inhibition of 
ovarian ftmetion, nursing has been ealled natural birth eontrol. 
Nonetheless, there is a good deal of “slippage” in these eontrols, 
and most women begin to ovulate even while continuing to 
nurse their infants. 



Check Your Understanding 


23. What hormone causes the let-dovvn reflex? 


For ansvvers, see Appendix H. 


Assisted Reprodiietive 
Teehnology and 
Reproductive Cloning 

Deseribe some techniques of ART including IVF, ZIFT # and 

GIFT. 

So far we have been deseribing how babies are made. But if a 
couple laeks that eapability for some reason, what recourse do 
they have? Hormone therapy may inerease sperm or egg pro- 
duction in eases where that is the problem, and surgery ean 
open bloeked uterine tubes. Reeently, an artifieial ovary, which 
allows eggs to mature outside the body, has been developed that 
preserves a womans fertility if she needs to undergo treatment 
for eaneer. 

Beyond that are assisted reproductive teehnology (ART ) pro- 
cedures that entail surgically removing ooeytes from a womans 
ovaries following hormone stimulation, fertilizing the ooeytes, 
and then returning them to the womans body. These proee- 
dures, now performed worldwide in major medieal eenters, 
have produced thousands of infants, but they are expensive, 
emotionally draining, and painfiil for the ooeyte donor. Unused 
ooeytes, sperm, and embryos ean be frozen for later attempts at 
aeeomplishing pregnaney. 


In the most eommon ART proeess, in vitro fertilization ( IVF ), 
harvested ooeytes are incubated with sperm in culture dishes 
(m vitro) for several days to allow fertilization to occur. In eases 
where the quality or number of sperm is low, the ooeytes are in- 
jeeted with sperm. Embryos reaehing the two-cell or blastoeyst 
stage are then earefiilly transferred into the womans uterus in 
the hope that implantation will occur. 

In zygote intrafallopian transfer (Z/ET), ooeytes fertilized in 
vitro are immediately transferred to the womans uterine (fal- 
lopian) tubes. The goal is to have development to the blastoeyst 
stage occur followed by normal implantation in the uterus. 

In gamete intrafallopian transfer ( GIFT ), no in vitro proee- 
dures are used. Instead, sperm and harvested ooeytes are trans- 
ferred together into the womans uterine tubes in the hope that 
fertilization will take plaee there. 

Although there is a great deal of hubbub in the seientifie 
community about using eloning as another possible avenue to 
produce offspring, humans have proved notoriously difficult 
to ereate and sustain past very early (blastoeyst) development. 
Cloning entails insertion of a somatie eell nucleus into an ooeyte 
from which the nucleus is removed and then an incubation pe- 
riod to dedifferentiate the inserted nucleus. This technique has 
proved more successful in ereating stem eells for therapeutic 
use in treating seleeted diseases than for reproductive eloning to 
produce whole and healthy human offspring. Furthermore, hu- 
man reproductive eloning is currently fraught with legal, moral, 
ethieal, and politieal roadbloeks. 

In this ehapter, we have focused on ehanges that occur during 
human development in utero. But having a baby is not always 
what the interaeting partners have in mind, and we humans 
have devised a variety of techniques for preventing this outcome 
(see A Closer Look on p. 1090). 

We must admit that the deseription of embryonie develop- 
ment here has fallen short because we have barely touched upon 
the phenomenon of differentiation. How does an unspecialized 
eell that ean beeome anything in the body develop into a speeifie 
something (a heart eell, for example)? And what paees the devel- 
opmental sequence, so that if a particular proeess fails to occur 
at a preeise time, it never occurs at all? Seientists are beginning 
to believe that there are master switches in the genes. In Chapter 
29, the final ehapter of this book, we deseribe a small part of the 
“how” as we examine the interaetion of genes and other eompo- 
nents that determine who we finally beeome. 
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ln a soeiety such as ours, where 
many women opt for professional 
eareers or work for eeonomie reasons, 
eontraeeption (eontra = against, eept = 

taking), eommonly ealled birth eontro , 

is often seen as a neeessity. 

The key to birth eontrol is 
dependability As the red arrows in 
the aeeompanying flowchart show, the 
birth eontrol techniques currently available 
have many sites of aetion for b OC g 

reproductÌOn. Generally speaking, 

birth eontrol methods ean be eategorized 
into three groups based on how eaeh 
prevents pregnaney—behavioral methods, 
barrier methods, or hormonal methods. 
Let's examine a few of them more elosely. 

Behavioral methods (coitus 
interruptus, the rhythm method, and 
abstinenee) eonsist of altering behavior 
to prevent pregnaney. Coitus interruptus, 
or withdrawal of the penis just before 
ejaculation, is unreliable because eontrol 
of ejaculation is never ensured. 

Rhythm or temporary abstinenee 
methods involve avoiding intercourse 
during periods of ovulation or fertility. 

This may be aeeomplished by reeording 
daily basal body temperatures (body 
temperature drops slightly immediately 
prior to ovulation and then rises slightly 
after ovulation). This technique requires 
accurate reeord keeping for several eyeles 
before it ean be used with eonfidenee, but 
has a high success rate for those willing to 
take the time neeessary. With a failure rate 
of 10-20%, it is obvious that some people 
are willing and some are not. 

Barrier methods include diaphragms, 
eervieal eaps, male and female eondoms, 
and spermieides. These techniques prevent 
the sperm and egg from meeting and 
implanting. They are quite effeetive, 
espeeially when used in eombination—for 
example, eondoms and spermieides. But 
many people avoid them because they 
ean reduce the spontaneity of sexual 
encounters. 

Hormonal methods include a 
broad variety of hormone-eontaining 
eontraeeptive products (the pill, IUD, 
patehes, vaginal ring, and implanted or 
injeeted agents). These methods are highly 
effeetive, with a failure rate of less than 
1 %, and have a low risk of adverse effeets 
in most women. 

The most-used eontraeeptive product in 
the United States is the oral eontraeeptive 


pill (OCP) or simply "the pi 
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diaphragm, 
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injeetion) 


Morning- 
after pill (MAP) 
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deviee (IUD); 
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(minipill, implant, 
or injeetion) 


Meehanisms of eontraeeption. Techniques or products that interfere with events from production 
of gametes to implantation are indieated by red arrows at the site of interferenee and aet to prevent 
the next step from occurring. 


marketed in 1960. Supplied in 28-tablet 
paekets, the first 20 or 21 tablets eontain 
minute amounts of estrogens and 
progestins (progesterone-like hormones) 
which are taken daily; the hormones 
eontained may be of fixed or of varying 
eombinations. The last seven tablets are 
hormone free—are plaeebos or are iron 
pills. The pill trieks the hypothalamie- 
pituitary-gonadal axis and "lulls it to 
sleep," because the relatively eonstant 
blood levels of ovarian hormones make 
it appear that the woman is pregnant 
(both estrogen and progesterone are 
produced throughout pregnaney). Ovarian 
follieles do not develop, ovulation eeases, 
and menstrual flow is much reduced. 


However, sinee hormonal balanee is one 
of the most preeisely eontrolled body 
functions, some women eannot tolerate 
these ehanges—they beeome nauseated 
and/or hypertensive. The pill has adverse 
cardiovascular effeets in a small number 
of users and there is still debate about 
whether it inereases the risk of uterine, 
ovarian, or (particularly) breast eaneer. 
Presently, well over 50 million women use 
the pill. 

Other delivery methods using the 
eombination hormone approaeh include 
two slow-release products—a flexible 
ring that is inserted into the vagina, 
and a transdermal (skin) pateh. Failure 
rates and side effeets of the vaginal ring 
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A CLOSER LOOK (continued) 


and skin pateh are eomparable to those 
of the pill. Combination birth eontrol 
pills with substantially higher hormone 
eoneentrations used for posteoital 
eontraeeption have a 75% effeetiveness. 
Taken within three days of unprotected 
intercourse, these morning-after pills 
(, MAPs), or emergeney eontraeeptive 
pills (ECPs) as they are also ealled, "mess 
up" normal hormonal signals enough to 
prevent a fertilized egg from implanting or 
prevent fertilization altogether. 

Other hormonal approaehes to 
eontraeeption use progestin-only products 
that thieken the eervieal mucus enough 
to bloek sperm entry into the uterus 7 
deerease the frequency of ovulation, and 
make the endometrium inhospitable to 


implantion. These include mateh-size 
silieone rods implanted just under the 
skin that release progestin over a five-year 
period (Norplant), and an injeetable form 
that lasts for three months (Depo Provera). 
New intrauterine deviees (lllDs) that are 
inserted into the uterus provide sustained 
loeal delivery of synthetie progesterone 
to the endometrium and are particularly 
reeommended for women who have 
given birth and are nursing or those in 
monogamous relationships. The failure 
rates of progestin treatments are even less 
than that of the "pill." 

Sterilization techniques permanently 
prevent gamete release. Tubal ligation 
or vaseetomy (cutting or cauterizing 
the uterine tubes or ductus deferentia, 


respeetively) are nearly foolproof and 
are the ehoiee of approximately 33% of 
couples of ehildbearing age in the llnited 
States. Both procedures ean be done in 
the physieian's offiee. However, these 
techniques are usually permanent, making 
them unpopular with individuals who still 
plan to have ehildren but want to seleet 
the time. 

This summary doesn't even begin to 
touch on the experimental birth eontrol 
drugs now awaiting elinieal trials, and 
other methods are sure to be developed 
in the near future. In the final analysis, 
however, the only 100% effeetive means 
of birth eontrol is the age-old one—total 
abstinenee. 
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trophoblast and an inner eell mass. Oeavage produces a large 
number of eells with a favorable surface-to-volume ratio. 

Implantation (pp. 1067,1070-1071) 

2. Tbe trophoblast adheres to, digests, and implants in the 
endometrimn. Implantation is eompleted when the blastoeyst is 
entirely surrounded by endometrial tissue, about 12 days after 
ovulation. 

3. hCG released by the blastoeyst maintains hormone production by 
the corpus luteum, preventing menses. hCG levels deeline after 
four months. 


1. The gestation period of approximately 280 days extends from the 
womans last menstmal period to birth. The conceptus undergoes 
embryonie development for 8 weeks after fertilization, and fetal 
development from week 9 to birth. 

From Egg to Zygote (pp. 1065-1067) 

Aeeomplishing Fertilization (pp. 1065-1067) 

1. An ooeyte is fertilizable for up to 24 hours; most sperm are viable 
within the female reproductive traet for one to two days. 

2. Sperm must survive the hostile environment of the vagina and 
beeome eapaeitated (eapable of reaehing and fertilizing the ooeyte). 

3. Hundreds of sperm must release their aerosomal enzymes to 
break down the eggs eorona radiata and zona pellucida. 

4. When one sperm binds to reeeptors on the egg, it triggers the 
slow bloek to polyspermy (release of eortieal granules). 

5. Following sperm penetration, the seeondary ooeyte eompletes 
meiosis II. Then the ovum and sperm pronuclei fuse 
(fertilization), forming a zygote. 

Events of Embryonie Development: 

Zygote to Blastoeyst Implantation (pp. 1067-1074) 

eieavage and Blastoeyst Formation (p. 1067) 


Plaeentation (pp. 1071-1074) 

4. The plaeenta aets as the respiratory, nutritive, and excretory organ 
of the fetus and produces the hormones of pregnaney. It is formed 
from embryonie (ehorionie villi) and maternal (endometrial 
decidua) tissues. The ehorion develops when the trophoblast 
beeomes assoeiated with extraembryonic mesoderm. Typieally, the 
plaeenta is fhnetional as an endoerine organ by the third month. 

Events of Embryonie Development: 

Gastrula to Fetus (pp. 1074-1081) 

Formation and Roles of the Extraembryonic Membranes 

(pp. 1074-1075) 

1. The flmd-filled amnion forms from eells of the superior surface 
(epiblast) of the embryonie dise. It proteets the embryo from 
physieal trarnna and adhesion formation, provides a eonstant 
temperature, and allows fetal movements. 

2. The yolk sae forms from the hypoblast of the embryonie dise; it is 
the source of early blood eells. 

3. The allantois, a caudal outpocketing adjaeent to the yolk sae, 
forms the structural basis of the umbilical eord. 

4. The ehorion is the outermost membrane and takes part in 
plaeentation. 


1. Early development eonsists of eleavage, a rapid series of mitotie 
divisions without intervening growth, that begins with the 
zygote and ends with a blastoeyst. The blastoeyst eonsists of the 


Gastmlation: Germ Layer Formation (pp. 1075-1076) 

5. Gastmlation involves cellular migrations that ultimately 
transform the inner eell mass into a three-layered embryo 
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(gastmla) eontaining eetoderm, mesoderm, and endoderm. 

Cells that move through the midline primitive streak beeome 
endoderm if they form the most inferior layer of the embryonie 
dise and mesoderm if they ultimately occupy the middle layer. 
Cells remaining on the superior surface beeome eetoderm. 

Organogenesis: Differentiation of the Germ Layers 

(pp. 1076-1081) 

6. Endoderm forms the mucosa of the digestive and respiratory 
systems, and the epithelial eells of all assoeiated glands (thyroid, 
parathyroids, thymus, liver, panereas). It beeomes a continuous 
tube when the embryonie body undercuts and fuses ventrally. 

7. Eetoderm forms the nervous system and the epidermis of the 
skin and its derivatives. The fìrst event of organogenesis is 
neurulation, which produces the brain and spinal eord. By the 
eighth week, all major brain regions are formed. 

8. Mesoderm forms all other organ systems and tissues. It segregates 
early into (1) a dorsal superior notoehord, (2) paired somites 
that form the vertebrae, skeletal tmnk muscles, and part of the 
dermis, and (3) paired masses of intermediate and lateral plate 
mesoderm. The intermediate mesoderm forms the kidneys 

and gonads. The lateral plate mesoderm forms the dermis 
of skin; parietal serosa; bones and muscles of the limbs; the 
cardiovascular system; and the viseeral serosae. 

9. The fetal cardiovascular system is formed in the embryonie 
period. The umbilical vein delivers nutrient- and oxygen-rich 
blood to the embryo; the paired umbilical arteries return oxygen- 
poor, waste-laden blood to the plaeenta. The ductus venosus 
allows most of the blood to bypass the liver; the foramen ovale 
and ductus arteriosus are pulmonary shunts. 

Events of Fetal Development (pp. 1081-1082) 

1. All organ systems are laid down during the embryonie period; 
growth and tissue/organ speeialization are the major events of the 
fetal period. 

2. During the fetal period, fetal length inereases from about 22 mm 
to 360 mm, and weight inereases from less than an ounce to 7 
pounds or more. 

Effeets of Pregnaney on the Mother (pp. 1082-1085) 

Anatomieal ehanges (pp. 1082-1083) 

1. Maternal reproductive organs and breasts beeome inereasingly 
vascularized during pregnaney, and the breasts enlarge. 

2. The uterus eventually occupies nearly the entire abdominopelvie 
eavity. Abdominal organs are pushed superiorly and eneroaeh on 
the thoraeie eavity, causing the ribs to flare. 

3. The inereased abdominal mass ehanges the womans eenter of 
gravity; lordosis and baekaehe are eommon. A waddling gait 
occurs as pelvie ligaments and joints are loosened by plaeental 
relaxin. 

4. A typieal weight gain during pregnaney in a woman of normal 
weight is 28 pounds. 

Metabolie ehanges (p. 1083) 

5. Ehiman plaeental laetogen has anabolie effeets and promotes 
ghieose sparing in the mother. 

Physiologieal ehanges (pp. 1083-1085) 

6. Many women suffer morning siekness, heartburn, and 
eonstipation during pregnaney. 

7. The kidneys produce more urine, and pressure on the bladder 
may cause frequency, urgency, and stress ineontinenee. 


8. Respiratory tidal volume inereases, but residual vohime 
deereases. The respiratory rate remains relatively unchanged. 
Dyspnea is eommon. 

9. Total body water and blood volume inerease dramatieally and 
eardiae output rises. Blood pressure deelines in midpregnaney 
and then rises to normal levels during the third trimester. 

Parturition (Birth) (pp. 1085-1087) 

1. Parturition eneompasses a series of events ealled labor. 

Initiation of Labor (p. 1085) 

2. When estrogen levels are sufhciently high, they induce oxytocin 
reeeptors on the myometrial eells and inhibit progesterones quieting 
effeet on uterine muscle. Weak, irregular eontraetions begin. 

3. Fetal eells produce oxytocin, which stimulates prostaglandin 
production by the plaeenta. Both hormones stimulate eontraetion 
of uterine muscle. inereasing distension of the cervix aetivates 
the hypothalaimis, causing oxytocin release from the mother s 
posterior pituitary; this sets up a positive feedbaek loop resulting 
in tme labor. 

Stages of Labor (pp. 1085-1087) 

4. The dilation stage is from the onset of rhythmie, strong 
eontraetions until the cervix is fully dilated. The head of the fetus 
rotates as it deseends through the pelvie outlet. 

5. The expulsion stage extends from full eervieal dilation until birth 
of the infant. 

6. The plaeental stage is the delivery of the afferbirth (the plaeenta 
and attaehed fetal membranes). 

Adjustments of the Infant to Extrauterine Life 

(p. 1087) 

1. The infants Apgar seore is reeorded immediately affer birth. 

Taking the First Breath and Transition (p. 1087) 

2. Affer the umbilical eord is elamped, earbon dioxide accumulates 
in the infant s blood, causing respiratory eenters in the brain to 
trigger the fìrst inspiration. 

3. Onee the lungs are inflated, breathing is eased by the presenee 
of surfactant, which deereases the surface tension of the alveolar 
fluid. 

4. During transition, the fìrst 8 hours after birth, the infant is 
physiologieally unstable and adjusting. After stabilizing, the 
infant wakes approximately every 3-4 hours in response to 
hunger. 

Ocdusion of Speeial Fetal Blood Vessels and Vascular Shunts 

(p. 1087) 

5. Inflation of the lungs causes pressure ehanges in the circulation; 
as a result, the umbilical arteries and vein, ductus venosus, and 
ductus arteriosus eollapse, and the foramen ovale eloses. The 
occluded blood vessels are eonverted to fìbrous eords; the site of 
the foramen ovale beeomes the fossa ovalis. 

Laetation (pp. 1087-1089) 

1. The breasts are prepared for laetation during pregnaney by high 
blood levels of estrogen, progesterone, and human plaeental 
laetogen. 

2. Colostrum, a premilk fluid, is a fat-poor fluid that eontains more 
protein, vitamin A, and minerals than tme milk. It is produced 
toward the end of pregnaney and for the first two to three days 
affer birth. 


ehapter 28 Pregnaney and Human Development 


1093 


3. Tme milk is produced around day 3 in response to suckling, 
which stimulates the hypothalamus to prompt anterior pituitary 
release of prolaetin and posterior pituitary release of oxytocin. 
Prolaetin stimulates milk production. Oxytocin triggers milk let- 
down. Continued breast-feeding is required for eontimied milk 
production. 

4. At fìrst, ovulation and menses are absent or irregular during 
nursing, but in most women the ovarian eyele is eventually 
reestablished while still nursing. 


Assisted Reproductive Teehnology and Reproductive 

eioning (pp. 1089-1091) 

1. Assisted reproductive teehnology (ART) procedures assist infertile 
couples to bear ehildren. Among the most-used techniques are 
IVF, ZIFT, and GIFT. IVF and ZIFT attempt to fertilize harvested 
ooeytes in vitro and then return the embryo or zygote to the 
womans body. GIFT utilizes in vivo methods—sperm and ooeytes 
are transferred together to the womans uterine tubes. 

2. Reproductive eloning in humans has proved difhcult to aehieve 
and the praetiee has met several roadbloeks. 


Review Questions 




Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 

1. indieate whether eaeh of the following statements is deseribing 

(a) eleavage or (b) gastmlation. 

_(1) period during which a momla forms 

_(2) period when vast amounts of eell migration occur 

_(3) period when the three embryonie germ layers appear 

_(4) period during which the blastoeyst is formed 

2. Most systems are operational in the fetus by four to six months. 
Which system is the exception to this generalization, affeeting 
premature infants? (a) the circulatory system, (b) the respiratory 
system, (e) the urinary system, (d) the digestive system. 

3. The zygote eontains ehromosomes from (a) the mother only, 

(b) the father only, (e) both the mother and father, but half from 
eaeh, (d) eaeh parent and synthesizes others. 

4. The outer layer of the blastoeyst, which later attaehes to the 
uterus, is the (a) decidua, (b) trophoblast, (e) amnion, (d) inner 
eell mass. 

5. The fetal membrane that forms the basis of the umbilical eord is 
the (a) allantois, (b) amnion, (e) ehorion, (d) yolk sae. 

6. In the fetus, the ductus arteriosus earries blood from (a) the 
pulmonary artery to the pulmonary vein, (b) the liver to the 
inferior vena eava, (e) the right ventriele to the left ventriele, 

(d) the pulmonary tmnk to the aorta. 

7. Which of the following ehanges occur in the baby s 
cardiovascular system affer birth? (a) Umbilical arteries and vein 
beeome fìbrosed, (b) pulmonary eirailation begins to hmetion, 
and pressure in the leff side of the heart inereases, (e) the ductus 
venosus beeomes obliterated, as does the ductus arteriosus, 

(d) all of these. 

8. Following delivery of the infant, the delivery of the afterbirth 
includes the (a) plaeenta only, (b) plaeenta and decidua, 

(e) plaeenta and attaehed (torn) fetal membranes, (d) ehorionie 
villi. 

9. The umbilical vein earries (a) waste products to the plaeenta, 

(b) oxygen and food to the fetus, (e) oxygen and food to the 
plaeenta, (d) oxygen and waste products to the fetus. 

10. The germ layer from which the skeletal muscles, heart, and 
skeleton are derived is the (a) eetoderm, (b) endoderm, 

(e) mesoderm. 

11. Which of the following eannot pass through plaeental barriers? 
(a) blood eells, (b) glucose, (e) amino aeids, (d) gases, 

(e) antibodies. 


12. The most important hormone in initiating and maintaining 
laetation after birth is (a) estrogen, (b) FSH, (e) prolaetin, 

(d) oxytocin. 

13. The initial stage of labor, during which the neek of the uterus 
is stretehed, is the (a) dilation stage, (b) expulsion stage, 

(e) plaeental stage. 

14. Mateh eaeh adult structure in column B with the embryonie 
structure it derives from in column A. 


Column A 

(1) notoehord 

(2) eetoderm (not 
neural tube) 

(3) intermediate mesoderm 

(4) lateral plate mesoderm 

(5) selerotome 

(6) eoelom 

(7) neural tube 

(8) endoderm 


Column B 

(a) kidney 

(b) peritoneal eavity 
(e) panereas, liver 

(d) parietal serosa, dermis 

(e) nucleus pulposus 

(f) hair and epidermis 

(g) brain 

(h) ribs and vertebrae 


Short Answer Essay Questions 

15. What is the function of hCG and why is it not important affer the 
fìrst trimester of pregnaney? 

16. Fertilization involves much more than a mere restoration of 
the diploid ehromosome number. (a) What does the proeess of 
fertilization entail on the part of both the egg and sperm? 

(b) What are the effeets of fertilization? 

17. Cleavage is an embryonie event that mainly involves mitotie 
divisions. How does eleavage differ from mitosis occurring 
during life after birth, and what are its important functions? 

18. The life span of the ovarian corpus luteum is extended for nearly 
three months aher implantation, but otherwise it deteriorates. 

(a) Explain why this is so. (b) Explain why it is important that 
the corpus luteum remain hmetional following implantation. 

19. The plaeenta is a marvelous, but temporary, organ. Starting with 
a deseription of its formation, show how it is an intimate part 
of both fetal and maternal anatomy and physiology during the 
gestation period. 

20. Why is it that only one sperm out of the hundreds (or thousands) 
available enters the ooeyte? 

21. What is the hmetion of gastmlation? 

22. Cite two problems with a breeeh presentation. 

23. What faetors are believed to bring about uterine eontraetions at 
the termination of pregnaney? 

24. Explain how the flat embryonie dise takes on the eylindrieal 
shape of a tadpole. 
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UNIT 5 Continuity 


Crítical Thinking 
and Clinical Applieation 
Questions 

1. Jennie, a freshman in your dormitory, tells you she just diseovered 
that she is three months pregnant. She reeently bragged that sinee 
she eame to eollege she has been drinking aleohol heavily and 
experimenting with every kind of reereational dmg she could 
find. From the following, seleet the adviee you would give her, 
and explain why it is the best ehoiee. (a) She must stop taking 
dmgs, but they could not have aífeeted her fetus during these first 
few months of her pregnaney. (b) Harmful substances usually 
eannot pass from mother to embryo, so she ean keep using dmgs. 
(e) There could be defeets in the fetus, so she should stop using 
dmgs and visit a doetor as soon as possible. (d) If she has not 
taken any dmgs in the last week, she is okay. 

2. During Mrs. Joness labor, the obstetrieian deeided that it was 
neeessary to perform an episiotomy. What is an episiotomy, and 
why is it done? 


3. A woman in substantial pain ealled her doetor and explained 
(between sobs) that she was about to have her baby “right here.” 
The doetor ealmed her and asked how she had eome to that 
eonehision. She said that her water had broken and that her 
husband could see the baby s head. (a) Was she right? If so, what 
stage of labor was she in? (b) Do you think that she had time to 
make it to the hospital 60 miles away? Why or why not? 

4. Mary is a heavy smoker and has ignored a friends adviee to stop 
smoking during her pregnaney. On the basis of what you know 
about the effeet of smoking on physiology, deseribe how Mary s 
smoking might affeet her fetus. 

5. While Mortimer was eramming for his anatomy test, he read that 
some parts of the mesoderm beeome segmented. He suddenly 
realized that he could not remember what segmentation is. 
Define segmentation, and give two examples of segmented 
structures in the embryo. 

6. Assume a sperm has penetrated a polar body and their nuclei 
fiise. Why would it be unlikely for the resulting eell to develop 
into a healthy embryo? 



AT THE e L I N I e 


Related eiinieal Temns 

Abortion (abort = born prematurely) Termination of a pregnaney 
that is in progress; may be spontaneous or induced. 

Eetopie pregnaney (ek-top'ik; eeto = outside) A pregnaney in which 
the embryo implants in any site other than the uterus; most often 
the site is a uterine tube (tubal pregnaney). Sinee the uterine 
tube (as well as most other eetopie sites) is unable to establish 
a plaeenta or aeeommodate growth, the uterine tube ruptures 
unless the eondition is diagnosed early, or the pregnaney 
spontaneously aborts. 

Hydatid (hydatidiform) mole (hi'dah-tid; hydat = watery) 
Developmental abnormality of the plaeenta; the conceptus 
degenerates and the ehorionie villi eonvert into a mass of vesieles 
that resemble tapioea. Signs include vaginal bleeding, which 
eontains some of the grapelike vesieles. 

Physiologieal jaundice (jawn'dis) Jaundice sometimes occurring 
in normal newborns within three to four days after birth. Fetal 


erythroeytes are short-lived, and they break down rapidly after 
birth; the infants liver may be unable to proeess the bilimbin 
(breakdown product of hemoglobin pigment) fast enough to 
prevent its accumulation in blood and subsequent deposit in 
body tissues. 

Abruptio plaeenta (ah-bmp'she-o; abrnpt = broken away from) 
Premature separation of the plaeenta from the uterine wall; if 
this occurs before labor, it ean result in fetal death due to anoxia. 

Plaeenta previa (pre've-ah) Plaeental formation adjaeent to or aeross 
the internal os of the uterus. Represents a problem because as the 
uterus and cervix streteh, separation of the plaeenta may occur. 
Additionally, the plaeenta preeedes the infant during labor. 

IJltrasonography (ul"trah-son-og'rah-fe) Noninvasive technique that 
uses sound waves to visualize the position and size of the fetus 
and plaeenta (see A Closer Look , Chapter 1). 



Case Study 


Pregnaney 


When paramedies arrived on the erash 
seene on Route 91, they found Maria 
Rodriguez, a 34-year-old female, 
lying on the edge of the road. Mrs. 
Rodriguez vvas responsive, but had deep laeerations on both legs 
and her right arm. Her elothes vvere heavily stained vvith blood, 
despite the efforts of another passenger to slovv the bleeding by 
applying eompression. On initial examination, Mrs. Rodriguez's blood 
pressure vvas 100/70 vvith a heart rate of 88. The paramedies started 
an IV of normal saline, stabilized her, and eontrolled the bleeding 
during transport to the hospital. Mrs. Rodriguez vvas released from 
the hospital three days later and scheduled for a follow-up visit in 
one week. At her follow-up appointment, she eomplained of fatigue 
and reported that her period was overdue by one week. Hospital 
blood tests revealed that Mrs. Rodriguez was mildly anemie—and 
pregnant. While she was excited, she was also very eoneerned that 
the blood loss she suffered may have harmed her baby. 


1. What hormone did the hospital deteet in Mrs. Rodriguez's 
blood to determine that she was pregnant? 

2. Where is the hormone made that you identified in question 1 ? 
What function does it play during the early stages of a pregnaney? 

3. Mrs. Rodriguez's doetors explained that the blood loss she 
suffered as a result of the aeeident occurred approximately 
10-12 days after her most reeent ovulation. Explain why this 
may help ease Mrs. Rodriguez's fears about harm to her baby. 

4. Deseribe the major developmental events and stages of 
embryonie development that have occurred during the time 
prior to Mrs. Rodriguez's aeeident. 

5. Mrs. Rodriguez is currently in the third week of pregnaney. 
Deseribe the important embryonie developmental event that 
occurs during this time. 


(Ansvvers in Appendix H) 


















The Vocabulary of Geneties 

(pp. 1096-1097) 

Gene Pairs (Alleles) (pp. 1096-1097) 
Genotype and Phenotype (p. 1097) 

Sexual Sources of Genetie Variation 

(pp. 1097-1099) 

ehromosome Segregation and Independent 
Assortment (pp. 1097-1098) 

Crossover of Homologues and Gene 
Reeombination (p. 1098) 

Random Fertilization (pp. 1098-1099) 


Types of inheritanee (pp. 1099-1101) 

Dominant-Reeessive inheritanee 
(pp. 1099-1100) 

ineomplete Dominanee (p. 1100) 

MuItiple-AIlele inheritanee (p. 1100) 
Sex-Linked inheritanee (pp. 1100-1101) 
Polygene inheritanee (p. 1101) 

Environmental Faetors in Gene 
Expression (p. 1102) 


Nontraditional inheritanee 

(pp. 1102-1103) 

Beyond DNA: Regulation of Gene 
Expression (pp. 1102-1103) 

Extranuclear (Mitoehondrial) 
inheritanee (p. 1103) 

Genetie Sereening, Counseling, 
and Therapy (pp. 1103-1105) 

Carrier Reeognition (p. 1103) 

Fetal Testing (pp. 1103-1104) 

Human Gene Therapy (pp. 1104-1105) 


T he wondrous grovvth and development of a nevv individiial is guided 

by the gene-bearing ehromosomes it reeeives from its parents in egg and sperm. 
As we deseribed in Chapter 3, individual genes , or DNA segments, eontain the 
“reeipes” or genetie blueprints for proteins. Many of these proteins are enzymes that die- 
tate the synthesis of virtually all the body s molecules. Consequently, genes are ultimately 
expressed in your hair eolor, sex, blood type, and so on. 

Genes, however, do not aet as free agents. As you will see, a genes ability to prompt the 
development of a speeifie trait is enhaneed or inhibited by interaetions with other genes, 
as well as by environmental faetors. 

The seienee of geneties, which studies the meehanism of heredity (genes = give birth 
to), is relatively young, but our understanding of how human genes aet and interaet has 
advaneed eonsiderably sinee Gregor Mendel first proposed the basie prineiples of heredity 
in the mid-1800s. Mendel studied eharaeteristies that vary in an either-or fashion, which 
is easier to understand than the more-or-less fashion in which many human traits vary. 
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UNIT 5 Continuity 



The slide is viewed 
with a mieroseope, and 
the ehromosomes are 
photographed. 


Cít/The photograph is entered into a eompirter, and 
the ehromosomes are eleetronieally rearranged into 
homologous pairs aeeording to size and structure. 




©The resulting display is the karyotype, which is 
examined for ehromosome number and structure. 


gure 29.1 Preparing a karyotype. 

After lymphoeytes are stimulated to divide 
and grow in culture for several days, they 
are treated with a drug that arrests mitosis in 
metaphase, a stage when the ehromosomes 


are easily identified. The eells are harvested, 
treated with a solution that makes their 
ehromosomes spread out, photographed, 
and then subjected to computer analysis 
and arrangement of the ehromosomes 


into homologous pairs. The patterns of 
stained bands in the karyotype help to 
identify speeifie ehromosomes and parts of 
ehromosomes. 


However, the urge to understand human inheritanee is pow- 
erful. The Human Genome Projeet , which seanned and deter- 
mined the human DNA sequence, is enabling genetieists to 
manipulate and engineer human genes to examine their expres- 
sion. This researeh has tremendous promise for more sophisti- 
eated genetie sereening, and for drug development to treat or 
cure disease. Although we touch upon some of these newer top- 
ies, we will eoneentrate on the prineiples of heredity diseovered 
by Mendel more than a century ago. 

I The Vocabulary of Geneties 

✓ Define allele. 

Differentiate between genotype and phenotype. 


29 


I The nuclei of all human eells except gametes eontain the diploid 
number of ehromosomes (46), eonsisting of 23 pairs of homolo- 
gous ehromosomes. Reeall that homologous ehromosomes are 
pairs of ehromosomes—one from the father (sperm) and one 
from the mother (egg)—that look similar and earry genes for 
the same traits, but do not neeessarily bring about the same 
expressions of those traits. Two of the 46 ehromosomes are sex 
ehromosomes (X and Y), which determine genetie sex (male = 
XY; female = XX). The other 44 are the 22 pairs of autosomes 
that guide the expression of most other traits. 


The eomplete human karyotype (kar'e-o-tìp), or diploid ehro- 
mosomal eomplement displayed in homologous pairs, is ilhistrated 
in Figure 29.1 © . The diploid genome (je'nóm), or genetie (DNA) 
makeup, represents two sets of genetie instmetions—one from the 
egg and the other from the sperm. 

Gene Pairs (Alleles) 

Because ehromosomes are paired, it follows that the genes in 
them are paired as well. Consequently, eaeh of us reeeives two 
genes, one from eaeh parent (for the most part), that interaet 
to dietate eaeh trait. Matehed genes, which are at the same lo- 
cus (loeation) on homologous ehromosomes, are ealled alleles 
(ah-lèlz') of eaeh other. Alleles may eode for the same or for 
alternative forms of a given trait. For example, of the alleles that 
dietate whether or not you have loose thumb ligaments, one 
allele might eode for tight ligaments and the other for loose 
ligaments (the double-jointed thumb eondition). When the two 
alleles eontrolling a trait are the same, a person is said to be ho- 
mozygous (ho-mo-zi'gus) for that trait. When the two alleles 
are different, the individual is heterozygous (het"er-o-zi'gus) 
for the trait. 

Sometimes, one allele masks or suppresses the expression of 
its partner. Such an allele is said to be dominant, whereas the 
allele that is masked is said to be reeessive. By eonvention, a 
dominant allele is represented by a eapital letter (for example, /), 
































ehapter 29 Heredity 


1097 



Maternal ehromosomes 
Paternal ehromosomes 


Figure 29.2 Gamete variability 
resulting from independent assortment. 

During metaphase of meiosis I, the tetrads 
of homologous ehromosomes align 


independently of other tetrads. The large 
eireles depiet the possible alignments in a 


eaeh alignment. Some gametes eontain all 
maternal or all paternal ehromosomes; others 


mother eell having a diploid number of 6. The have various eombinations of maternal and 


small eireles shovv the gametes arising from 


paternal ehromosomes. 


and a reeessive allele by the lowercase form of the same letter (/). 
Dominant alleles are expressed, or make themselves cc known” 
when they are present in either single or double dose. For reees- 
sive alleles to be expressed, they must be present in double dose, 
that is, the homozygous eondition. Returning to our thumb ex- 
ample, a person whose genetie makeup includes either the gene 
pair JJ (the homozygous dominant eondition) or the gene pair Jj 
(the heterozygous eondition) will have double-jointed thumbs. 
The eombination jj (the homozygous reeessive eondition) is 
needed to produce tight thumb ligaments. 


Genotype and Phenotype 

A persons genetie makeup is referred to as his or her genotype 
(jen'o-tìp). The way that genotype is expressed in the body is 
ealled ones phenotype (fe'no-tìp). For example, the double- 
jointed eondition is the phenotype produced by a genotype of 

JJ or Jj. 



Check Your LPnderstanding 


1. When a genetieist orders a karyotype, vvhy are eells in 
metaphase studied instead of those in interphase? 

2. What term refers to ehromosomes other than our sex 
ehromosomes? 

3. Is an allele represented by a eapital letter presumed to be 
dominant or reeessive? 

4. Harold is homozygous for the dominant alleles HH, CC, and 
LL, and heterozygous for Bb and Kk. He is blond and blue- 
eyed and has a very hairy ehest. Which of these deseriptions 
refer to his phenotype? 

_ For ansvvers, see Appendix H. 


Sexual Soiirees 
of Genetie Variation 

Deseribe events that lead to genetie variability of gametes. 

Before we examine how genes interaet, let us eonsider why (with 
the possible exception of identieal siblings) eaeh of us is one of 
a kind, with a unique genotype and phenotype. This variability 
refleets three events that occur before we are even a twinkle in our 
parents eyes: independent assortment of ehromosomes, eross- 
over of homologues, and random fertilization of eggs by sperm. 


ehromosome Segregation 
and Independent Assortment 


As we deseribed in Chapter 27, eaeh pair of homologous ehro- 
mosomes synapses during meiosis I, forming a tetrad. This 
happens during both spermatogenesis and oogenesis. Because 
ehanee determines how the tetrads align (line up) on the meio- 
sis I metaphase spindle, maternal and paternal ehromosomes 
are randomly distributed to daughter nuclei. 

As illustrated in igure 29.2, this simple event leads to an 
amazing amount of variation in gametes. The eell in our exam- 
ple has a diploid number of 6, and so three tetrads form. As you 
ean see, the possible eombinations of alignments of the three 
tetrads result in eight gamete possibilities. Because the way eaeh 
tetrad aligns is random, and because many eells are undergoing 
meiosis simultaneously, eaeh alignment and eaeh type of gam- 
ete occurs with the same frequency as all others. 

Two important points about metaphase of meiosis I: (1) 
The two alleles determining eaeh trait are segregated, which 
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UNIT 5 Continuity 


Hair eolor Eye eolor 

genes genes 




Homologous ehromosomes synapse during prophase of 
meiosis I. Eaeh ehromosome eonsists of two sister ehromatids. 




ehiasma 



One ehromatid segment exchanges positions with a 
homologous ehromatid segment—in other words, erossing 
over occurs, forming a ehiasma. 





The ehromatids forming the ehiasma break, and the broken-off 
ends join their eorresponding homologues. 



Gamete 1 



Gamete 2 






Gamete 3 


H E Gamete 4 

At the conclusion of meiosis, eaeh haploid gamete has one 
of the four ehromosomes shown. Two of the ehromosomes 
are reeombinant (they earry new eombinations of genes). 


H Allele for brovvn hair 
h Allele for blond hair 
Paternal ehromosome 
Maternal ehromosome 


E Allele for brovvn eyes 
e Allele for blue eyes 

Homologous pair 


means that they are distributed to different gametes. Errors in 
this important proeess have been linked to eaneer progression, 
infertility, and Down syndrome. (2) Alleles on diíferent pairs 
of homologoiis ehromosomes are distributed independently of 
eaeh other. The net result is that eaeh gamete has a single allele 
for eaeh trait, and that allele represents only one of the four pos- 
sible parental alleles. 

The number of diíferent gamete types resulting from this inde- 
pendent assortment of homologues during meiosis I ean be calcu- 
lated for any genome from the formula 2 n , where n is the number 
of homologous pairs. In our example, 2 n = 2 3 (2 X 2 X 2), for a 
total of 8 different gamete types. 

Note that the mimber of gamete types inereases dramatieally 
as the ehromosome number inereases. A eell with six pairs of 
homologues would produce 2 6 , or 64, kinds of gametes. In a 
mans testes, the number of gamete types that ean be produced 
on the basis of independent assortment alone is 2 23 , or about 8.5 
million—an ineredible variety. The number of different gamete 
types produced simultaneously in a womans ovaries is substan- 
tially less because her ovaries eomplete at most 500 reduction 
divisions in her lifetime. Still, eaeh ovulated ooeyte will most 
likely be novel genetieally because of independent assortment. 

Crossover of Homologues 
and Gene Reeombination 

Additional gamete variation results from the erossing over and 
exchange of ehromosomal parts during meiosis I. Genes are ar- 
ranged linearly along a ehromosomes length, and genes on the 
same ehromosome are said to be linked because they are trans- 
mitted as a unit to daughter eells during mitosis. However, as we 
deseribed in Chapter 27, ehromosomes ean break and preeisely 
exchange gene segments with their homologous counterparts 
during meiosis. This exchange gives rise to reeombinant ehro- 
mosomes that have mixed contributions from eaeh parent. 

In the hypothetieal example shown in ígure 29.3, the genes 
for hair and eye eolor are linked. The paternal ehromosome eon- 
tains alleles eoding for blond hair and blue eyes, and the maternal 
alleles eode for brown hair and brown eyes. In the erossover, or 
ehiasma, shown, the break occurs between these linked genes, 
resulting in one gamete with alleles for blond hair and brown 
eyes and another with alleles for brown hair and blue eyes. As a 
result of the erossover, two of the four ehromatids present in the 
tetrad end up with a mixed set of alleles—some maternal and 
some paternal. This means that when the ehromatids segregate, 
eaeh gamete will reeeive a unique eombination of parental genes. 

Because humans have 23 tetrads, with erossovers going on in 
all of them during meiosis I, the variability resulting from this 
faetor alone is tremendous. 


Figure 29.3 Crossover and genetie reeombination. These 
meiosis I events inerease genetie variability in the gametes formed. 
For simplieity, only tvvo ehromatids are shovvn taking part in 
erossover. Multiple erossovers result in more complex patterns. 


Random Fertilization 

At any point in time, gametogenesis is turning out gametes with 
all variations possible from independent assortment and random 
erossovers. Fertilization compounds this variety because a single 
human egg will be fertilized by a single sperm on a totally hap- 
hazard, or random, basis. If we eonsider variation resulting only 
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from independent assortment and random fertilization, any off- 
spring represents one out of the elose to 72 trillion (8.5 million X 
8.5 million) zygotes possible. The additional variation introduced 
by erossovers inereases this number exponentially. Perhaps now 
you ean understand why brothers and sisters are so diíferent, and 
marvel at how they ean also be so alike in many ways. 



Check Your IJnderstanding 


5. We said that genetie variability is introduced by independent 
assortment. Just vvhat is assorting independently? 

6. Hovv does erossover inerease genetie variability? 

_ For ansvvers, see Appendix H. 


Types of inheritanee 

A few human phenotypes ean be traeed to a single gene pair (as 
we will deseribe shortly), but most such traits are very limited 
in nature, or refleet variation in a single enzyme. Most human 
traits are determined by multiple alleles or by the interaetion of 
several gene pairs. 

Dominant-Reeessive inheritanee 


Tt jfemale 


Tt )male 


Heterozygous 
female forms 
two types 


of gametes 


Possible 
eombinations 
in offspring 


Heterozygous 
male forms 
two types 


of gametes 



✓ Compare and eontrast dominant-reeessive inheritanee with 

ineomplete dominanee and eodominanee. 

Dominant-reeessive inheritanee refleets the interaetion of 
dominant and reeessive alleles. A simple diagram, ealled the 
Punnett square, is used to figure out, for a single trait, the possi- 
ble gene eombinations that would result from the mating of par- 
ents of known genotypes Figure 29.4). In the example shown, 
both parents ean roll their tongue into a U because both are 
heterozygous for the dominant allele (T) that eonfers this ability. 
In other words, eaeh parent has the genotype Tt. The alleles of 
one parent are written along one side of the Punnett square, and 
the alleles for the other parent are shown along an adjaeent side. 
The alleles are then eombined down and aeross to determine 
the possible gene eombinations (genotypes) and their expected 
frequency in the offspring of these two parents. 

As the eompleted Punnett square shows, the probability of 
these parents producing a homozygous dominant ehild (TT) is 
25% (1 out of 4); of producing a heterozygous ehild (Tf), 50% (2 
out of 4); and of producing a homozygous reeessive ehild, 25% 
(1 out of 4). The TT and Tt offspring will be tongue rollers. Only 
the tt offspring will not be able to roll their tongues. 

The Punnett square prediets only the probability of a particular 
genotype (and phenotype). The larger the number of offspring, 
the greater the likelihood that the ratios will eonform to the pre- 
dieted values—just as the ehanees of getting heads half the time 
and tails half the time inerease with the number of tosses of a 
eoin. If we toss only twice, we may well get heads both times. 
Likewise, if the couple in our example had only two ehildren, it 
would not be surprising if both ehildren had the genotype Tt. 

What are the ehanees of having two ehildren of the same ge- 
notype? To determine the probability of two events happening 
in succession, we must multiply the probabilities of the separate 


Figure 29.4 Genotype and phenotype probabilities resulting 
from a mating of two heterozygous parents. The Punnett 
square shows all possible eombinations of a set of alleles in the 
zygote. In this example, the T allele is dominant and determines 
tongue-rolling ability; the tallele is reeessive. 


events happening. The probability of getting heads in one eoin 
toss is 1/2, so the probability of getting two heads in a row is 1/2 
X 1/2 = 1/4. Remember that the production of eaeh ehild, like 
eaeh eoin toss in a series, is an independent event that does not 
influence the production of any other ehild by the same couple. 
If you get heads on the first toss, the ehanee of getting heads the 
seeond time is still 1/2. Likewise, if our couples first ehild is a tt, 
they still have a 1/4 ehanee of getting a tt the next time. 


DominantTraits 


Human traits dietated by dominant alleles include widows 
peaks, dimples, and freekles. 

Disorders caused by dominant genes are uncommon because 
lethal dominant genes are almost always expressed and result in 
the death of the embryo, fetus, or ehild. However, in some domi- 
nant disorders the person is less impaired or at least survives long 
enough to reproduce. One example is Hantingtons disease , a fatal 
nervous system disease involving degeneration of the basal nu- 
elei. It involves a delayed-aetion gene that is expressed when the 
affeeted individual is about 40. Offspring of a parent with Hunt- 
ingtons disease have a 50% ehanee of inheriting the lethal gene. 
(The parent is heterozygous, because the dominant homozygous 
eondition is lethal to the fetus.) Many informed offspring of such 
parents are opting not to beeome parents themselves. 

These and some other dominant gene-determined traits are 
listed in Table 29.1. 
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UNIT 5 Continuity 


Table 29.1 Traits Determined by Simple 

Dominant-Reeessive inheritanee 


PHENOTYPE DUE TO EXPRESSION OF: 
DOMINANT GENES (ZZ OR Zz) RECESSIVE GENES (zz) 


Tongue roller 

Astigmatism 

Freekles 

Dimples in eheeks 

PTC* taster 

Widow's peak 

Double-jointed thumb 

Syndaetyly (webbed digits) 

Aehondroplasia (heterozygous: 
dwarfism; homozygous: lethal) 

Huntington's disease 

Normal skin pigmentation 
Absenee of Tay-Saehs disease 
Absenee of eystie fibrosis 


Inability to roll tongue into 
a U shape 

Normal vision 

Absenee of freekles 

Absenee of dimples 

PTC nontaster 

Straight hairline 

Tight thumb ligaments 

Normal digits 

Normal endoehondral 
ossifieation 

Absenee of Huntington's 
disease 

Albinism 

Tay-Saehs disease 

Cystic fibrosis 


*PTC is phenylthioearbamide, a harmless bitter ehemieal. 


Table 29.2 

ABO Blood Groups 



BLOOD GROLIP 
(PHENOTYPE) 

FREQUENCY (% OF U.S. POPULATION) 

GENOTYPE 

VVHITE 

BLACK 

ASIAN 

0 

a m 

ii 

45 

49 

40 

A 

/ A / A or / A / 

40 

27 

28 

B 

l B l B or Pi 

11 

20 

27 

AB 

/ A /B 

4 

4 

5 


oxygen levels are low, causing the erythroeytes to assume a 
siekle shape (see Figure 17.8b, p. 639). Individuals with a dou- 
ble dose of the siekling allele (ss) have siekle-eell anemia, and 
any eondition that lowers their blood oxygen level, such as 
respiratory diíhculty or excessive exercise, ean preeipitate a 
siekle-eell erisis. The deformed erythroeytes jam up and frag- 
ment in small eapillaries, causing intense pain. 

Individuals heterozygous for the siekling gene (Ss) have 
siekle-eell trait. They make both normal and siekling hemo- 
globin, and as a rule, these individuals are healthy. However, 
they ean suífer a erisis if there is prolonged reduction in blood 
oxygen levels, as might happen when traveling in high-altitude 
areas, and they ean transmit the siekling gene to their oífspring. 


ReeessiveTraits 


Some examples of reeessive inheritanee are the more desirable 
genetie eondition. For example, normal vision is dietated by 
reeessive alleles, whereas astigmatism is preseribed by domi- 
nant alleles. However, many if not most genetie disorders are 
inherited as simple reeessive traits. These include eonditions as 
different as albinism (laek of skin pigmentation); eystie fibrosis, 
a eondition of excessively thiek mucus production that impairs 
lung and panereatie hmetioning; and Tay-Saehs disease , a disor- 
der of brain lipid metabolism, caused by an enzyme defieit that 
shows itself a few months after birth. 

Reeessive genetie disorders are more frequent than those 
caused by dominant alleles because those who earry a single re- 
eessive allele for a reeessive genetie disorder do not themselves 
express the disease. However, they ean pass the gene on to off- 

I spring and so are ealled earriers of the disorder. Conversely, as 
we explained above, few individuals with dominant genetie dis- 
orders get a ehanee to pass on the detrimental gene. 



ineomplete Dominanee 


I ln dominant-reeessive inheritanee, one allele variant eompletely 
masks the other. Some traits, however, exhibit ineomplete 
dominanee. In such instanees, the heterozygote has a pheno- 
type intermediate between those of homozygous dominant and 
homozygous reeessive individuals. ineomplete dominanee is 
uncommon in humans. 

Perhaps the best human example is inheritanee of the siek- 
ling gene (s), which causes a substitution of one amino aeid 
in the beta ehain of hemoglobin. Hemoglobin molecules 
eontaining the abnormal beta ehains erystallize when blood 


Mnltiple-Allele inherifanee 

Although we inherit only two alleles for eaeh gene, some genes ex- 
hibit more than two allele forms, leading to a phenomenon ealled 
multiple-allele inheritanee. For example, three alleles determine 
the ABO blood types in humans: / A , / B , and i. Eaeh of us reeeives 
two of these. The / A and / B alleles are eodominant , and both are 
expressed when present, resulting in the AB blood type. The i al- 
lele is reeessive to the other two. Genotypes determining the four 
possible ABO blood groups are shown in íable 29.2. 



Check Your IJnderstanding 


7. Why are there so fevv genetie disorders caused by dominant 
genes? 

8 . Hovv does ineomplete dominanee differ from eodominanee? 

_ For ansvvers, see Appendix H. 


Sex-Linked inherítanee 

Deseribe the meehanism of sex-linked inheritanee. 

Inherited traits determined by genes on the sex ehromosomes are 
said to be sex-linked. The X and Y sex ehromosomes are not ho- 
mologous in the tme sense. The Y, which eontains the gene (or 
genes) that determines maleness, is much smaller than the X ehro- 
mosome i< ure 29.5] . The X bears over 2500 genes, and a dis- 
proportionately large number of them eode for proteins important 
to brain fiinetion. Because the Y earries only 78 genes as of the last 
count, it laeks many of the genes present on the X. For example, 
genes eoding for eertain elotting faetors, eone pigments, and even 
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X ehromosome 


Y ehromosome 


Figure 29.5 Human sex ehromosomes (14,100x) 


testosterone reeeptors are present on X but not on Y. A gene found 
only on the X ehromosome is said to be X-linked. 

Only relatively short regions at either end of the Y ehromo- 
some (eorresponding to about 5% of the Ys DNA) eode for 
nonsexual eharaeteristies eorresponding to those on the X. 
Those regions are the only areas that ean partieipate in eross- 
overs with the X. 

When a male inherits an X-linked reeessive allele—for ex- 
ample, for hemophilia or for red-green eolor blindness—its 
expression is never masked or damped, because there is no 
eorresponding allele on his Y ehromosome. Consequently, the 
reeessive gene is always expressed, even when present only in 
single dose. In eontrast, females must have two X-linked reees- 
sive alleles to express such a disorder, and as a result, very few 
females exhibit any X-linked eonditions. 

X-linked traits are typieally passed from mother to son, 
never from father to son, because males reeeive no X ehromo- 
some from their father. Of course, the mother ean also pass the 
reeessive allele to her daughter, but unless the daughter reeeives 
another such allele from her father, she will not express the trait. 

Polygene inheritanee 

✓ Explain how polygene ìnheritanee differs from that 

resulting from the aetion of a single pair of alleles. 

So far, we have eonsidered only traits inherited by meehanisms 
of elassieal Mendelian geneties, which are fairly easy to under- 
stand, and such traits typieally have two, or perhaps three, alter- 
nate forms. However, many phenotypes depend on several gene 
pairs at different loeations aeting in tandem. Such polygene 
inheritanee results in continuous, or quantitative , phenotypie 
variation between two extremes and explains many human 
eharaeteristies. Examples of polygene traits in humans include 
skin eolor, height, metabolie rate, and intelligenee. 

Skin eolor, for instanee, is eontrolled by three separately inher- 
ited genes, eaeh existing in two allelie forms: A, a; B, b; C, e. The A, 


Parents 




aabbee 

(very light) 


AABBCC 

(very dark) 


First-generation 

offspring 




AaBbCc 


c 20/64 

o 

c3 


3 

O. 

o 


a 15/64 













1/64 6/64 15/64 20/64 15/64 6/64 1/64 


Figure 29.6 Simplified model for polygene inheritanee of 
skin eolor based on three gene pairs. Alleles for dark skin are 
ineompletely dominant over those for light skin. Eaeh dominant 
gene (A, B, Q contributes 1 "unit" of darkness (indieated by a dark 
dot) to the phenotypes. 

Here the parents are homozygotes at opposite ends of the 
phenotype range. Eaeh ehild inherits 3 "units" of darkness (is a 
heterozygote) and has intermediate pigmentation. When they grow 
up, if they mate with people with the same alleles, their offspring 
(seeond generation) may have a wide variation in pigmentation, as 
shown by the plotted distribution of skin eolors. 


B, and C alleles eonfer dark skin pigment, and their effeets are ad- 
ditive. The a, b, and e alleles eonfer pale skin tone. An individual 
with an AABBCC genotype would be about as dark-skinned as a 
human ean get, while an aabbee person would be very fair. How- 
ever, when individuals heterozygous for at least one of these gene 
pairs mate, a broad range of pigmentation is possible in their off- 
spring. Such polygene inheritanee results in a distribution of ge- 
notypes and phenotypes that, when plotted, yields a bell-shaped 
curve (Figure 29.6). 



Check Your IJnderstanding 


9. Why does a male always express an X-linked reeessive allele? 
10. How ean you explain why parents of average height ean 
produce very tall or very short offspring? 

_ For ansvvers, see Appendix H. 
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UNIT 5 Continuity 


Environmental Faetors 
in Gene Expression 

✓ Provide examples illustrating how gene expression may be 

modified by environmental faetors. 

In many situations environmental faetors override or at least influ- 
enee gene expression. Our genotype (discounting mutations) is as 
unchanging as the Roek of Gibraltar, but our phenotype is more 
like elay. If this were not the ease, we would never get a tan, women 
bodybuilders would never be able to develop bulging muscles, and 
there would be no hope for treating genetie disorders. 

Sometimes, such maternal faetors as dmgs or pathogens alter 
normal gene expression during embryonie development. Take, 
for example, the ease of the “thalidomide babies” (discussed on 
p. 1083). As a result of their mothers taking that sedative, the em- 
bryos developed phenotypes (flipperlike appendages) not direeted 
by their genes. Such environmentally produced phenotypes that 
mimie eonditions that may be caused by genetie mutations (per- 
manent transmissible ehanges in the DNA) are ealled phenoeopies. 

Equally signifieant are environmental faetors that may influ- 
enee genetie expression after birth, such as the effeet of poor 
infant nutrition on brain growth, general body development, 
and height. In this way, a person with “tall genes” ean be stunted 
by insufficient nutrition. Furthermore, part of a genes environ- 
ment eonsists of the influence of other genes. For example, hor- 
monal defieits during ehildhood ean lead to abnormal skeletal 
growth and proportions, as in eretinism, a type of dwarfism 
resulting from hypothyroidism. 


Sinee the 1960s, seientists have been finding seeond and 
third layers of information important in direeting development 
elsewhere—in the noneoding DNA and even totally outside the 
DNA sequences. So what are these other regulatory systems? 

Small RNAs 

The seeond layer appears to be the product of the abundant 
“RNA-only genes,” formerly believed to be “junk,” that are found 
in the vast oeeans of non-protein-eoding DNA. They form 
a parallel regulatory system that generates single-stranded 
mieroRNAs (miRNAs) and short interfering RNAs (siRNAs) (see 
p. 105). These small RNA molecules are “eontrol freaks” that ean 
aet direetly on DNA, other RNAs, or proteins. They also ean tame 
or inaetivate aggressive (jumping) genes, ealled transposons , that 
tend to replieate themselves and then insert the eopies into distant 
DNA sites, disabling or hyperaetivating those genes. 

Small RNAs eontrol timing of programmed eell death during 
development and ean also prevent translation of another gene. Mu- 
tations in these RNA-only areas have already been linked to several 
eonditions including prostate and lung eaneers and sehizophrenia. 

It takes relatively few genes to build a human being. Our 
complexity is the result of the small RNAs that eontrol the ex- 
pression of genes espeeially during growth and differentiation. 
Nucleotide sequences of these RNA-speeifying DNA areas are 
now worked out and bioehemieal eompanies are investing heav- 
ily in gene therapy researeh. They are espeeially hot on synthe- 
sizing RNA-interfering dmgs to silenee or shut down particular 
genes to treat age-related macular degeneration, Parkinsons 
disease, eaneer, and a host of other disorders. 



Check Your Llnderstanding' 


11. Which of the following faetors may alter gene expression? 
Other genes, measles in a pregnant woman, laek of key 
nutrients in the diet. 


For ansvvers, see Appendix H. 


Nontraditional inheritanee 
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Mendels writings underlie mainstream thinking about heredity, 
but some genetie outcomes do not fit his mles. Among these non- 
traditional types of inheritanee are influences due to RNA-only 
genes, to ehemieal groups attaehed to DNA or histone proteins, 
and to extranuclear inheritanee eonferred by mitoehondrial DNA. 

Beyond DNA: 

Regiilation of Gene Expression 

✓ Deseribe how RNA-only genes and epigenetie marks affeet 
gene expression. 

Our genome is a bioehemieal system of awesome complexity, 
with three basie levels of eontrols. The protein-eoding genes 
that we have been deseribing to this point only make up the first 
level and account for less than 2% of the DNA of a human eell. 
This is the part of the genome traditionally eonsidered to be a 
“blueprint” for protein structure. 


Epigenetie Marks 

Epigenetie marks form the third layer of gene eontrols. This 
continually ehanging information is stored in the proteins and 
ehemieal groups that bind to the DNA and in the way ehro- 
matin is paekaged in the eell. Within eells, ehemieal tags such 
as methyl and aeetyl groups bound to DNA segments and to 
histones determine whether the DNA is available for transerip- 
tion (aeetylation) or sileneed (methylation). Epigenetie marks 
also account for the inaetivation (by methylation) of one of the 
females X ehromosomes in the early embryo. 

Epigenetie marks or laek of them may predispose a eell for 
transformation from normal to cancerous, and even slight de- 
viations in the epigenetie marks on speeifie ehromosomes ean 
result in devastating human illness. 

Epigenetie marks also underlie the phenomenon ealled ge- 
nomie imprinting. For most genes, the maternal and paternal 
genes turn on or off at the same time. This balanee is upset dur- 
ing gametogenesis when eertain genes in both sperm and eggs 
are modified by the addition of a methyl (—CH 3 ) group, a pro- 
eess ealled genomie imprinting. Genomie imprinting some- 
how tags the genes as paternal or maternal and eonfers 
important fimetional differenees in the embryo. The developing 
embryo “reads” these tags, and then either expresses the moth- 
er s gene while the father s version remains idle or viee versa. In 
eaeh generation, the old imprints are “erased” when new gam- 
etes are produced and all the ehromosomes are newly imprinted 
aeeording to the sex of the parents. 
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Mutations of imprinted genes may lead to pathology. For 
example, vietims of Prader-Willi syndrome are mildly to mod- 
erately retarded, short, and grossly obese. Children with Angel- 
man syndrome are severely retarded, unable to speak eoherently, 
laugh uncontrollably, and exhibit jerky, lurching movements as 
if tied to a puppeteer s strings. The symptoms of these two dis- 
orders are very diíferent, but the genetie cause is the same— 
deletion of a particular region of ehromosome 15. If the defee- 
tive ehromosome eomes from the father, the result is Prader- 
Willi syndrome; the mothers defeetive ehromosome eonfers 
Angelman syndrome. Thus, it seems that the same allele ean 
have diíferent effeets depending on which parent it eomes from. 

In short, protein-eoding genes are not the only instmetions 
to which eells refer. RNA matters, and so do the tiny ehemieal 
tags that attaeh to the ehromatin. 


Extranuclear (Mitoehondrial) inheritanee 

✓ Deseribe the basis of extranuclear (mitoehondria-based) 
genetie disorders. 


Although we have focused on the ehromosomal basis of inheri- 
tanee, remember that not all genes are in the eells nucleus. 
Some 37 genes (referred to as mtDNA) are in mitoehondria. 
Mitoehondrial genes are transmitted to the offspring almost ex- 
clusively by the mother because the ovum donates essentially all 
the eytoplasm in the fertilized egg. Additionally, sperm mito- 
ehondrial DNA is seleetively destroyed by elimination faetors in 
both the sperm and egg. 

A growing list of disorders, all rare, is now being linked to 
errors (mutations) in mitoehondrial genes. Most involve prob- 
lems with oxidative phosphorylation within the mitoehondria, 
but a few lead to unusual degenerative muscle disorders or neu- 
rologieal problems. Some researehers suggest that Alzheimer s 
and Parkinsons disease may be among them. 



Check Your IJnderstanding 


12. What proeess labels genes as paternal or maternal? 

13. What is the source of the genes that eonfer extranuclear 
inheritanee? 

_ For ansvvers, see Appendix H. 


Genetie Seieening Counseling 

andTherapy 

List and explain several techniques used to determine or 
prediet genetie diseases. 

Deseribe briefly some approaehes of gene therapy. 

Genetie sereening and genetie counseling provide information and 
options for prospeetive parents not even dreamed of 100 years 
ago. Newborn infants are routinely sereened for a number of an- 
atomieal disorders (eongenital hip dysplasia, imperforate anus, 
and others), and testing for phenylketonuria (PKU) and other 
metabolie diseases is mandated by law in many states. These tests 


alert the new parents that treatment is neeessary to ensure the 
well-being of their infant. Anatomieal defeets are usually treated 
surgically, and PKU is managed by striet dietary measures that 
exclude most phenylalanine-eontaining foods. 

Adult ehildren of parents with Huntingtons disease are obvi- 
ous eandidates for these serviees, but many other genetie eondi- 
tions also plaee babies at risk. For example, a woman pregnant at 
age 35 may wish to know if her baby has trisomy-21, or Down 
syndrome (see Related Ginieal Terms, p. 1107), a ehromosome 
abnormality with a high ineidenee in ehildren of older mothers. 

Depending on the eondition being investigated, sereening 
ean occur before eoneeption by earrier reeognition, or during 
fetal testing. 


Garrier Reeognition 

There are two major avemies for identifying earriers of detri- 
mental genes: pedigrees and blood tests. A pedigree traees a 
genetie trait through several generations and helps prediet the 
future. For prospeetive parents, a genetie counselor eolleets phe- 
notype information on as many family members as possible and 
uses it to eonstmet the pedigree (often ealled the family tree). By 
working backward from current individuals and applying the 
mles of dominant-reeessive inheritanee, a counselor ean deduce 
the genotypes of the parents and figure out the genotypes of the 
other individuals in their parents’ generation. 

Simple blood tests are used to sereen for the siekling gene in 
heterozygotes, and sophistieated blood ehemistry tests and DNA 
probes ean deteet the presenee of other unexpressed reeessive 
genes. At present, earriers of the Tay-Saehs and eystie fibrosis 
genes ean be identified with such tests. 


FetalTesting 


Fetal testing is used when there is a known risk of a genetie dis- 
order. The most eommon type of fetal testing is amnioeentesis 
(am"ne-o-sen-te'sis), in which a wide-bore needle is inserted 
into the amniotie sae through the mother s abdominal wall, and 
about 10 ml of fluid is withdrawn Figure 29.7a' . Because there 
is a ehanee of injuring the fetus before ample amniotie fluid is 
present, this procedure is not normally done before the 14th 
week of pregnaney. Using ultrasound to visualize the position of 
the fetus and the amniotie sae has dramatieally reduced the risk 
of this procedure. 

The fluid is eheeked for enzymes and other ehemieals that 
serve as markers for speeifie diseases, but most tests are done 
on the sloughed-off fetal eells in the fluid. These eells are cul- 
tured in laboratory dishes over a period of several weeks. Then 
the eells are examined for DNA markers of genetie disease 
and karyotyped to eheek for ehromosomal abnormalities (see 
Figure 29.1). 

Chorionic villus sampling (CVS) suctions off bits of the 
ehorionie villi from the plaeenta for examination (Figure 29.7b). 
A small tube is inserted through the vagina and eervieal eanal 
and guided by ultrasound to an area where a pieee of plaeental 
tissue ean be removed. CVS allows testing at 8 weeks but waiting 
until after the lOth week is usually reeommended. Karyotyping 
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UNIT 5 Continuity 


(a) Amnioeentesis 


(b) Chorionic villus sampling (CVS) 


Amniotie 

fluid 


Fetus 


Plaeenta 



® Asample of 
amniotie fluid ean 
be taken starting at 
the 14th to 16th 
week of pregnaney. 


Centrifugation 



® A sample of 
ehorionie villus tissue 
ean be taken as early as 
the 8th to lOth week of 
pregnaney. 


Fetus 


Uterus 


Plaeenta 


Chorionic villi 


© Bioehemieal tests (tests 


for genetie disorders) ean 
be performed immediately 
on the amniotie fluid or 
later on the cultured eells. 


Fetal 

eells 



Fetal 

eells 


Suction tube 
inserted through 
cervix 





Bioehemieal 

tests 


® Fetal eells must be 
cultured for several weeks 
to obtain sufficient 
numbers for karyotyping 
(testing for ehromosomal 
disorders). 



và> 


©) Karyotyping and bioehemieal 
tests ean be performed on the 
fetal eells immediately, providing 
results within a day or so. 


Several 

vveeks 




Several 

hours 







Karyotyping of 

ehromosomes 
of cultured eells 


gure 29. Fetal testing—amnioeentesis and ehorionie villus sampling. 
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ean be done almost immediately on the rapidly dividing ehori- 
onie eells, much earlier than in amnioeentesis. 

Both of these procedures are invasive, and they earry with 
them an inherent risk to both fetus and mother. (For example, 
inereased fetal risk of finger and toe defeets is linked to CVS.) 
These tests are routinely ordered for pregnant women over 35 
(because of the higher risk of Down syndrome), but they are 
performed on younger women when the probability of finding 
a severe fetal disorder is greater than the probability of doing 
harm during the procedure. If a serious genetie or eongenital 
defeet is deteeted in the developing fetus, the parents must de- 
eide whether or not to continue the pregnaney. 


Human GeneTherapy 

As indieated earlier, the Human Genome Projeet has opened 
an exciting world to seientists investigating gene expression. 


Advanees in diagnosing human genetie diseases have been fol- 
lowed quickly by new applieations of “gene therapy ’ to allevi- 
ate or even cure the disorders, particularly in eases traeed to 
a single defeetive gene or protein. Indeed, genetie engineering 
has the potential to replaee a defeetive gene with a normal 
version. 

One approaeh (used successfully in treatment of severe eom- 
bined immunodeficiency disorders) is to “infeef ’ the defeetive 
eells with a vims into which a fimetional gene has been inserted. 
Another is to injeet the “eorreeted” DNA direetly into the pa- 
tients eells. Such therapies have had mixed results in treating 
eystie fibrosis and muscular dystrophy. However, genetie en- 
gineering proeesses are prohibitively expensive and raise some 
thorny ethieal, religious, and soeietal questions: Who will pay? 
Who determines who will be treated with the new therapies? 
Are we playing God? 
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Check Your IJnderstanding 


14. Which fetal testing procedure depends on analyzing amniotie 
fluid? 

15. What noninvasive imaging procedure is used to determine 
some aspeets of fetal development? (You many vvant to 
check/\ Closer Look in ehapter 1, pp. 16-17, forthis.) 

_ For ansvvers, see Appendix H. 


In this ehapter, we have explored some of the basie prineiples 
of geneties, the manner in which genes are expressed, and the 
means by which gene expression ean be modified. Consider- 
ing the preeision required to make perfeet eopies of genes and 
ehromosomes, and the ineredible meehanieal events of meiotie 
division, it is amazing that genetie defeets are as rare as they are. 
Perhaps, after reading this ehapter, you have a greater sense of 
wonder that you turned out as well as you did. 


Chapter Summary 




For more ehapter study tools, go to the Study Area 
of MasteringA&P at www.masteringaandp.com. 

There you will find: 

■ interaetive Physiology ÌP 

■ A&PFIix A&PFIix 

■ Praetiee Anatomy Lab PÁL 


PEx 


■ Videos, Praetiee Quizzes and Tests, MP3 Tutor Sessions, 

Case Studies, and much more! 

1. Geneties is the study of heredity and meehanisms of gene 
transmission. 

The Vocabulary of Geneties (pp. 1096-1097) 

1. A eomplete diploid set of ehromosomes is ealled the karyotype of an 
organism; the eomplete genetie eomplement is the genome. A persons 
genome eonsists of two sets of instmetions, one from eaeh parent. 

Gene Pairs (Alleles) (pp. 1096-1097) 

2. Genes eoding for the same trait and found at the same locus on 
homologous ehromosomes are ealled alleles. 

3. Alleles may be the same or different in expression. When the 
allele pair is identieal, the person is homozygous for that trait; 
when the alleles differ, the person is heterozygous. 

Genotype and Phenotype (p. 1097) 

4. The actual genetie makeup of eells is the genotype; phenotype is 
the manner in which those genes are expressed. 

Sexual Sources of Genetie Variation (pp. 1097-1099) 

ehromosome Segregation and Independent Assortment 

(pp. 1097-1098) 

1. During meiosis I of gametogenesis, tetrads align randomly on 
the metaphase plate, and ehromatids are randomly distributed to 
the daughter eells. This is ealled independent assortment of the 
homologues. Eaeh gamete reeeives only one allele of eaeh gene pair. 

2. Eaeh different metaphase I alignment produces a different assortment 
of parental ehromosomes in the gametes, and all eombinations of 
maternal and paternal ehromosomes are equally possible. 

Crossover of Homologues and Gene Reeombination (p. 1098) 

3. During meiosis I, all four ehromatids of eaeh tetrad eross over at 
one or more points and exchange eorresponding gene segments. 
The reeombinant ehromosomes eontain new gene eombinations, 
adding to the variability arising from independent assortment. 


Random Fertilization (pp. 1098-1099) 

4. The third source of genetie variation is random fertilization of 
eggs by sperm. 

Types of inheritanee (pp. 1099-1101) 

Dominant-Reeessive inheritanee (pp. 1099-1100) 

1. Dominant genes are expressed when present in single or double 
dose; reeessive genes must be present in double dose to be 
expressed. 

2. For traits following the dominant-reeessive pattern, the laws of 
probability prediet the outcome of a large nrnnber of matings. 

3. Genetie disorders more often refleet the homozygous reeessive 
eondition than the homozygous dominant or heterozygous 
eondition because dominant genes are expressed and, if they are 
lethal genes, the pregnaney usually results in misearriage. Genetie 
disorders caused by dominant alleles include aehondroplasia and 
EEmtingtons disease; reeessive disorders include eystie fibrosis 
and Tay-Saehs disease. 

4. Carriers are heterozygotes who earry a deleterious reeessive gene 
(but do not express the trait) and have the potential of passing it 
on to offspring. 

ineomplete Dominanee (p. 1100) 

5. In ineomplete dominanee, the heterozygote exhibits a phenotype 
intermediate between those of the homozygous dominant and 
reeessive individuals. inheritanee of siekle-eell trait is an example 
of ineomplete dominanee. 

Multiple-Allele inheritanee (p. 1100) 

6. Multiple-allele inheritanee involves genes that exist in more 
than two allelie forms in a population. Only two of the alleles are 
inherited, but on a random basis. inheritanee of ABO blood types 
is an example of multiple-allele inheritanee in which the I A and I B 
alleles are eodominant. 

Sex-Linked inheritanee (pp. 1100-1101) 

7. Traits determined by genes on the X and Y ehromosomes are 
said to be sex-linked. The small Y ehromosome laeks most genes 
present on the X ehromosome. Reeessive genes loeated only 

on the X ehromosome are expressed in single dose in males. 
Examples of such X-linked eonditions, passed from mother to 
son, include hemophilia and red-green eolor blindness. 

Polygene inheritanee (p. 1101) 

8. Polygene inheritanee occurs when several gene pairs interaet to 
produce phenotypes that vary quantitatively over a broad range. 
Height, intelligenee, and skin pigmentation are examples. 
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Environmental Faetors ín Gene Expression 

(p. 1102) 

1. Environmental faetors may influence the expression of genotype. 

2. Maternal faetors that eross the plaeenta may alter expression of 
fetal genes. Environmentally provoked phenotypes that mimie 
genetieally determined ones are ealled phenoeopies. Nutritional 
defieits or hormonal imbalanees may alter antieipated growth and 
development during ehildhood. 

Nontraditional inheritanee (pp. 1102-1103) 

Beyond DNA: Regulation of Gene Expression (pp. 1102-1103) 

1. Control of gene expression occurs at three levels: protein-eoding 
genes, RNA-only genes, and epigenetie marks. The latter two 
account for many eases of inherited disease that fail to follow 
traditional geneties. 

2. The products of the RNA-only genes (siRNA and miRNA) may 
silenee genes or prevent their expression and appear to play a role 
in direeting apoptosis during development. 

3. Epigenetie marks involve attaehment of small ehemieal groups 
(methyl or aeetyl) to DNA or histone proteins. In general, 
methylation prevents aeeess to the DNA whereas aeetylation 
provides aeeess to the DNA. Genomie imprinting, which involves 
methylation of eertain genes during gametogenesis, eonfers 
diíferent effeets and phenotypes on maternal and paternal genes. 

It is reversible, and occurs anew eaeh generation. 

Extranuclear (Mitoehondrial) inheritanee (p. 1103) 

4. Cytoplasmic (mitoehondrial) genes pass to offspring via the 
ovum and help to determine eertain eharaeteristies. Deletions 


or mutations in mitoehondrial genes are responsible for some 
problems with oxidative phosphorylation and some rare genetie 
diseases. 

Genetie Sereening, Counselíng, and Therapy 

(pp.1103-1105) 

Carrier Reeognition (p. 1103) 

1. The likelihood of an individual earrying a deleterious reeessive 
gene may be assessed by eonstmeting a pedigree. Some of 
these genes ean be deduced by various blood tests and DNA 
probes. 

Fetal Testing (pp. 1103-1104) 

2. Amnioeentesis is fetal testing based on aspirated samples of 
amniotie fhfid. Fetal eells in the fluid are cultured for several 
weeks, then examined for ehromosomal defeets (karyotyped) or 
for DNA markers of genetie disease. Amnioeentesis eannot be 
performed until the 14th week of pregnaney. 

3. Chorionic villus sampling is fetal testing based on a sample of the 
ehorion. This tissue is rapidly mitotie, so karyotyping ean be done 
almost immediately. Samples may be obtained by the 8th week. 

Human Gene Therapy (pp. 1104-1105) 

4. The Ehiman Genome Projeet has allowed researeh on diagnosis 
of genetie disease and on its treatment to surge forward. Thus far, 
gene therapy has been particularly useful for eorreeting single- 
gene disorders. The most eommon approaeh involves transferring 
a eorreeted gene via a vims to the affeeted eells to restore normal 
fimetion. 


Review Questions 


Multiple Choice/Matching 

(Some questions have more than one eorreet answer. Seleet the best 
answer or answers from the ehoiees given.) 


1. Mateh one of the following terms (a-i) with eaeh of the 


deseriptions below: 

Key: (a) alleles 

(b) autosomes 
(e) dominant allele 

(d) genotype 

(e) heterozygote 

_(1) genetie makeup 


(f) homozygote 

(g) phenotype 

(h) reeessive allele 

(i) sex ehromosomes 


_(2) how genetie makeup is expressed 

_(3) ehromosomes that dietate most body eharaeteristies 

_(4) alternate forms of the same gene 

_(5) an individual bearing two alleles that are the same for a 

particular trait 

_(6) an allele that is expressed whether in single or double 

dose 

_(7) an individual bearing two alleles that differ for a 

particular trait 

_(8) an allele that must be present in double dose to be 

expressed 

2. Mateh the following types of inheritanee (a-f) with the 
deseriptions below: 

Key: (a) dominant-reeessive (d) polygene 

(b) ineomplete dominanee (e) sex-linked 


(e) multiple-allele 


(f) extranuclear 


_(1) only sons show the trait 

_(2) homozygotes and heterozygotes have the same 

phenotype 

_(3) heterozygotes exhibit a phenotype intermediate 

between those of the homozygotes 

_(4) phenotypes of offspring may be more varied than those 

of the parents 

_(5) inheritanee of ABO blood types 

_(6) inheritanee of stature 

_(7) refleets aetivity of mitoehondrial DNA 

Short Answer Essay Questions 

3. Deseribe the important meehanisms that lead to genetie 
variations in gametes. 

4. The ability to taste PTC (phenylthioearbamide) depends on the 
presenee of a dominant gene T; nontasters are homozygous for the 
reeessive gene t. This is a situation of elassieal dominant-reeessive 
inheritanee. (a) Consider a mating between heterozygous parents 
producing three offspring. What proportion of the offspring are 
likely to be tasters? What is the ehanee that all three offspring will 
be tasters? Nontasters? What is the ehanee that two will be tasters 
and one will be a nontaster? (b) Consider a mating between Tt and 
tt parents. What is the antieipated pereentage of tasters? Nontasters? 
What proportion ean be expected to be homozygous reeessive? 
Heterozygous? Homozygous dominant? 

5. Most albino ehildren are born to normally pigmented parents. 
Albinos are homozygous for the reeessive gene (aa). What ean 
you conclude about the genotypes of the nonalbino parents? 
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6. A woman with blood type A has two ehildren. One has type O 
blood and the other has type B blood. What is the genotype of 
the mother? What are the genotype and phenotype of the father? 
What is the genotype of eaeh ehild? 

7. In skin eolor inheritanee, what will be the relative range of 
pigmentation in oífspring arising from the following parental 
matehes? (a) AABBCC X aabbee , (b) AABBCC X AaBbCc, 

(e) Aabbee X aabbee. 

8. Oompare and eontrast amnioeentesis and ehorionie villus sampling 
as to the time at which they ean be performed and the techniques 
used to obtain information on the fetuss genetie status. 

Cì Oitieal Thinking 

and Oinieal Applieation 
Questions 

1. A eolor-blind man marries a woman with normal vision. The 
womans father was also eolor-blind. (a) What is the ehanee that 
their fìrst ehild will be a eolor-blind son? A eolor-blind daughter? 
(b) If they have four ehildren, what is the ehanee that two will be 
eolor-blind sons? (Be careful on this one.) 


2. Brian is a eollege student. His geneties assignment is to do a family 
pedigree for dimples in the eheeks. Absenee of dimples is reeessive; 
presenee of dimples refleets a dominant allele. Brian has dimples, 
as do his three brothers. His mother and maternal grandmother are 
dimple free, but his father and all other grandparents have dimples. 
Construct a pedigree spanning three generations for Brians family. 
Show the phenotype and genotype for eaeh person. 

3. Mr. and Mrs. Lehman have sought genetie counseling. Mrs. 
Lehman is eoneerned because she is unexpectedly pregnant and 
her husbands brother died of Tay-Saehs disease. She ean reeall 
no ineidenee of Tay-Saehs disease in her own family. Do you 
think bioehemieal testing should be reeommended to deteet the 
deleterious gene in Mrs. Lehman? Explain your answer. 

4. The Browns are both earriers of the reeessive allele that causes 
the metabolie disorder ealled phenylketonuria. What is the 
probability of eaeh of the following occurring? (a) All three 
ehildren will have the disorder. (b) None of their three ehildren 
will have the disorder. (e) One or more of their ehildren will 
have the disorder. (d) At least one of their ehildren will be 
phenotypieally normal. 


AT THE e L I N I e 


Related eiinieal Terms 

Deletion ehromosomal aberration in which part of a ehromosome 
is lost. 

Down syndrome Formerly ealled mongolism, this eondition 

usually refleets the presenee of an extra autosome (trisomy of 
ehromosome 21). The ehild has slightly slanted eyes, flattened 
faeial features, a large tongue, and a tendeney toward short 
stature and stubby fìngers. Some, but not all, affeeted people 
are mentally retarded. Down syndrome individuals have 
mitoehondrial defeets, which have been assoeiated with 
neurodegeneration in other disorders. A distinetive feature 
of Down syndrome is early onset of Alzheimer s disease. The 


most important risk faetor appears to be advaneed maternal (or 
paternal) age. 

Mutation (mutare = ehange) A permanent structural ehange in a 
gene. The mutation may or may not affeet hmetion, depending 
on the preeise site and nature of the alteration. 

Nondisjunction Abnormal segregation of ehromosomes during 
meiosis, resulting in gametes reeeiving two or no eopies of 
a particular parental ehromosome. It is more eommon in 
female meiosis than in male meiosis. If the abnormal gamete 
partieipates in fertilization, the resulting zygote will have an 
abnormal ehromosomal eomplement (monosomy or trisomy) 
for that particular ehromosome (as in Down syndrome). 



Case Study 


Heredity 


We vvill novv return to the ease of 
Maria Rodriguez, vvhom vve met in 
ehapter 28. Reeall that Mrs. Rodriguez 
had found out that she vvas pregnant 
and vvas eoneerned about the health of her baby. Mrs. Rodriguez 
vvent on to have a normal pregnaney without eomplieations. During 
Mrs. Rodriguez's treatment in the hospital, she diseovered that her 
blood is type 0. During one of her regular visits to her doetor, Mrs. 
Rodriguez asked what type of blood her baby will have, given that 
her husband's blood type is type A. Her doetor explained to Mrs. 
Rodriguez that she would need to know more about the blood type 
of Mr. Rodriguez's parents. 


1. Deseribe the differenee between genotype and phenotype. 
What are the phenotypes and genotypes of Mr. and Mrs. 
Rodriguez? 

2. Deseribe the type of inheritanee that is represented by blood 
type. 

3. Mr. Rodriguez's mother has 0 blood type and his father has A 
blood type. Explain how this information helps you understand 
Mr. Rodriguez's genotype. 

4. What is the probability that Mrs. Rodriguez's baby will have 0 
blood type? A? B? AB? 


r 


29 


L 


(Ansvvers in Appendix H) 
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Appendix A 





MEASLJREMENT 

UNIT AND 

ABBREVIATION 

METRIC EQUIVALENT 

METRIC TO ENGLISH 

CONVERSION FACTOR 

ENGLISH TO METRIC 

CONVERSION FACTOR 

Length 

1 kilometer (km) 

= 1000 (10 3 ) meters 

1 km = 0.62 mile 

1 mile = 1.61 km 


1 meter (m) 

= 100 (10 2 ) eentimeters 
= 1000 millimeters 

1 m = 1.09 yards 

1 m = 3.28 feet 

1 m = 39.37 inehes 

1 yard = 0.914 m 

1 foot = 0.305 m 


1 eentimeter (em) 

= 0.01 (10 2 ) meter 

1 em = 0.394 ineh 

1 foot = 30.5 em 

1 ineh = 2.54 em 


1 millimeter (mm) 

= 0.001 (10- 3 )meter 

1 mm = 0.039 ineh 



1 mierometer (pm) 

[formerly mieron (p)] 

= 0.000001 (10 6 ) meter 




1 nanometer (nm) 

= 0.000000001 (10 9 ) meter 




1 angstrom (Á) 

= 0.0000000001 (10 ,0 ) meter 



Area 

1 square meter (m 2 ) 

= 10,000 square eentimeters 

1 m 2 = 1.1960 squareyards 

1 m 2 = 10.764 square feet 

1 squareyard = 0.8361 m 2 

1 square foot = 0.0929 m 2 


1 square eentimeter (em 2 ) 

= 100 square millimeters 

1 em 2 = 0.155 square ineh 

1 square ineh = 6.4516 em 2 

Mass 

1 metrie ton (t) 

= 1000 kilograms 

1 t = 1.103 ton 

1 ton = 0.907 t 


1 kilogram (kg) 

= 1000 grams 

1 kg = 2.205 pounds 

1 pound = 0.4536 kg 


1 gram (g) 

= 1000 milligrams 

1 g = 0.0353 ounce 

1 g = 15.432 grains 

1 ounce = 28.35 g 


1 milligram (mg) 

= 0.001 gram 

1 mg = approx. 0.015 grain 



1 mierogram (pg) 

= 0.000001 gram 



Volume (solids) 

1 cubic meter (m 3 ) 

= 1,000,000 cubic eentimeters 

1 m 3 = 1.3080 cubic yards 

1 m 3 = 35.315 cubic feet 

1 cubicyard = 0.7646 m 3 

1 cubic foot = 0.0283 m 3 


1 cubic eentimeter (em 3 or ee) 

= 0.000001 cubic meter 
= 1 milliliter 

1 em 3 = 0.0610 cubic ineh 

1 cubic ineh = 16.387 em 3 


1 cubic millimeter (mm 3 ) 

= 0.000000001 cubic meter 



Volume 

(liquids and gases) 

1 kiloliter (kl or kL) 

= 1000 liters 

1 kL = 264.17 gallons 

1 gallon = 3.785 L 


1 liter (1 or L) 

= 1000 milliliters 

1 L = 0.264 gallon 

1 L = 1.057 quarts 

1 quart = 0.946 L 


1 milliliter (ml or mL) 

= 0.001 liter 
= 1 cubic eentimeter 

1 ml = 0.034 fluid ounce 

1 ml = approx. ^teaspoon 

1 ml = approx. 15-16 

drops (gtt) 

1 quart = 946 ml 

1 pint = 473 ml 

1 fluid ounce = 29.57 ml 

1 teaspoon = approx. 5 ml 


1 mieroliter (pl or pL) 

= 0.000001 liter 



Time 

1 seeond (s) 

= ^ minute 




1 milliseeond (ms) 

= 0.001 seeond 



Temperature 

Degrees Celsius (°C) 


°F = f(°C) + 32 

°C =|(°F - 32) 


A-1 













A-2 


Appendix A The Metrie System 


Fahrenheit Celsius 


Water boils 212°F 


Pasteurization of milk 160°F 


Human body temperature 98.6°F 


Room temperature 72°F 


Water freezes 32°F 


-40° F 



100°C Water boils 


71 °C Pasteurization of milk 


37°C Human body temperature 
22°C Room temperature 


0°C Water freezes 


-40°C 


To eonvert temperature seales: 

°C = 

5(°F - 32) 

9 

°F = 

9(°C) 00 

-V 1 + 32 

5 

K = 

°C + 273 


Fahrenheit and Celsius seales eompared 
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Functional Groups in Organie Molecules 


Functional group General formula Name of compounds Example 


Where else found 


Hydroxyl 

— OH —0 —H 

(or HO —) 


H H 

| Sugars; 

Aleohols H—C — C — OH water-soluble 

I vitamins 

H H 

Ethanol 


Oarbonyl 



Carboxyl 
— COOH 



Aldehydes 



H 

C 

H 


H 


C 



H 


H 


Propanal 


Some sugars; 
formaldehyde 
(a preservative) 


H 


0 





Ketones 

O 


H 


C 


H 


Aeetone 


Some sugars; 
“ketone bodies” 
in urine (from 
fat breakdown) 



Carboxylic aeids 



H 

n 

e- 


-C x 

\ 

H 

OH 


Aeetie aeid 


Amino aeids; 
proteins; 
some vitamins; 
fatty aeids 


Amino 

— nh 2 

(or H 2 N —) 



Amines 




Methylamine 


Amino aeids; 
proteins; 
urea in urine 
(from protein 
breakdown) 


A-3 
























































Appendix C 


The Amino Aeids 


Nonpolar 


Polar 


Eleetrieally 

eharged 


H 


h 3 n + —C—C 



O 


H 



h 3 n + 


e—e 




o 


H 


H 


O 


I 


CH 


O 


HoN + —C — C 

3 f - 




O 


H 


h 3 n + —C—C 



O 


H 


CH 

ch 3 ch 3 


o 


CH 


O 


CH 

ch 3 ch 3 


HoN + —C — C 

■ I 


/ 


o 


H 3 C—CH 

CH 


O 


CH 


Glyeine (Gly) 


Alanine (Ala) 


Valine (Val) 


Leucine (Leu) 


lsoleucine (lle) 


H 


h 3 n + 


e—e 


/ 


o 


H 


I 


h 3 n + — e—e 


/ 


o 


H 


h 3 n 


+ 


e—e 


/ 


o 


H 


CH 


ch 2 

0" 

ch 2 

0" 

e 

C\l 

O O) 


0 


/ 


O 


\ 


NH 


H P N + — 

2 | I 


C —C 


/ 


o 


h 2 c 


CH 


CH 


O 


Methionine (Met) 


Phenylalanine (Phe) 


Tryptophan (Trp) 


Proline (Pro) 


H 


h 3 n + 


e—e 


/ 


o 


H 


H„N 


+ 


e—e 


/ 


o 


H 


I 


h 3 n + 


e—e 



o 


H 


\ 


h 3 n + 


e—e 


/ 


o 


H 


h 3 n + 


e—e 



o 


H 


h 3 n + —C—C 


/ 


o 


ch 2 

0" 

HCOH 

0- 

CH 

OH 


ch 3 


SH 


o 


ch 2 

0" 

-O- 

IV) 

_ Á 

0" 

r 

<M 

-o- 

r 


/ c \ 

nh 2 0 


J\ „ 

o-o- 

e/ ^ 

OH 





o 


Serine (Ser) 


Threonine (Thr) 


Cysteine (Cys) 


Tyrosine (Tyr) 


Asparagine (Asn) 


Glutamine (Gln) 



A-4 
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Two Important Metabolie Pathways 


(7) Glucose enters the eell and is phosphorylated by the 
enzyme hexokinase, which eatalyzes the transfer of a 
phosphate group, indieated as from ATP to the number six 
earbon of the sugar, producing glucose-6-phosphate.The 
eleetrieal eharge of the phosphate group traps the sugar in the 
eell because the plasma membrane is impermeable to ions. 
Phosphorylation of glucose also makes the molecule more 
ehemieally reaetive. Although glyeolysis is supposed to 
produce ATP, ATP is actually consumed in step 1—an energy 
investment that will be repaid with dividends later in glyeolysis. 


ch 2 oh 


Hexokinase 



Glucose 


© Glucose-6-phosphate is rearranged and eonverted to its 
isomer, fructose-6-phosphate. Isomers, remember, have the 
same number and types of atoms but in different structural 
arrangements. 

© In this step, still another molecule of ATP is used to 
add a seeond phosphate group to the sugar, producing 
fructose-1,6-bisphosphate. So far, the ATP ledger shows a 
debit of -2. VVith phosphate groups on its opposite ends, 
the sugar is now ready to be split in half. 

© This is the reaetion from which glyeolysis gets its name. An 
enzyme eleaves the sugar molecule into two different 3-earbon 
sugars: glyeeraldehyde 3-phosphate and dihydroxyacetone 
phosphate. These two sugars are isomers of one another. 

@ An isomerase enzyme intereonverts the 3-earbon sugars, 
and if left alone in a test tube, the reaetion reaehes equilibrium. 
This does not happen in the eell, however, because the next 
enzyme in glyeolysis uses only glyeeraldehyde phosphate as its 
substrate and not dihydroxyacetone phosphate.This pulls the 
equilibrium between the two 3-earbon sugars in the direetion of 
glyeeraldehyde phosphate, which is removed as fast as it forms. 
Thus, the net result of steps 4 and 5 is eleavage of a 6-earbon 
sugar into two molecules of glyeeraldehyde phosphate; eaeh 
will progress through the remaining steps of glyeolysis. 



Glucose-6-phosphate 


Phosphoglucoisomerase 




o-h 2 c 





Fructose-6-phos- 

phate 


Phosphofructokinase 




f -o-h 2 c 



CH-0 



Fructose-1, 
6-bisphosphate 


An enzyme now eatalyzes two sequential reaetions while 
it holds glyeeraldehyde phosphate in its aetive site. First, the 
sugar is oxidized by the transfer of H from the number one 
earbon of the sugar to NAD + , forming NADH + H + . Here we 
see in metabolie context the oxidation-reduction reaetion 
deseribed in Chapter 24. This reaetion releases substantial 
amounts of energy, and the enzyme eapitalizes on this by 
coupling the reaetion to the ereation of a high-energy 
phosphate bond at the number one earbon of the oxidized 
substrate. The source of the phosphate is inorganie phosphate 
(Pj) always present in the eytosol.The enzyme releases 
NADH + H + and 1,3-bisphosphoglyeerie aeid as products. 
Notiee in the figure that the new phosphate bond is 
symbolized with a squiggle (~), which indieates that the bond 
is at least as energetie as the high-energy phosphate bonds of 


ATP. 


THE TEN STEPS OF GLYOOLYSIS Eaeh of the ten steps of 
glyeolysis is eatalyzed by a speeifie enzyme found dissolved in 
the eytoplasm. All steps are reversible. An abbreviated version of 
the three major phases of glyeolysis appears in the lower 
right-hand eorner of the next page. 


Aldolase 




P 


-o-ch 2 


Dihydroxyacetone 

phosphate 


C=0 

ch 2 oh 



Isomerase 





C = 0 


CHOH 

ch 2 -o 



NAD 

Triose phosphate 
dehydrogenase 

NADH+H+ 



Glyeeraldehyde 

3-phosphate 




P 





C = 0 
CHOH 

ch 2 -o 


1,3-Bisphosphoglyceric 
aeid (2 molecules) 
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(1,3-Bisphosphoglyceric aeid) 



3-Phosphoglyeerie 
aeid (2 molecules) 




Phosphoglyeerokinase 


OH 

c=o 

OHOH 


ch 2 -o 



Phosphoglyceromutase 


2-Phosphoglyeerie 
aeid (2 molecules) 


OH 
C = 0 

H—C—O— 

ch 2 oh 



® 


Enolase 


h 2 o 


2-Phosphoenolpyruvic 
aeid (PEP) 

(2 molecules) 


ADP 





OH 

0=0 

e-o 

CH, 





Pyruvate kinase 


Pyruvic aeid 
(2 molecules) 


OH 
0 = 0 
0 = 0 



Laetie aeid 
(2 molecules) 


(j) Finally, glyeolysis produces ATP. The phosphate group, with 
its high-energy bond, is transferred from 1,3-bisphosphoglyeerie 
aeid toADP For eaeh glucose molecule that began glyeolysis, 
step 7 produces two molecules of ATP, because every product 
after the sugar-splitting step (step 4) is doubled. Of course, two 
ATPs were invested to get sugar ready for splitting. The ATP 
ledger now stands at zero. By the end of step 7, glucose has 
been eonverted to two molecules of 3-phosphoglyeerie aeid. This 
compound is not a sugar. The sugar was oxidized to an organie 
aeid baek in step 6, and now the energy made available by that 
oxidation has been used to make ATP. 

(5) Next, an enzyme reloeates the remaining phosphate group 
of 3-phosphoglyeerie aeid to form 2-phosphoglyeerie aeid.This 
prepares the substrate for the next reaetion. 


® An enzyme forms a double bond in the substrate by 
removing a water molecule from 2-phosphoglyeerie aeid to form 
phosphoenolpymvie aeid, or PEP. This results in the eleetrons of 
the substrate being rearranged in such a way that the remaining 
phosphate bond beeomes very unstable; it has been upgraded 
to high-energy status. 


The last reaetion of glyeolysis produces another molecule of 
ATP by transferring the phosphate group from PEP to ADP. 
Because this step occurs twice for eaeh glucose molecule, the 
ATP ledger now shows a net gain of two ATPs. Steps 7 and 10 
eaeh produce two ATPs for a total eredit of four, but a debt of 
two ATPs was incurred from steps 1 and 3. Glyeolysis has repaid 
the ATP investment with 100% interest. In the meantime, 
glucose has been broken down and oxidized to two molecules 
of pyruvic aeid, the compound produced from PEP in step 10. 


Siimmary 


Phase 1 Sugar aetivates by phosphorylation 


Glucose (60) 




2 ADP 



Phase 2 Sugar eleavage 



Glyeeraldehyde 


Dihydroxyacetone 


3-phosphate (3C) phosphate (3C) 


Phase 3 

Sugar oxidation 2 
and formation 
of ATP 


4 ADP 




2 NAD 


+ 


2 



Oxygen 

present 



2 Pyrnvie aeid (3C) 


2 


Aerobie 

pathway 



2 NAD 
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@ Two-carbon aeetyl CoA is eombined with 
oxaloacetic aeid, a 4-earbon compound.The 
unstable bond between the aeetyl group and 
CoA is broken as oxaloacetic aeid binds and 
CoA is freed to prime another 2-earbon 
fragment derived from pyruvic aeid.The 
product is the 6-earbon eitrie aeid, for which 
the eyele is named. 

@ A molecule of water is removed, and 
another is added baek. The net result is the 
eonversion of eitrie aeid to its isomer, isoeitrie 
aeid. 

@ The substrate loses a C0 2 molecule, and 
the remaining 5-earbon compound is oxidized, 
forming an a-ketoglutaric aeid and reducing 
NAD + . 


This step is eatalyzed by a multienzyme 
complex very similar to the one that eonverts 
pyruvic aeid to aeetyl CoA. C0 2 is lost; the 
remaining 4-earbon compound is oxidized by 
the transfer of eleetrons to NAD + to form 
NADH+H + and is then attaehed to CoA by an 
unstable bond.The product is succinyl CoA. 


Substrate-level phosphorylation occurs in 
this step. CoA is displaeed by a phosphate group, 
which is then transferred to GDP to form 
guanosine triphosphate (GTP). GTP is similar to 
ATP, which is formed when GTP donates a 
phosphate group to ADP. The products of this 
step are succinic aeid and ATP. 


@ In another oxidative step, two hydrogens are 
removed from succinic aeid (forming fumaric 
aeid) and transferred to FAD to form FADH 2 .The 
function of this eoenzyme is similar to that of 
NADH+H + , but FADH 2 stores less energy. The 
enzyme that eatalyzes this oxidation-reduction 
reaetion is the only enzyme of the eyele that is 
embedded in the mitoehondrial membrane. All 
other enzymes of the eitrie aeid eyele are 
dissolved in the mitoehondrial matrix. 


Bonds in the substrate are rearranged in 
this step by the addition of a water molecule. 
The product is malie aeid. 


\oj The last oxidative step reduces another 
NAD + and regenerates oxaloacetic aeid, which 
aeeepts a 2-earbon fragment from aeetyl CoA 
for another turn of the eyele. 


Pyruvic aeid 
from glyeolysis 
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C = O Aeetyl CoA (2C) 


Oxaloacetic 
aeid (4C) COOH 
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COOH 



NAD 


+ 


CoA \ NADH+H + 


CoA-SH 
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CO 
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KREBS CYCLE (CITRIC ACID CYCLE) All but one of the steps (step 
6) occur in the mitoehondrial matrix. The preparation of pyruvic 
aeid (by oxidation, decarboxylation, and reaetion with eoenzyme A) 
to enter the eyele as aeetyl CoA is shown above the eyele. Aeetyl 
CoA is pieked up by oxaloacetic aeid to form eitrie aeid; and as it 
passes through the eyele, it is oxidized four more times [forming 


three molecules of reduced NAD (NADH + H + ) and one of reduced 
FAD (FADH 2 )] and decarboxylated twice (releasing 2 C0 2 ). Energy is 
captured in the bonds of GTP, which then aets in a coupled reaetion 
with ADP to generate one molecule of ATP by substrate-level 
phosphorylation. 
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PeriodieTable of the Elements* 


Representative 
-(main group)- 
elements 


Representative 
(main group) 
elements 



VIIIA 


1 

1 

H 

1.0079 

IIA 


Periodie Table of the Elements 



IIIA 

IVA 

VA 

VIA 

VI1A 

2 

He 

4.003 


3 

4 











5 

6 

7 

8 

9 

10 

2 

Li 

Be 











B 

e 

N 

0 

F 

Ne 


6.941 

9.012 




["Vo noitÌAn kv*i nto 1 r» 





10.811 

12.011 

14.007 

15.999 

18.998 

20.180 


11 

12 





i rdrioiiiori rneieiib 






13 

14 

15 

16 

17 

18 

3 

Na 

Mg 


IIIB 

IVB 

VB 

VIB 

VI1B 


VIIIB 

i 


IB 

IIB 


Al 

Si 

P 

S 

Cl 

Ar 


22.990 

24.305 


1 


1 


26.982 

28.086 

30.974 

32.065 

35.453 

39.948 


19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

4 

K 

Ca 

Se 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Zn 

Ga 

Ge 

As 

Se 

Br 

Kr 


39.098 

40.078 

44.956 

47.867 

50.942 

51.996 

54.938 

55.845 

58.933 

58.69 

63.546 

65.38 

69.723 

72.64 

74.922 

78.96 

79.904 

83.8 


37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

5 

Rb 

Sr 

Y 

Zr 

Nb 

Mo 

Tc 

Ru 

Rh 

Pd 

Ag 

Cd 

In 

Sn 

Sb 

Te 

1 

Xe 


85.468 

87.62 

88.906 

91.224 

92.906 

95.96 

98 

101.07 

102.906 

106.42 

107.868 

112.411 

114.82 

118.71 

121.76 

127.60 

126.905 

131.29 


55 

56 

57 

72 

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 

83 

84 

85 

86 

6 

Cs 

Ba 

La 

Hf 

Ta 

W 

Re 

Os 

Ir 

Pt 

Au 

Hg 

Tl 

Pb 

Bi 

Po 

At 

Rn 


132.905 

137.327 

138.906 

178.49 

180.948 

183.84 

186.207 

190.23 

192.22 

195.08 

196.967 

200.59 

204.383 

207.2 

208.980 

209 

210 

222 


87 

88 

89 

104 

105 

106 

107 

108 

109 

110 

111 

112 

113 

114 

115 

116 

117 

118 

7 

Fr 

Ra 

Ac 

Rf 

Db 

Sg 

Bh 

Hs 

Mt 

Ds 

Rg 

Cn 

Uut 

Uuq 

Uup 

Uuh 

Uus 

Uuo 


223 

226 

227 

267 

268 

271 

272 

270 

276 

281 

280 

285 

284 

289 

288 

293 

292 

294 


Rare earth elements 


Lanthanides 

58 

Ce 

140.116 

59 

Pr 

140.908 

60 

Nd 

144.24 

61 

Pm 

145 

62 

Sm 

150.36 

63 

Eu 

151.964 

64 

Gd 

157.25 

65 

Tb 

158.925 

66 

Dy 

162.5 

67 

Ho 

164.93 

68 

Er 

167.26 

69 

Tm 

168.934 

70 

Yb 

173.054 

71 

Lu 

174.967 


90 

91 

92 

93 

94 

95 

96 

97 

98 

99 

100 

101 

102 

103 

Aetinides 

Th 

Pa 

U 

Np 

Pu 

Am 

Cm 

Bk 

Cf 

Es 

Fm 

Md 

No 

Lr 


232.038 

231.036 

238.029 

237.048 

244 

243 

247 

247 

251 

252 

257 

258 

259 

262 


The periodie table arranges elements aeeording to atomie number 
and atomie vveight into horizontal rovvs ealled periods and 18 verti- 
eal columns ealled groups or families. The elements in the groups 
are elassified as being in either A or B elasses. 

Elements of eaeh group of the A series have similar ehemieal 
and physieal properties. This refleets the faet that members of a 
particular group have the same number of valenee shell eleetrons, 
vvhieh is indieated by the roman numeral of the group. For example 7 
group IA elements have one valenee shell eleetron, group IIA ele- 
ments have two, and group VA elements have five. In eontrast, as 
you progress aeross a period from left to right, the properties of the 
elements ehange in diserete steps, varying gradually from the very 
metallie properties of groups IA and IIA elements to the nonmetallie 
properties seen in group VIIA (ehlorine and others), and finally to the 
inert elements (noble gases) in group VIIIA. This ehange refleets the 


continual inerease in the number of valenee shell eleetrons seen in 
elements (from left to right) within a period. 

Class B elements are referred to as transition elements. All tran- 
sition elements are metals, and in most eases they have one or two 
valenee shell eleetrons. (In these elements, some eleetrons occupy 
more distant eleetron shells before the deeper shells are filled.) 

In this periodie table, the eolors are used to eonvey information 
about the phase (solid, liquid, or gas) in which a pure element exists 
under standard eonditions (25 degrees Celsius and 1 atmosphere 
of pressure). If the element's symbol is solid blaek, then the element 
exists as a solid. If its symbol is red, then it exists as a gas. If its sym- 
bol is dark blue 7 then it is a liquid. If the element's symbol is green, 
the element does not exist in nature and must be ereated by some 
type of nuclear reaetion. 


*Atomic weights of the elements per IUPAC Commission on isotopie Abundances and Atomie Weights, 2007. 
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The referenee values listed for the seleeted blood and urine studies 
are eommon ranges for adults, but speeifie "normals" are estab- 
lished by the laboratory performing the analysis. The values may be 
affeeted by a vvide range of circumstances, including testing meth- 
ods and equipment used, elient age, body mass, sex, diet, aetivity 
level, medieations, and extent of disease proeesses. 

Referenee values are identified in both standard or eonventional 
units and in the system of international (Sl) units. Sl units (given in 
parentheses) are measurements of amount per volume and are used 
in most countries and seientifie journals. Sl units are often given as 


moles or millimoles per liter. Most elinieal laboratories and textbooks 
in the United States use eonventional or standard units, vvhieh mea- 
sure mass per volume. These values are given as grams, milligrams, 
or milliequivalents per deeiliter or liter. It is antieipated that the 
United States vvill eventually use Sl units exclusively. 

For enzymes, 1 international unit (IU) represents an arbitrary but 
defined amount of aetivity, vvhereas 1 katal (kat) is the amount of 
enzyme required to consume 1 mol of substrate per seeond. 

Sample types in column 1 are serum (S), plasma (P), arterial 
vvhole blood (A), and vvhole blood (WB). 


TEST (SAMPLE) 

REFERENCE VALUES: 
CONVENTIONAL (Sl) 

PHYSIOLOGICAL INDICATION AND CLINICAL IMPLICATIONS 

Blood ehemistry Studies 

Ammonia (P) 

15-120 pg/dl 
(9-70 pmol/L) 

Liver and renal function. inereased values in liver disease, renal 
failure, newborn hemolytie disease, heart failure, eor pulmonale. 
Deereased values in hypertension. 

Amylase (S) 

56-190 IU/L 
(0.4-2.1 pkat/L) 

Panereatie function. inereased values in panereatitis, mumps, 
obstruction of panereatie duct, ketoaeidosis. Deereased values 
in kidney disease, panereatie damage or eaneer, toxemia of 
pregnaney. 

Aspartate aminotransferase 
(AST, or SGOT) (S) 

<40 IU/L 
(<0.7 pkat/L) 

Cellular damage. inereased after myoeardial infaretion, acute 
liver disease, drug toxicity, muscle trauma. Deereased in 
pyridoxine (vitamin B 6 ) defieieney. 

Bilimbin (S) 

Total: 0.1-1.0 mg/dl 
(1.7-17.1 pmol/L) 

Direet: <0.4 mg/dl 
(<6.8 pmol/L) 
indireet: 0.1-1.0 mg/dl 
(1.7-17.1 pmol/L) 

Newborn: <13.0 mg/dl 
(<222 pmol/L) 

Liver function and red eell breakdown. inereased levels of direet 
in liver disease and biliary obstruction. inereased levels of indireet 
in hemolysis of red blood eells. 

Blood urea nitrogen (S) 

7-26 mg/dl 
(2.5-9.3 mmol/L) 

Kidney function. inereased values in renal disease, dehydration, 
urinary obstruction, eongestive heart failure, myoeardial 
infaretion, burns. Deereased values in liver failure, overhydration, 
impaired protein absorption, pregnaney. 

eholesterol 

<200 mg/dl 
(<5.2 mmol/L) 

Metabolism—fat utilization. inereased values in diabetes mellitus, 
pregnaney, use of oral eontraeeptives or anabolie steroids. 

High-density lipoprotein (HDL) 
eholesterol (S) 

20-30% of total 
>40 mg/dl 
(>1.0 mmol/L) 

inereased levels in liver disease, aerobie exercise. Deereased levels 
in atheroselerotie heart disease, malnutrition. 

Low-density lipoprotein (LDL) 
eholesterol (S) 

60-70% of total 
<130 mg/dl 
(<3.4 mmol/L) 

inereased values in hyperlipidemia, atheroselerotie heart disease. 
Deereased values in fat malabsorption and malnutrition. 

Very low density lipoprotein 
eholesterol (VLDL) (S) 

10-15% oftotal 

Same as LDL. 

Creatine kinase (CK) (S) 

Female: <190 U/L 
(<3.2 pkat/L) 

Male: <235 U/L 
(-=3.9 pkat/L) 

Cellular damage. inereased values in myoeardial infaretion, 
muscular dystrophy, hypothyroidism, pulmonary infaretion, 
cerebrovascular aeeident (CVA), shoek, tissue damage, and 
trauma. 

Creatinine (S) 

0.5-1.2 mg/dl 
(44-106 pmol/L) 

Renal function. inereased values in renal disease and aeromegaly. 
Deereased in muscular dystrophy. 
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TEST (SAMPLE) 

REFERENCE VALUES: 
CONVENTIONAL (Sl) 

PHYSIOLOGICAL INDKATION AND CLINICAL IMPLICATIONS 

Blood ehemistry Studies (continued) 

Gases (A) 



Biearbonate 

22-26 mEq/L 
(22-26 mmol/L) 


Carbon dioxide eontent 

Arterial: 19-24 mEq/L 
(19-24 mmol/L) 

Venous: 22-30 mEq/L 
(22-30 mmol/L) 

Aeid-base balanee. inereased values in metabolie alkalosis and 
} respiratory aeidosis. Deereased values in metabolie aeidosis and 

respiratory alkalosis. 

Carbon dioxide partial 
pressure (P C02 ) 

Arterial: 35-45 mm Hg 
Venous: 45 mm Hg 


Oxygen (0 2 ) saturation 

Oxygen partial 
pressure (P 02 ) 

95-98% (same) 

80-105 mm Hg J 

1 Values inereased slightly in hyperventilation. Deereased values 

I (hypoxia) in pulmonary disease, hypoventilation, high altitude. 

PH 

7.35-7.45 (same) 

inereased values in metabolie and respiratory alkalosis. Deereased 
values in metabolie and respiratory aeidosis. 

Glucose (S) 

70-120 mg/dl 
(3.9-6.7 mmol/L) 

Metabolie function. inereased values in diabetes mellitus, Cushing's 
syndrome, liver disease, acute stress, and aeromegaly. Deereased 
levels in Addison's disease, insulinomas. 

lmmunoglobulins (S) 



IgG 

560-1800 mg/dl 
(5.6-18 g/L) 

Immune response. inereased levels in ehronie infeetions, rheumatic 
fever, liver disease, rheumatoid arthritis. Deereased levels in 
amyloidosis, leukemia, and preeelampsia. 

igE 

<43.2 (jg/dl 
(<432 pg/L) 

Allergie responses. inereased values in allergie responses. Deereased 
values in agammaglobulinemia. 

IgA 

85-563 mg/dl 
(0.85-5.6 g/L) 

Immune integrity. inereased values in liver disease, rheumatic 
fever, ehronie infeetion, inflammatory bovvel disease. Deereased 
values in immunodeficiency disorders and immunosuppression. 

IgM 

55-375 mg/dl 
(0.5-3.8 g/L) 

Immune integrity. inereased in autoimmune disease (e.g., 
rheumatoid arthritis), acute infeetions. Deereased in amyloidosis 
and leukemia. 

IgD 

0.5-14 mg/dl 
(5-140 mg/L) 

Immune integrity. inereased values in myelomas. 

Ketone bodies (S or P) 

Negative 

Toxic level >20 mg/dl 
(0.2 g/L) 

Fatty aeid eatabolism. inereased values (ketosis, ketoaeidosis) in 
starvation, low-carbohydrate diet, uncontrolled diabetes mellitus, 
aspirin overdose. 

Laetate dehydrogenase 
(LDH) (S) 

105-333 U/L 
(1.7-5.6 |jkat/L) 

Tissue damage of organs or striated muscle. inereased in 
myoeardial infaretion, pulmonary infaretion, liver disease, 
cerebrovascular aeeident, infectious mononucleosis, muscular 
dystrophy, fractures. 

Laetie aeid (laetate) (P) 

9-16 mg/dl 
(1.0-1.8 mmol/L) 

Anaerobie tissue metabolism. inereased values in eongestive heart 
failure, shoek, hemorrhage, strenuous exercise. 

Osmolality (S) 

280-300 mOsm/kg H 2 0 
(280-300 mmol/kg H 2 0) 

Fluid and eleetrolyte balanee. inereased levels in hypernatremia, 
dehydration, kidney disease, aleohol ingestion. Deereased levels in 
hyponatremia, overhydration, and syndrome of inappropriate ADH 
seeretion (SIADH). 

Phosphate (S) (phosphorus) 

2.5-4.5 mg/dl 
(0.8-1.5 mmol/L) 

Parathyroid function; bone disease. inereased levels in 
hypoparathyroidism, renal failure, bone metastasis, hypoealeemia. 
Deereased values in hyperparathyroidism, hyperealeemia, 
aleoholism, vitamin D defieieney, ketoaeidosis, osteomalaeia. 

Potassium (S) 

3.5-5.5 mEq/L 
(3.5-5.5 mmol/L) 

Fluid and eleetrolyte balanee. inereased levels in renal disease, 
Addison's disease, ketoaeidosis, burns, and crush injuries. 

Deereased levels in vomiting, diarrhea, Cushing's syndrome, 
alkalosis, diuretics. 
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REFERENCE VALUES: 

TEST (SAMPLE) CONVENTIONAL (Sl) PHYSIOLOGICAL INDICATION AND CLINICAL IMPLICATIONS 


Blood ehemistry Studies (continued) 


Protein (S) 



Total 

6.0-8.5 g/dl 
(60-85 g/L) 

Osmotie pressure; immune system integrity. inereased values in 
multiple myeloma, dehydration, myxedema. Deereased values in 
protein malnutrition, burns, diarrhea, renal failure, liver failure. 

Albumin 

3.2-5.0 g/dl 
(32-50 g/L) 

Osmotie pressure. inereased levels in dehydration. Deereased levels 
in liver disease, malnutrition, Crohn's disease, nephrotie syndrome, 
systemie lupus erythematosus. 

Sodium (S) 

135-145 mEq/L 
(135-145 mmol/L) 

Fluid and eleetrolyte balanee. inereased values in dehydration, 
diabetes insipidus, Cushing's syndrome. Deereased values 
in vomiting, diarrhea, burns, Addison's disease, myxedema, 
eongestive heart failure, overhydration, syndrome of inappropriate 
ADH seeretion (SIADH). 

Triglyeerides 

10-150 mg/dl 
(0.1-1.5 g/L) 

inereased values in diabetes mellitus, liver disease, nephrotie 
syndrome, pregnaney. 

Uric aeid (S) 

Female: 2.0-7.3 mg/dl 
(119-434 gmol/L) 

Male: 2.1-8.5 mg/dl 
(125-506 umol/L) 

Renal function. inereased in lead poisoning, impaired renal 
function, gout, aleoholism, hematologie eaneers. Deereased in 
Wilson's disease. 


Hematology Studies 


Hemoglobin (S) 


Hematoerit (WB) 


Partial thromboplastin time 
(aetivated) (PTT or aPTT) 


Platelet count (WB) 


Prothrombin time 
(PT) (WB) 

Red blood eell count 
(RBC) (WB) 


Reticulocyte count (WB) 


White blood eell 
count (WBC) (WB) 

Total (males) 


Female: 12-16 g/dl 
(120-160 g/L) 

Male: 13-18 g/dl 
(130-180 g/L) 

Female: 37-47% (same) 
Male: 42-52% (same) 


20-36 s (same) 


150,000-400,000/pl 
(150-400 X 10 9 /L) 


11-12.5 s (same) 

1.5-2 x eontrol (evaluating 
anticoagulant treatment) 

Female: 4.2-5.4 million/pl 
(4.2-5.4 X 10 1 2 IV) 

Male: 4.7-6.1 million/pl 
(4.7-6.1 X 10 1 2 IV) 

0.5-2.0% (same) 


4800-10,800/pl 
(4.8-10.8 X 10 9 /L) 


Oxygenation status. inereased values in dehydration, polyeythemia, 
eongestive heart failure, ehronie obstructive pulmonary disease, 
high altitudes. Deereased levels in anemia, hemorrhage, bone 
marrovv eaneer, renal disease, systemie lupus erythematosus, 
nutritional defieieney. 

Oxygenation status. inereased levels in polyeythemia, dehydration, 
eongestive heart failure, shoek, surgery. Deereased levels in 
anemia, hemorrhage, bone marrovv disease, malnutrition, eirrhosis, 
rheumatoid arthritis. 

eiotting meehanisms. inereased values in elotting faetor 
defieieneies, eirrhosis, vitamin K defieieney, disseminated 
intravascular coagulation (DIC). Deereased values in early DIC, 
extensive eaneer. 

Ootting meehanisms. inereased values in polyeythemia, eaneers, 
rheumatoid arthritis, trauma. Deereased values in liver disease, 
hemolytie uremic syndrome, disseminated intravascular 
coagulation (DIC), idiopathie thromboeytopenie purpura (ITP), 
systemie lupus erythematosus (SLE). 

eiotting meehanisms. inereased values in liver disease, vitamin K 
defieieney, salieylate intoxication. Deereased values in disseminated 
intravascular coagulation (DIC). 

Oxygenation status. inereased values in high altitudes, 
polyeythemia, hemoeoneentration, eor pulmonale. Deereased 
values in hemorrhage, hemolysis, anemias, ehronie illness, 
nutritional defieieneies, leukemia, overhydration. 

Bone marrovv function. inereased values in hemolytie anemia, 
siekle-eell anemia, leukemia, pregnaney. Deereased values in 
pernicious anemia, folie aeid defieieney, eirrhosis, ehronie infeetion, 
bone marrovv depression or failure. 


Immune system integrity. inereased values in infeetion, trauma, 
stress, tissue neerosis, inflammation. Deereased values in bone 
marrovv depression or failure, drug toxicity, overvvhelming 
infeetion, malnutrition. 
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Appendix F Referenee Values for Seleeted Blood and Llrine Studies 


TEST (SAMPLE) 

REFERENCE VALUES: 

CONVENTIONAL (Sl) 

PHYSIOLOGICAL INDICATION AND CLINICAL IMPLICATIONS 

Hematology Studies (continued) 

VVhite blood eell 
count, differential (WB) 



Neutrophils 

50-70% (same) 

lmmune system integrity. inereased values in acute baeterial 
infeetions, stress, Cushing's syndrome, inflammatory disorders, 
ketoaeidosis, gout. Deereased levels in aplastie anemia, bone 
marrovv suppression, and overvvhelming baeterial infeetions. 

Lymphoeytes 

25-40% (same) 

Immune system integrity. inereased values in viral infeetions (e.g., 
mumps, rubella, infectious mononucleosis, hepatitis), lymphoeytie 
leukemia, eertain baeterial infeetions. Deereased levels in leukemia, 
immunodeficiency, lupus erythematosus, bone marrovv depressive 
drugs. 

Eosinophils 

1-4% (same) 

Immune system integrity. inereased levels in allergie reaetions, 
parasitie infeetions, leukemia. Deereased levels in excess 
adrenoeortieosteroid production. 

Monoeytes 

3-8% (same) 

Immune system integrity. inereased levels in eertain infeetions (e.g., 
tuberculosis, malaria), inflammatory disorders. 

Basophils 

0.5-1.0% (same) 

Immune system integrity. inereased levels in myeloproliferative 
disorders, leukemia. Deereased levels in allergie reaetions, 
hyperthyroidism, stress. 

Urine Tests 

Amylase (24 h) 

<6000 Somogyi units/24 h 

0-500 U/24 h 
(0-8.3 gkat/24 h) 

Panereatie function. inereased values in panereatie disease or 
obstmetion, inflammation of the salivary glands, and eholeeystitis. 

Bilimbin (random) 

Negative (same) 

Liver function. inereased values in liver disease, extrahepatic 
obstruction (gallstones, tumor, inflammation). 

Blood (hemoglobin) (random) 

Negative (same) 

Urinary system function. inereased values in eystitis, renal disease, 
hemolytie anemia, transfusion reaetion, prostatitis, burns. 

Osmolality (random or fasting) 

Random: 50-1200 mOsm/kg H 2 0 
(50-1200 mmol/kg H 2 0) 

Fluid restrietion: >850 mOsm/kg H 2 0 
(>850 mmol/kg H 2 0) 

Fluid and eleetrolyte balanee, renal function, and endoerine 
function. inereased levels in hypernatremia, syndrome of 
inappropriate ADH seeretion (SIADH), eongestive heart failure, 
metabolie aeidosis. Deereased levels in diabetes insipidus, vvater 
intoxication, pyelonephritis, renal tubular neerosis, aldosteronism. 

Phosphate (24 h) 

0.9-1.3g/24 hr (same) 

Parathyroid function. inereased levels in hyperparathyroidism, 
osteomalaeia, eertain renal diseases, vitamin D defieieney. 

Deereased levels in hypoparathyroidism. 

Potassium (24 h) 

25-120 mEq/24 h 
(25-120 mmol/24 h) 

Fluid and eleetrolyte balanee. inereased values in renal tubular 
neerosis, metabolie aeidosis, dehydration, aldosteronism, Cushing's 
syndrome. Deereased values in Addison's disease, malabsorption, 
acute renal failure. 

Protein (random) 

<8 mg/dl 
(<80 mg/L) 

Renal function. inereased levels in nephrotie syndrome, renal 
trauma, hyperthyroidism, diabetie nephropathy, systemie lupus 
erythematosus. 

Sodium (24 h) 

40-220 mEq/24 h 
(40-220 mmol/24 h) 

Fluid and eleetrolyte balanee. inereased values in dehydration, 
ketoaeidosis, syndrome of inappropriate ADH seeretion (SIADH), 
adrenoeortieal insufficiency. Deereased levels in eongestive heart 
failure, renal failure, diarrhea, aldosteronism. 

Uric aeid (24 h) 

250-750 mg/24 h 
(1.5—4.5 mmol/24 h) 

Renal function and metabolism. inereased in gout, leukemia, liver 
disease, ulcerative eolitis. Deereased in renal disease, aleoholism, 
lead toxicity, folie aeid defieieney. 
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TEST (SAMPLE) 

REFERENCE VALUES: 
CONVENTIONAL (Sl) 

PHYSIOLOGICAL INDICATION AND CLINICAL IMPLICATIONS 

Urine Tests (continued) 



Urinalysis (random) 

Color 

Stravv, yellovv, amber 

Fluid balanee and renal function. Darker in dehydration. Lighter in 
overhydration, diabetes insipidus. Color varies with disease states, 
diet, and medieations. 

Odor 

Aromatie 

Metabolie function, infeetion. Abnormal odors in infeetion, 
ketonuria, reetal fistula, hepatie failure, phenylketonuria. 

Speeifie gravity 

1.001-1.035 

An indireet measurement of urine eoneentration (osmolality). Same 
physiologieal indieations and elinieal implieations as osmolality. 

PH 

4.5-8.0 

A crude indieator of aeid-base balanee. Deereased by aeidie diet 
(proteins). inereased by a vegetarian diet, prolonged vomiting, and 
baeterial infeetion of the urinary traet. 

Urobilinogen (24 h) 

0.2-1.0 mg/dl 
(2-10 mg/L) 

Liver function. inereased in hemolytie anemias, hepatitis, eirrhosis, 
biliary disease. Deereased in eommon bile duct obstruction. 

Volume (24 h) 

800-2000 ml/24 h 
(0.8-2.0 L724 h) 

Fluid and eleetrolyte balanee, renal function. inereased values in 
diabetes insipidus, diabetes mellitus, renal disease. Deereased values 
in dehydration, syndrome of inappropriate ADH seeretion (SIADH), 
renal disease. 






Appendix G 


Innervation of the Llpper Limb 


Figure G.1 Eaeh upper limb is innervated by five major nerves 
arising from the braehial plexus. 


The nerves from the anterior division of the braehial plexus innervate 
the musdes in the anterior eompartments: the flexor musdes of the arm, 
forearm, and hand. These nerves continue distally to supply cutaneous 
innervation to the forearm and hand. 


Muscular innervation 


Cutaneous innervation 


Musculocutaneous 

nerve 


Median nerve 


Ulnar nerve 


C5 

C6 

C7 


Anterior view 


Posterior view 


Coraco- 
braehialis 



Braehialis 


Pronator teres 
Flexor earpi radialis 

Palmaris longus 

Flexor digitorum 
superficialis 


Flexor 


Flexor pollieis 
longus 


Flexor digitorum 
profundus 


Pronator 

quadratus 


3 Thenar muscles 


Adductor 
pollieis 


7 Interossei 


3 Hypothenar 
muscles 


Lumbricals to digits 2,3 Lumbricals to digits 4,5 


indieates variable contribution 



Medial cutaneous 
nerves off 
medial eord 


Musculocutaneous 

nerve 


Lllnar nerve 


Median nerve 
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The nerves from the posterior division of the braehial plexus innervate 
the muscles in the posterior eompartments: the extensor muscles of the 
upper limb. These nerves continue distally to supply cutaneous ìnnervation 
to much of the posterior arm, forearm, and hand. 


Muscular innervation Cutaneous innervation 




Radial nerve 


Axillary nerve 


C5 

C6 

C7 

C8 

T1 


C5 




Anterior view 


Posterior view 


Trieeps braehii 
(long head) 


Trieeps braehii 
(medial head) 


Anconeus 


Extensor digitomm 

Extensor digiti minimi 
Extensor earpi ulnaris 


Abductor pollieis longus 

Extensor pollieis brevis 

Extensor pollieis longus 

Extensor indieis 


Teres minor 


Deltoid 


Axillary 

nerve 


Axillary 

nerve 


Trieeps braehii 
(lateral head) 


Radial 

nerve 


Radial 

nerve 


Braehioradialis 
Extensor earpi radialis longus 

Extensor earpi radialis brevis 


Supinator 


Radial 

nerve 


indieates variable contribution 


*Functionally braehioradialis aets as a 
flexor of the forearm. It develops from the 
posterior eompartment and thus is 
innervated by a posterior division nerve. 
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Appendix G 


Innervation of the Lovver Limb 


Figure G.2 Eaeh lower limb is innervated by nerves arising from the 
lumbar and saeral plexuses, together ealled the lumbosacral plexus. 

The nerves from the lumbar plexus innervate the muscles in the anterior and 
medial eompartments of the thigh, and supply cutaneous ínnervation to anterior 
and medial portions of the thigh and leg. 


Muscular innervation Muscular innervation 

of anterior thigh of medial thigh Cutaneous innervation 



Anterior view 


Posterior view 


lliaeiis 


Sartorius 


Rectus femoris 



Vastus 

Vastus intermedius Vastus 
lateralis medialis 



Pectineus 

Adductor brevis 


Obturator 

externus 


Graeilis 


Adductor 

magnus 


Lateral 
femoral 
cutaneous 
nerve 



A-16 




















The nerves from the saeral plexus innervate the musdes in the posterior 
eompartments of the thigh and all of the musdes in the leg, and supply 
cutaneous innervation to the lateral and posterior portions of the leg and 
to the foot. 


Muscular innervation of 
posterior thigh and leg 


Muscular innervation of 
lateral and anterior leg 


Cutaneous innervation 


Tibial nerve 


Common fibular nerve 


Anterior view 


Posterior view 


L4 

L5 

51 

52 

53 


Seiatie nerve 


Bieeps femoris 
(long head) 


Semitendinosus 


Adductor magnus 


Semimembranosus 



Bieeps femoris 
(short head) 


Gastrocnemius 


Flexor 


digitorum 

longus 


Abductor hallucis 
Flexor digitorum brevis 
Flexor hallucis brevis 

Lumbricals 



Posterior 
femoral 
cutaneous 
nerve 




Plantaris 
Gastrocnemius 


Popliteus 

Soleus 


Tibialis 

posterior 


Common 

fibular 

nerve 


Fibularis 

longus 


Tibialis 

anterior 


Flexor 

hallucis 

longus 


Extensor 
digitorum 

Fibularis l° n 9 us 
brevis 


Extensor 

hallucis 

longus 


Fibularis tertius 


All other rrmseles 
of the sole 


Extensor 

digitomm 

brevis 



*Sciatic nerve formed by tibial and eommon fibular 
nerves wrapped by eommon sheath. 



Tibial 

nerve 
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APPENDIX H ANSWERS 


Appendix H 


Answers to CheckYour LJnderstanding, Multiple Choice, 
Matehing Questions, and Case Study 


ehapter 1 

Check Your TJnderstanding 1. The operation or fimetion of a structure 
is promoted or prevented by its anatomy. For example, oxygen and ear- 
^ bon dioxide are exchanged aeross the very thin membranes of the lungs 
but not aeross the skin. 2. Muscle shortening is a topie of physiology. 

The body loeation of the hrngs is an anatomy topie. 3. Cytologists study 
the cellular level of organization. 4. The order in the structural hierarehy 
is eell, tissue, organ, and organism. 5. Bones and eartilages are part of 
the skeletal system. The nasal eavity, lungs, and traehea are respiratory 
system organs. 6. Living organisms ean maintain their boundaries, move, 
respond to environmental ehanges, digest nutrients, earry out metabo- 
lism, dispose of wastes, reproduce, and grow. While inanimate objeets 
may exhibit some of these properties, they do not exhibit all of them. 

7. Metabolism is the term that eneompasses all the ehemieal reaetions 
that occur in body eells. 8. In flight, the eabin must be pressurized be- 
cause the atmosphere is thinner at high altitudes and the amount of 
oxygen entering the blood under such eonditions may be insufficient 
to maintain life. 9. Negative feedbaek meehanisms allow us to adjust to 
eonditions outside the normal temperature range by causing heat to be 
lost from the body (in hot eonditions) and retained or generated by the 
body (in eold eonditions). 10. Thirst is part of a negative feedbaek eon- 
trol system because it prods us to drink, which ends the thirst stimulus 
and returns body fluid volume to the normal range. 11. This is a positive 
feedbaek meehanism because it enhanees the ehange (formation of a 
platelet plug) set into motion by the stimulus (damage to the blood ves- 
sel). The response ends when the platelet plug has pffigged the hole in the 
blood vessel. 12. The position in which a person is standing ereet with 
feet slightly separated and palms faeing anteriorly. Knowing the ana- 
tomieal position is important because direetional terms refer to the body 
as if it is in this position. 13. Axillary region is the armpit. Aeromial area 
is the tip of the shoulder. 14. A frontal (eoronal) seetion would separate 
the brain into anterior and posterior parts. 15. He may have appendieitis 
if the pain is in the lower right quadrant of his abdomen. 16. Of these 
organs, only the spinal eord is in the dorsal body eavity. 17. As mobile 
organs (heart, ffings, digestive organs) work, frietion is greatly reduced by 
the presenee of serous fffiid. Serous fluid allows the surrounding serous 
membranes to glide easily over one another. 

Review Questions 1. e; 2. a; 3. e; 4. a, d; 5. (a) wrist (b) hip bone (e) nose 
(d) toes (e) sealp; 6. neither e nor d would be visible in the median 
seetion; 7. (a) dorsal (b) ventral (e) dorsal (d) ventral; 8. b; 9. b; 10. e 

ehapter 2 

Check Your TJnderstanding 1 . Foods eontain ehemieal energy. 2. Elee- 
trieal energy is the energy used by nerve eells to transmit messages in the 
body. 3. Potential energy (PE) is available when we are still. PE is eon- 
verted to kinetie (working) energy when we exercise. 4. Besides hydrogen 
and nitrogen, earbon and oxygen help to make up the bulk of living 
matter. 5. This element has 82 protons in its nucleus and 82 eleetrons in 
its orbitals (eleetron cloud). 6. Atomie mass indieates the sum of the pro- 
tons and neutrons in a given atom’s nucleus. Atomie weight indieates the 
average mass of all the isotopes of a given element. 7. A molecule is 2 or 
more atoms held together by ehemieal bonds. 8. A compound is formed 
when two or more different kinds of atoms ehemieally bond together, as 
W in NaCl. Oxygen gas is 2 oxygen atoms (the same kind of atom) bonded 
together. 9. Blood is a mixture because its eomponents are not ehanged 
by their eombination and they ean be separated by physieal means. 

10. Hydrogen bonds (linking H of one water molecule to O of another) 
form between water molecules. 11. Argon’s valenee shell is full: )2e )8e 
)8e. Henee it is nonreaetive. 12. Eleetrons would spend more time in the 
vieinity of the more eleetronegative atom in XY, whereas eleetrons in XX 


would orbit both X atoms to an equal extent. 13. Fats are digested in the 
small intestine by deeomposition reaetions. 14. Bioehemieal reaetions in 
the body tend to be irreversible because (a) one or more of the products 
is removed from the reaetion site or (b) the product is needed more than 
the reaetants, so the eell would not provide energy to reverse the reaetion. 
15. Deeomposition reaetions in which foods are broken down for energy 
are oxidation-reduction (redox) reaetions. 16. Water is an excellent sol- 
vent because of its polarity. As a dipole, it ean orient itself to the end of 
other molecules, causing them to dissoeiate or go into soffition. 17. Elee- 
trolytes are substances like salts that will conduct an eleetrieal current in 
aqueous soffition. 18. H + is responsible for aeidity. 19. It is better to add 
a weak base, which will aet to buffer the strong aeid. 20. Monomers of 
earbohydrates are ealled monosaeeharides or simple sugars. Gffieose is 
blood sugar. 21. The animal form of stored earbohydrate is glyeogen. 

22. Triglyeerides, the major source of stored energy in the body, are eom- 
posed of three fatty aeid ehains and a glyeerol molecule and are found in 
fat tissue. Phospholipids eonsist of two fatty aeid ehains and a eharged 
P-eontaining group. They are found in all eell membranes and form the 
basis of those membranes. 23. Hydrolysis reaetions break down polymers 
or maeromoleailes to their monomers by adding water to eaeh bond 
joining monomers. 24. An “amino aeid” has an amine group (NH 2 ) and a 
COOH group that has aeidie properties. 25. The primary structure of pro- 
teins is the stringlike ehain of amino aeids. 26. The seeondary structures 
of proteins are the alpha helix and the beta-pleated sheet. 27. Molecular 
ehaperones prevent inaccurate or inappropriate folding in the 3-D struc- 
ture of a protein. 28. Enzymes hold the substrate(s) in a desirable position 
to interaet. 29. DNA eontains deoxyribose sugar and the bases A, T, G, 

C. RNA eontains ribose sugar and the bases A, U, G, C. 30. DNA dietates 
protein structure by its base sequence and reproduces itself before a eell 
divides to ensure that the genetie information in the daughter eells is 
identieal. 31. ATP stores energy in smaller paekets that are more readily 
released and transferred (during ATP hydrolysis) than the energy stored 
in gffieose. Henee the use of ATP as an energy source keeps energy waste 
to a minimum. 32. When ATP releases energy, it loses a phosphate group 
and beeomes ADP (also energy rieh). 

Review Questions 1 . d; 2. d; 3. b; 4. a; 5. b; 6. a; 7. a; 8. b; 9. d; 10. a; 

11. b; 12. a, e; 13. (l)a, (2)c; 14. e; 15. d; 16. e; 17. d; 18. d; 19. a; 20. b; 
21. b; 22. e 

ehapter 3 

Check Your Understanding 1 . The eell is the structural and ffinetional 
unit of life. The aetivity of an organism depends on the aetivities of its 
eells. The aetivities of eells depend on their form and relative numbers 
of subcellular structures. Continuity of life has a eelffilar basis. 2. It is 
the eell eoneept that ineffides structures and ffinetions eommon to all 
eells. 3. All eelffilar membranes eonsist of a double layer of phospholi- 
pids in which proteins are embedded. 4. Hydrophobie regions (tails of 
phospholipid molecules) orient toward eaeh other while the hydrophilie 
regions (phospholipid heads) orient to the aqueous fluid inside and 
outside the eell. 5. The sugar residues of the glycocalyx provide reeogniz- 
able biologieal markers for eells to reeognize eaeh other. 6. The heart has 
desmosomes (anehoring junctions) that secure eardiae eells together as 
the heart works and gap junctions (communicating junctions) that al- 
low ions to flow from eardiae eell to eardiae eell. 7. Difffision is driven 
by kinetie energy of the molecules. 8. The relative eoneentration of the 
substance in different areas determines the direetion of difffision. Dif- 
ffision occurs from regions of high eoneentration to regions of low 
eoneentration. 9. In ehannel-mediated difffision, the difffising substance 
moves through a membrane ehannel. In earrier-mediated difffision, the 
difffising substance attaehes to a membrane (protein) earrier that moves 
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it aeross the membrane. 10. Phosphorylation of the Na + -K + pump 
causes the pump protein to ehange shape so that it “pumps” Na + aeross 
the membrane. K + binding to the pump protein triggers the release of 
phosphate and the pump protein returns to its original shape. 11. The 
plasma membrane expands as a result of exocytosis. 12. Phagoeytie eells 
engulf debris, and a smoker’s lungs would be laden with earbon partieles 
and other debris from smoke inhalation. 13. Cholesterol is taken in by 
reeeptor-mediated endoeytosis. 14. Difhision of ions, mainly the 
diffusion of K + from the eell through leakage ehannels, establishes the 
resting membrane potential. 15. In a polarized membrane, the inside 
is negative relative to its outside. 16. Signaling ehemieals that bind to 
membrane reeeptors are ealled ligands. G protein-linked reeeptors direet 
intracellular events by promoting formation of seeond messengers. 

17. Mitoehondria are the major sites of ATP synthesis. 18. Ribosomes 
are the sites of protein synthesis. The rough ER provides a site for ribo- 
some attaehment, and its eisterns paekage in vesieles the proteins made 
on the ribosomes for transport to the Golgi apparatus. The Golgi appa- 
ratus modihes and paekages the proteins it reeeives for various destina- 
tions within or outside the eell. 19. The lysosomal enzymes digest foreign 
substances engulfed by the eell, nonuseful or deteriorating organelles, or 
even the eell itself to prevent the buildup of eelhilar debris. The enzymes 
in peroxisomes detoxify harmful ehemieals and neutralize free radieals. 

20. Both mierohlaments and microtubules are involved in organelle 
movements within the eell and/or movements of the eell as a whole. 

21. Intermediate hlaments are the most important eytoskeletal elements 
in maintaining eell shape. 22. The major hmetion of mierovilli is to 
inerease the eell’s surface area for absorption of substances. 23. If a eell 
loses its nucleus, it is doomed to die because it will be unable to make 
proteins, which include the enzymes needed for all metabolie reaetions. 
24. Nucleoli are the site of synthesis of ribosomal subunits. 25. Histone 
proteins provide the means to paek DNA in a eompaet, orderly way, and 
they play a role in gene regulation. 26. The base sequence of the eorre- 
sponding strand will be GCTTAC. 27. DNA is synthesized during the S 
phase. 28. Nuclear envelope breaks up, spindle forms, nucleoli disappear, 
and the ehromosomes eoil and eondense. 29. Codons are three-base 
sequences in mRNA, eaeh of which speeihes an amino aeid. Antieodons 
are three-base sequences in tRNA that are eomplementary to the eodons 
speeifying the amino aeid they transport to the ribosome during protein 
synthesis. 30. The A site is the entry site for tRNA at the ribosome. The 

P site is where the tRNA earrying the growing polypeptide is loeated. The 
E site is the tRNA exit site from the ribosome. 31. DNA provides the 
eoded instmetions (is the template) for protein synthesis via the mRNA 
synthesized on it. 32. Ubiquitin attaehes to misfolded, damaged, or un- 
needed proteins, tagging them for destmetion by proteasomes. 33. Blood 
plasma is extracellular huid that transports nutrients, gases, hormones, 
and other substances throughout the body. Interstitial huid is an im- 
portant transport and dissolving medium. 34. Apoptosis is a proeess 
of programmed eell death which rids the body of eells that are stressed, 
damaged, old, or no longer needed. 35. The wear-and-tear theory of ag- 
ing attributes aging to little ehemieal insults and free radieals, which have 
cumulative detrimental effeets. 

Review Questions 1 . d; 2. a, e; 3. b; 4. b; 5. e; 6. e; 7. d; 8. a; 9. d; 10. a; 

11. b; 12. d; 13. e; 14. b; 15. d; 16. a; 17. b; 18. d; 19. e 

ehapter 4 

Check Your Understanding 1. Fixing tissue preserves it and prevents it 
from deteriorating. 2. Heavy metal salts are used to stain tissues viewed 
by eleetron mieroseopes. 3. Epithelial tissue lines body eavities and eov- 
ers the body’s external surface; thus polarity with one free (apieal) surface 
is a requirement. 4. Epithelial tissue ean regenerate and its eells are joined 
by lateral eontaets. 5. Simple epithelia are “built” to provide for efheient 
absorption and hltration aeross their thin epithelial barriers. 6. Pseudo- 


stratihed epithelia appear to be stratihed because their eells’ nuclei lie at 
different distanees from the basement membrane. However, all eells rest 
on the basement membrane. 7. Transitional epithelium is found in the 
urinary bladder and other hollow urinary organs. The ability of this epi- 
thelium to thin allows the urinary organs to handle (store or transport) 
a larger urine volume when neeessary. 8. All unicellular exocrine glands 
seerete the protein mucin (which beeomes mucus on mixing with water). 

9. These exocrine glands are elassihed by duct structure and seeretory 
mode. 10. Holoerine glands have the highest rate of eell division. The 
seeretory eells fragment and are lost in the seeretion; thus the seeretory 
eells must be continuously replaeed. 11. Connective tissue hmetions to 
bind, support, proteet, and insulate body organs. In addition, blood aets 
to transport substances throughout the body. 12. Reticular, eollagen, and 
elastie hbers are found in the various eonneetive tissues. 13. Areolar eon- 
neetive tissue, because of its loose weblike nature, is eapable of serving as 
a fluid reservoir. 14. Dense regular eonneetive tissue is damaged when 
you laeerate a tendon. 15. Hyaline eartilage forms the growth plates. 

16. Cardiac muscle eells have striations and are branehing eells. 17. Skel- 
etal muscle tissue is voluntary and is the muscle tissue injured when you 
“pull a muscle” while exercising. 18. With extended proeesses, a neuron 
ean conduct eleetrieal signals a great distanee within the body. 19. A 
mucous membrane eonsists of both eonneetive tissue and epithelium. 

It lines body eavities open to the exterior. 20. The serous membranes 
ealled pleurae line the thorax walls and eover the lungs. 21. The three 
main steps of tissue repair are inhammation, organization, and regenera- 
tion and hbrosis (which is a permanent repair). 22. More severe injuries 
damage and destroy more tissue, requiring greater replaeement with sear 
tissue. 23. The three embryonie germ layers are the eetoderm, mesoderm, 
and endoderm. 24. Eetoderm gives rise to the nervous system. 25. Epi- 
thelium and blood-forming tissue remain highly mitotie all through life. 

Review Questions 1. (l)a, (2)c, (3)d, (4)b; 2. e, e; 3. (l)b, (2)f, (3)a, (4)d, 

(5)g, (6)d; 4. b; 5. e; 6. b 

ehapter 5 

Check Your Understanding 1 . Sinee the sole of the foot has thiek 
skin, the layers from most superhcial to deepest would be the stratum 
corneum, stratum lucidum, stratum granulosum, stratum spinosum, 
and stratum basale. 2. The stratum basale undergoes almost continuous 
mitosis to replaee eells lost by abrasion. 3. The skin is subjected to a lot 
of abrasion and physieal trauma. The desmosomes, which are eonneet- 
ing junctions, help to hold the eells together during such stress. 4. The 
stratum basale, which abuts the dermis where the blood supply is, has 
the best nourished eells. 5. The papillary layer of the dermis gives rise to 
hngerprint patterns. 6. Fatty tissue in the hypodermis gives it insulating 
and shoek-absorbing properties. 7. Because there is no bleeding, the cut 
has penetrated into the avascular epidermis only. 8. The third pigment 
contributing to skin eolor is hemoglobin, the pigment eontained in red 
blood eells found in blood vessels of the dermis. 9. Cyanosis is a bluish 
east of the skin that indieates that hemoglobin in the red blood eells in 
the dermal eapillaries is poorly oxygenated. 10. Jaundice or a yellow east 
to the skin due to the deposit of yellow bile pigments in body tissues 
may indieate a liver disorder. 11. The regions of a hair from outside in 
are the cuticle, cortex, and medulla. 12. There are no nerves in a hair, so 
cutting hair is painless. 13. The arreetor pili muscles pull the hair (nor- 
mally slanted) to the upright position (when eold or seared). 14. The hair 
papilla eontains a knot of eapillaries that supplies nutrients to eells of the ^ 
hair bulb. 15. The lunule of the nail is white because the thiek nail matrix 
that underlies it bloeks the rosy eolor of the dermal blood supply from 
showing through. 16. Nails are hard because the keratin they eontain is 
the hard keratin variety. 17. Sebaceous (oil) glands and apoerine glands 
are assoeiated with the hair follieles. 18. His sympathetie nervous system 
aetivated his eeerine sweat glands and caused heat-induced sweating 
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in order to eool the body. 19. Heat-induced sweating occurs all over 
the body when we are overheated. A eold sweat is emotionally induced 
sweating that begins on the palms, soles, and armpits and then spreads 
to other body areas. Both types of sweating are produced by the eeerine 
sweat glands, but aetivity of apoerine sweat glands is also likely during a 
^ eold sweat. 20. The palms of the hands and soles of the feet are thiek skin 
areas. It would be dangerous to have oily soles, and oily palms would 
deerease the ability of the hands to hang onto things. 21. The low pH of 
skin seeretions (aeid mantle) inhibits division of baeteria, and many bae- 
teria are killed by baeterieidal substances in sebum or by natural antibiot- 
ies ealled defensins. Damaged skin seeretes eathelieidins that are effeetive 
against a eertain strain of strep baeteria. 22. The epidermal dendritie eells 
play a role in body immunity. 23. Sunlight causes the skin to produce a 
precursor of vitamin D from eholesterol. Vitamin D is essential for bone 
synthesis. 24. The skin earries out ehemieal eonversions that supple- 
ment some of the proteetive eonversions earried out by the liver, eonvert 
some ehemieals into eareinogens, aetivate some steroid hormones, and 
synthesize the vitamin D precursor. 25. Basal eell eareinoma develops 
from the youngest epidermal eells. 26. The ABCD rule helps one to 
reeognize signs of melanoma. 27. First- and seeond-degree burns ean 
heal uneventfully by regeneration of epidermal eells as long as infeetion 
does not occur. Third-degree burns destroy the entire depth of skin and 
regeneration is not possible. infeetion and loss of body fluid and proteins 
are problematie. 28. Burns to the faee are serious because damage to the 
respiratory passageways ean occur in such burns. 29. Vernix easeosa is a 
product of the sebaceous glands. 30. Loss of subcutaneous fat, eommon 
in the elderly, leads to eold intoleranee seen in this group of people. 

31. UV radiation degrades eollagen and leads to loss of skin elastieity 
and water-holding eapaeity. 

Review Questions 1 . a; 2. e; 3. d; 4. d; 5. b; 6. b; 7. e; 8. e; 9. b; 10. a; 

11. d; 12. b 

Case Study 1. The skin separates and proteets the internal environ- 
ment of the body from potentially dangerous elements in the external 
environment. Mrs. DeStephano’s ehart indieates epidermal abrasions, 
which represent the loss of this barrier. Epidermal loss will also eost Mrs. 
DeStephano the aeid mantle of her skin, proteetion against UV radiation, 
and dendritie eells, which proteet against invasion by mieroorganisms. 

2. Maerophages found in the dermis ean aet as a backup system against 
baeterial and viral invasion when the epidermis is damaged. 3. Suturing 
brings the edges of wounds elose together and promotes faster healing 
because smaller amounts of granulation tissue need to be formed. This 
is termed healing by first intention. 4. Cyanosis signals a deerease in the 
amount of oxygen earried by hemoglobin in the blood. Respiratory sys- 
tem and/or cardiovascular system impairments ean lead to eyanosis. 

ehapter 6 

Check Your Understanding l.Hyaline eartilage is the most plentiful 
in the adult body. 2. The epiglottis and external ear eartilages are flex- 
ible elastie eartilage. 3. Interstitial growth is growth from within. 4. The 
eomponents of the axial skeleton are the skull, the vertebral column, 
and the thoraeie eage. 5. The major fimetion of the axial skeleton is to 
establish the long axis of the body and to proteet structures that it en- 
eloses. The general fimetion of the appendicular skeleton is to allow us 
mobility for propulsion and manipulation of our environment. 6. The 
ribs and skull bones are flat bones. 7. Skeletal muscles use bones as le- 
vers to cause movement of the body and its parts. 8. Bone matrix stores 
minerals and growth faetors. 9. Bone marrow eavities serve as sites for 
blood eell formation and fat storage. 10. Crests, tubercles, and spines 
are bony projeetions. 11. Compact bone looks fairly solid and homo- 
geneous whereas spongy bone has an open network of bone spicules. 

12. Endosteum lines the internal eanals and eovers the trabeculae. 

13. Bone’s inorganie eomponent (bone salts) makes it hard. 14. The 


osteoelast fits this deseription. 15. Bones begin as fibrous membranes 
or hyaline eartilages. 16. The eartilage model grows, then breaks down 
and is replaeed by bone. 17. The primary ossifieation eenter in a long 
bone is in the eenter of the shaft. The seeondary ossifieation eenters 
are in the epiphyses (bone ends). 18. The ehondroeytes are enlarging 
and their lacunae are breaking down and leaving holes in the eartilage 
matrix. 19. If bone-destroying eells (osteoelasts) are more aetive than 
bone-forming eells (osteoblasts), bone mass will deerease. 20. The hor- 
monal stimiihis maintains homeostatie blood calcium levels. 21. In an 
open fracture, the bone ends are exposed to the external environment. In 
a elosed fracture, the bone ends do not penetrate the external boundary 
of the skin. 22. Bone growth inereases bone mass, as during ehildhood or 
when exceptional stress is plaeed on the bones. Bone remodeling follows 
bone growth to maintain the proper proportions of the bone eonsidering 
stresses plaeed upon it. 23. Paget’s disease is eharaeterized by excessive de- 
posit of weak, poorly mineralized bone. 24. Sufficient vitamin D, calcium, 
and weight-bearing exercise all help to maintain healthy bone density. 

25. Adult riekets is ealled osteomalaeia. 26. At birth, most bones are well 
formed and ossified except for their epiphyses. 27. The skull bones do not 
appear to lose mass with aging. 

Review Questions 1 . e; 2. b; 3. e; 4. d; 5. e; 6. b; 7. e; 8. b; 9. d, e; 10. e; 

11. b; 12. e; 13. a; 14. b 

Case Study 1 . Mrs. DeStephano’s broken leg has a transverse fracture 
of the open variety because the broken ends of the bone are protmding 
through the skin. 2. The laeeration of the skin caused by the broken end 
of the bone ereates a breaeh in the proteetive barrier ereated by the skin, 
providing an entry point for baeteria and other mieroorganisms. In ad- 
dition, the protmding ends of the bone have now been exposed to the 
nonsterile external environment. This could result in the development of 
osteomyelitis, a baeterial infeetion, which ean be treated with antibiot- 
ies. 3. Reduction of a fracture is the elinieal term for “setting the bone.” 
Mrs. DeStephano’s physieian ehose internal reduction, in which surgery 
is performed and the broken ends of the bone are secured together by 
pins or wires. A east was applied to keep the aligned ends of the bone 
immobile until healing of the fracture has occurred. 4. Healing of Mrs. 
DeStephano’s fracture will begin as bony callus formation fills the break 
in the bone with bony tissue. This proeess begins 3-4 weeks after the 
break occurs and is eompleted within 2-3 months. 5. Nutrient arteries 
supply blood to the bone tissue. In order for Mrs. DeStephano’s break to 
heal normally, the bony tissue must be supplied with oxygen (to gener- 
ate ATP for energy) and nutrients in order to rebuild the bone. Damage 
to a nutrient artery will deerease the delivery of these building materials 
and could slow the proeess of healing. 6. For a fracture that is slow to 
heal, new techniques that promote healing include eleetrieal stimulation, 
which promotes the deposition of new bone tissue; ultrasound treat- 
ments, known to speed healing; and possibly the addition of bone substi- 
tutes to the fractured area. 7. At age 45, Mrs. DeStephano will most likely 
not regenerate her knee eartilage. (Cartilage growth typieally ends during 
adoleseenee.) Cartilage damage that occurs during adulthood is slow to 
heal, due to the avascular nature of eartilage, and is usually irreparable. 
Surgical removal of eartilage fragments to allow improved movement of 
the joint is the usual treatment for this type of damage. 

ehapter 7 

Check Your Understanding 1 . The three main parts of the axial skel- 
eton are the skull, vertebral column, and thoraeie eage. 2. The axial 
skeleton is more important in proteeting internal organs. 3. The frontal, 
parietal, temporal, sphenoid, and ethmoid bones are all eranial bones. 

4. The ethmoid bone forms the erista galli. 5. The temporal bones house 
the external ear eanals. 6. The parietal bones abut eaeh other at the sagit- 
tal suture. The oeeipital bone abuts the parietal bones at the lambdoid 
suture. 7. The zygomatie bones are the eheekbones. 8. Eating or talking, 
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because the only freely movable joints of the skull are the temporoman- 
dibular joints of the jaw. 9. The maxillae are the keystone bones of the 
faeial skeleton. 10. The sphenoid, ethmoid, frontal, and maxillary bones 
eontain paranasal sinuses. 11. The eribriform plates of the ethmoid bone 
form the roof of the nasal eavity. 12. The maxillae form the bulk of the 
orbit íloor. The eye is housed in the orbit. 13. The five major regions of 
the vertebral column are the eervieal, thoraeie, lumbar, saeral, and eoeey- 
geal regions. 14. The eervieal and lumbar regions are eoneave posteriorly. 
15. The fibroeartilage dises contribute to the flexibility of the vertebral 
column. 16. There are 7 eervieal and 12 thoraeie vertebrae. 17. The dens 
is the axis on which the atlas rotates. If it’s broken, movements of the 
atlas would be less eontrollable. 18. A lrnnbar vertebra is heavier and 
its massive body is kidney shaped. Its spinous proeesses are short and 
projeet direetly baek. A thoraeie vertebral body is generally heart shaped, 
its spinous proeess is long, sharp, and points downward, and its trans- 
verse proeesses have faeets for articulating with the ribs. 19. A true rib 
eonneets to the sternum by its own eostal eartilage. A false rib eonneets 
to the sternum via eostal eartilages of other ribs or not at all. 20. The ster- 
nal angle is a ridge aeross the front of the sternum where the manubrium 
joins the sternal body. It aets as a hinge allowing the sternum to swing 
anteriorly when we inhale. Because it is aligned with the seeond rib, it 
is a handy cue for finding that rib and then counting the ribs during a 
physieal exam. 21. The thoraeie vertebrae also contribute to the thoraeie 
eage. 22. Eaeh peetoral girdle is formed by a scapula and a elaviele. 23. 
The peetoral girdle attaehes to the sternal manubrium of the axial skel- 
eton via the medial end of its elaviele. 24. A consequence of its flexibility 
is that it is easily disloeated. 25. Together the ulna and humerus form 
the elbow joint. 26. The ulna and the radius eaeh have a styloid proeess 
distally. 27. Carpals are found in the proximal region of the palm. They 
are short bones. 28. The third bone of the os coxae is the ischium. 29. 

The pelvie girdle reeeives the weight of the upper body (tmnk, head, 
and upper limbs) and transmits that weight to the lower limbs. 30. The 
female pelvis is wider and has a shorter saemrn and a more movable eoe- 
cyx. 31. The tibia is the seeond largest bone in the body. 32. The medial 
malleolus is loeated on the distalmost medial aspeet of the tibia. 33. The 
lateral eondyles are not sites of muscle attaehment, they are articular sur- 
faees. 34. Because of their springiness, the foot arehes save energy during 
loeomotion. 35. The two largest tarsals are the talus and the calcaneus, 
which forms the heel. 36. The enlargement of the faeial skeleton between 
ages 6 and 13 is due to the enlargement of the nose and paranasal sinuses 
and the development of the permanent teeth. 37. The lmnbar curvature 
develops when the baby begins to walk. 

Review Questions 1 . (l)b, g; (2)h; (3)d; (4)d, f; (5)e; (6)c; (7)a, b, d, h; 
(8)i; 2. (l)g, (2)f, (3)b, (4)a, (5)b, (6)c, (7)d, (8)e; 3. (l)b, (2)c, (3)e, (4)a, 
(5)h, (6)e, (7)f 

Case Study 1. The hemispherieal soeket at the point where her femur at- 
taehes is ealled the acetabulum. 2. The structure on the femur that forms 
the “ball” that fits into the “soeket” named in question 1 is ealled the head 
of the femur. 3. The three bones in the pelvie girdle that fuse together at a 
point within the structure identified in question 1 are the ilium, ischium , 
and pubis. 4. If you were asked to rest your hands on your hips, your 
hands would be resting on the iliae erests. 5. The structures on the femur 
where the large muscles of the buttocks and thigh attaeh are the greater 
troehanter and lesser troehanter. 6. The structure of the pelvis that the 
seiatie nerve passes through as it travels into the upper thigh is the greater 
seiatie noteh of the ilium. 

ehapter 8 

Check Your Understanding 1 . Joint and articulation are synonyms. 

2. The synarthroses are the least mobile of the joint types. 3. Symphyses 
and synehondroses are cartilaginous joints. 4. In general, the more stable a 
joint, the less mobile it is. 5. The fibrous layer and the synovial membrane 


make up the wall of the articular capsule. 6. Bursae and tendon sheaths 
help to reduce frietion during joint movement. 7. The muscle tendons 
that eross the joint are typieally the most important faetor in stabilizing 
synovial joints. 8. Weeping lubrication helps keep the joint eartilages 
nourished and “lubricates” the joint surfaces. 9. John’s hip joint was flexed 
and his knees extended and his thrnnb was in opposition (to his index fin- 
ger). 10. The hinge and pivot joints are uniaxial joints. 11. The knee and 
temporomandibular joints have menisei. The elbow and knee aet mainly I 
as a uniaxial hinge. The shoulder depends largely on muscle tendons for I 
stability. 12. Arthritis means inflammation of the joint. 13. RA typieally ■ 
produces pain, swelling, and joint deformations that tend to be bilateral I 
and erippling. OA patients tend to have pain, particularly on arising, I 

which is relieved by gentle exercise, and enlarged bone ends (due to spurs) | 
in affeeted joints. Affeeted joints may exhibit crepitus. 14. Lyme disease is 
caused by spiroehete baeteria and transmitted by a tiek bite. 15. Regular 
exercise strengthens joints and keeps them well nourished. 

Review Questions 1. (l)c, (2)a, (3)a, (4)b, (5)c, (6)b, (7)b, (8)a, (9)c; 2. b; 

3. d; 4. d; 5. b; 6. d; 7. d 

Case Study 1. The hip joint would be structurally elassified as a synovial 
joint and fimetionally elassified as a diarthrotie (freely movable) joint. 

2. The six distinguishing features that define a synovial joint are: 

(1) articular eartilage, (2) joint (synovial) eavity, (3) articular capsule, 

(4) synovial fluid, (5) reinforeing ligaments, (6) nerves and blood vessels. 

3. The joint spaee in a synovial joint is normally filled with synovial fluid. 

4. The acetabular labmrn is a pieee of fibroeartilage that attaehes to and 
extends the rim of the acetabulum. The diameter of the labmrn is less than 
the diameter of the head of the femur, and this helps stabilize the joint to 
prevent it from disloeating. 5. Mrs. Tanner’s hip was bent (flexed) and her 
thigh was pulled toward the midline of her body (adducted) and turned in 
toward this midline (medially rotated). 6. Mrs. Tanner suffered a poste- 
rior disloeation of the hip. When the head of the femur eomes away from 
the aeetabiihim and then turns posteriorly, it causes the femur to rotate 
counterclockwise. This ean be determined from the faet that her thigh was 
adducted and medially rotated. 7. The hip movements include flexion, ex- 
tension, abduction, adduction, rotation, and circumduction of the thigh. 

ehapter 9 

Check Your Understanding 1. Striated means “with stripes.” 2. He 
should respond “smooth muscle,” which fits the deseription. 3. “Epimy- 
sium” literally translates to “outside the muscle” and this eonneetive tis- 
sue sheath is the outermost muscle sheath, enelosing the entire muscle. 

4. The thin myofilaments have binding sites for calcium on the troponin 
molecules forming part of those filaments. 5. In a resting muscle fiber, 
the SR would have the highest eoneentration of calcium ions. The mito- 
ehondrion provides the ATP needed for muscle aetivity. 6. The eompo- 
nents of the neuromuscular junction are the axon terminal, the synaptie 
eleff, and the junctional folds of the sareolemma. 7. The final trigger for 
eontraetion is a eertain eoneentration of calcium ions in the eytosol. The 
initial trigger is depolarization of the sareolemma. 8. There are always 
some myosin eross bridges bound to the aetin myofilament during the 
eontraetion phase. Thus, backward sliding of the aetin filaments is pre- 
vented. 9. Without ATP, rigor would occur because the myosin heads 
could not detaeh. 10. A motor unit is an axon of a motor neuron and 
all the muscle fibers it innervates. 11. During the latent period, events of 
excitation-contraction coupling are occurring. 12. Immediately after 
Jay grabs the bar, his bieeps muscles are eontraeting isometrieally. As 
his body moves upward toward the bar, they are eontraeting isotonieally 
and eoneentrieally. As he lowers his body toward the mat, the bieeps are 
eontraeting isotonieally and eeeentrieally. 13. Erie was breathing heav- 
ily because it takes some time for his heart rate and overall metabolism 
to return to the resting state after exercise. Moreover, he had likely 
incurred an oxygen debt that required he take in extra oxygen for the 
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restorative proeess, the so-ealled EPOC. Although jogging is primarily 
an aerobie exercise, there is always some anaerobie respiration that oe- 
curs as well—the amount depends on exercise intensity. As fatigue oe- 
curs, potassium ions accumulate in the T tubules, and laetie aeid and 
phosphate ions accumulate in the muscle eells. 14. Faetors that influence 
^ muscle eontraetile foree include muscle fiber size, the number of muscle 
fibers stirmilated, the frequency of stimulation, and the degree of muscle 
streteh. Faetors that influence veloeity of eontraetion include muscle 
fiber type, load, and the number of motor units eontraeting. 15. Fast gly- 
eolytie fibers would provide for short periods of intense strength needed 
to liíf and move furniture. 16. To inerease muscle size and strength, 
anaerobie exercise is best. Muscle endurance is enhaneed by aerobie ex- 
ereise. 17. Both skeletal and smooth muscle fibers are elongated eells, but 
unlike smooth muscle eells, which are spindle shaped, uninucleate, and 
nonstriated, skeletal muscle eells are very large eigar-shaped, multinucle- 
ate, striated eells. 18. Calcium binds to troponin on the thin filaments 
in skeletal muscle eells. In smooth muscle eells, it binds to a eytoplasmie 
protein ealled calmodulin. 19. Hollow organs that have smooth muscle 
eells helping to form their walls often must temporarily store the organ’s 
eontents (urine, food residues, ete.), an ability ensured by the stress- 
relaxation response. 20. During development of skeletal muscle fibers, 
the myoblast eells join together, forming multinucleate myotubes. 

21. The eonneetive tissue in muscles inereases with age, causing the 
muscles to get stringier. 22. Regular exercise and strength training help 
to defer the loss in strength and muscle wasting that tends to occur with 
age, and improve neuromuscular fimetion. 

Review Questions 1. e; 2. b; 3. (l)b, (2)a, (3)b, (4)a, (5)b, (6)a; 4. e; 5. a; 
6. a; 7. d; 8. a; 9. (l)a, (2)a, e, (3)b, (4)c, (5)b, (6)b; 10. a; 11. e; 12. e; 

13. e; 14. b 

Case Study 1 . The first reaetion to tissue injury is the initiation of the in- 
flammatory response. The inflammatory ehemieals inerease the permea- 
bility of the eapillaries in the injured area, allowing white blood eells, fluid, 
and other substances to reaeh the injured area. The next step in healing 
involves the formation of granulation tissue, in which the vascular supply 
for the injured area is regenerated and eollagen fibers that knit the torn 
edges of the tissue together are formed. Skeletal muscle does not regener- 
ate well, so the damaged areas of Mrs. DeStephano’s muscle tissue will 
probably be repaired primarily by the formation of fibrous tissue, ereating 
sear tissue. 2. Healing is aided by good circulation of blood within the 
injured area. Vascular damage eompromises healing because the supply 
of oxygen and nutrients to the tissue is reduced. 3. Under normal circum- 
stanees, skeletal muscles reeeive eleetrieal signals from the nervous system 
continuously. These signals help to maintain muscle tone and readiness. 
Severing of the seiatie nerve removes this continuous nervous input to the 
muscles and will lead to muscle atrophy. Immobility of nmseles will lead 
to a replaeement of eontraetile muscle tissue with noneontraetile fibrous 
eonneetive tissue. Distal to the point of transeetion, the muscle will begin 
to deerease in size within 3-7 days of beeoming immobile. This proeess 
ean be delayed by eleetrieally stimulating the tissues. Passive range-of- 
motion exercises also help prevent loss of muscle tone and joint range, 
and improve eirailation in the injured areas. 4. Mrs. DeStephano’s phy- 
sieian wants to supply her damaged tissues with the neeessary building 
materials to encourage healing. A high-protein diet will provide plenty of 
amino aeids to rebuild or replaee damaged proteins, earbohydrates will 
provide the fuel molecules needed to generate the required ATP, and 
W vitamin C is important for the regeneration of eonneetive tissue. 

ehapter 10 

Check Your Understanding 1 . The term “prime mover” refers to the mus- 
ele that bears the most responsibility for causing a partieiilar movement. 2. 
The iliacus overlies the iliae bone; the adductor brevis is a small (size) mus- 


ele that adducts (movement caused) the thigh; and the quadriceps 
(4 heads) femoris muscle follows the course of the femur. 3. Of the imiseles 
illustrated in Figure 10.2, the one with the parallel arrangement (sartorius) 
could shorten to the greatest degree. The stoeky bipennate (rectus femoris) 
and multipennate (deltoid) muscles would be most powerful because they 
paek in the most fibers. 4. Third-elass levers are the fastest levers. 5. A lever 
that operates at a meehanieal advantage allows the nrnsele to exert less 
foree than the load being moved. 6. John was using the frontal belly of his 
epieranms to raise his eyebrows and the orbieiilaris oculi muscles to wink 
at Sarah. 7. To make a sad clown’s faee you would eontraet your platysma, 
depressor anguli oris, and depressor labii inferioris muscles. 8. The deltoid 
has a broad origin. When only its anterior fibers eontraet, it flexes and 
medially rotates the humerus. When only its posterior fibers eontraet, it ex- 
tends and laterally rotates the humerus. 9. The opponens pollieis does not 
have an insertion on the bones of the timrnb. 

Review Questions 1. e; 2. e; 3. (l)e, (2)c, (3)g, (4)f, (5)d; 4. a; 5. e; 6. d; 

7. e; 8. e; 9. b; 10. d; 11. b; 12. a; 13. e; 14. d; 15. a, b; 16. a 

Case Study 1 . A prime mover is a nmsele that has primary or major re- 
sponsibility for producing a speeifie movement. A synergist is a muscle 
that supports or helps the aetion of a prime mover by adding extra foree, 
or providing stability so that the prime mover ean perform its aetion. 

2. An antagonist is a nmsele that opposes, resists, or reverses a particular 
movement. By mimieking the aetion of an antagonist, the therapist ean 
test the strength of the agonist nmsele and eompare it with the same mus- 
ele in the other limb. 3. Ideally, the therapist would assess eaeh muscle 
individually. In reality, these assessments usually measure the fimetion of 
a group of nmseles because multiple muscles are often involved in similar 
aetions. (a) This assessment focuses on the thigh adductors (magnus, 
longus, brevis), pectineus, and graeilis. Speeifieally, the adductor magnus 
is innervated by the damaged seiatie nerve. (b) This assessment addresses 
Mrs. Tanner’s ability to dorsiflex her foot. Dorsiflexion involves all of the 
nmseles in the anterior eompartment of the lower leg: the tibialis anterior, 
extensor digitomm longus, fibularis (peroneus) tertius, and extensor hal- 
lucis longus. (e) This assessment addresses the fimetion of the nmseles of 
the posterior eompartment of the thigh. The hamstrings (bieeps femoris, 
semitendinosus, semimembranosus) are the prime movers involved in 
knee flexion. 4. To assess these muscles, the therapist would apply resis- 
tanee to the natural aetion of these nmseles. (a) The extensor halhieis lon- 
gus inserts on the distal phalanx of the great toe. The therapist ean apply 
resistanee to the top of the toe and ask Mrs. Tanner to extend the toe. 

(b) The fibularis longus is involved in eversion of the foot and plantar 
flexion. The therapist ean apply resistanee to the lateral aspeet of the foot 
and ask Mrs. Tanner to evert (turn out) her ankle. In addition, resistanee 
ean be applied to the bottom of the foot and Mrs. Tanner asked to push 
against that resistanee. (e) The gastrocnemius, along with the soleus, is a 
powerful plantar flexor. The therapist ean (1) ask Mrs. Tanner to raise her 
body up on her toes using her right foot, or (2) apply pressure to the bot- 
tom of the foot and ask Mrs. Tanner to push against that resistanee. 

ehapter 11 

Check Your Understanding 1. Integration involves proeessing and inter- 
preting sensory information, and making a deeision about motor output. 
Integration occurs primarily in the CNS. 2. (a) This “full stomaeh” feeling 
would be relayed by the sensory (afferent) division of the PNS (via its vis- 
eeral afferent fibers). (b) Ihe somatie nervous system, which is part of the 
motor (efferent) division of the PNS, eontrols movement of skeletal mus- 
ele. (e) The autonomic nervous system, which is part of the motor (effer- 
ent) division of the PNS, eontrols the heart rate. 3. Astroeytes eontrol the 
extracellular environment around neuron eell bodies in the CNS, whereas 
satellite eells perform this fimetion in the PNS. 4. Oligodendroeytes and 
Schwann eells form myelin sheaths in the CNS and PNS, respeetively. 
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5. A nerve fiber is a long axon, an extension of the eell. In eonneetive tis- 
sue, fibers are extracellular proteins that provide support. In muscle tissue, 
a muscle fiber is a muscle eell. 6. A nucleus within the brain is a ehister of 
eell bodies, whereas the nucleus within eaeh neuron is a large organelle 
that aets as the eontrol eenter of the eell. 7. In the CNS, a myelin sheath is 
formed by oligodendroeytes that wrap their plasma membranes around 
the axon. The myelin sheath proteets and eleetrieally insulates axons and 
inereases the speed of transmission of nerve impulses. 8. Burning a finger 
will first aetivate unipolar (pseudounipolar) neurons that are sensory 
(afferent) neurons. The impulse to move your finger away from the heat 
will be earried by multipolar neurons that are motor (efferent) neurons. 

9. The eoneentration gradient and the eleetrieal gradient—together ealled 
the eleetroehemieal gradient—determine the direetion in which ions flow 
through an open membrane ehannel. 10. There is more leakage of K + 
than of any other eations. 11. Aetion potentials are larger than graded 
potentials and travel fiirther. Graded potentials generally initiate aetion 
potentials. 12. An aetion potential is regenerated anew at eaeh membrane 
pateh. 13. Conduction of aetion potentials is faster in myelinated axons 
because myelin allows the axon membrane between myelin sheath gaps 
to ehange its voltage rapidly, and allows current to flow only at the widely 
spaeed gaps. 14. If a seeond stimulus occurs before the end of the absohite 
refraetory period, no AP ean occur because sodium ehannels are still inae- 
tivated. 15. At an eleetrieal synapse, neurons are joined by gap junctions. 
16. Voltage-gated ion (Ca 2+ ) ehannels are found in the presynaptie axon 
terminal and open when an aetion potential reaehes the axon terminal. 
Chemically gated ion ehannels are found in the postsynaptie membrane 
and open when neurotransmitter binds to the reeeptor protein. 17. IPSPs 
result from the flow of either K + or Cl“ through ehemieally gated ehan- 
nels. EPSPs result from the flow of both Na + and K + through ehemieally 
gated ehannels. 18. Temporal summation is summation in time of graded 
potentials occurring in quick succession at the postsynaptie membrane. It 
ean result from EPSPs arising from just one synapse. Spatial summation 
is summation in spaee—a postsynaptie neuron is stinmlated by a large 
number of terminals at the same time. 19. ACh interaets with more than 
one speeifie reeeptor type, and this explains how it ean excite at some 
synapses and inhibit at others. 20. eAMP is ealled a seeond messenger 
because it relays the message between the first messenger (the original 
ehemieal messenger) outside of the eell and effeetor molecules that will 
ultimately bring about the desired response within the eell. 21. Reverber- 
ating circuits and parallel after-diseharge circuits both result in prolonged 
output. 22. The pattern of neural proeessing is serial proeessing. The 
response is a reflex are. 23. The pattern of neural proeessing is parallel 
proeessing. 24. The growing tip of an axon is ealled a growth eone. Neuro- 
tropins are ehemieals that signal the growth eone. 

Review Questions 1. b; 2. (l)d, (2)b, (3)f, (4)c, (5)a; 3. b; 4. e; 5. a; 6. e; 

7. b; 8. d; 9. e; 10. e; 11. a; 12. (l)d, (2)b, (3)a, (4)c 

Case Study 1. The eleetrieal signals generated by neurons are ealled ae- 
tion potentials. An aetion potential is a ehange in membrane potential 
that involves depolarization and repolarization phases. 2. An inhibitory 
postsynaptie potential (IPSP) is a signal that makes it less likely that a 
postsynaptie neuron will be able to generate an aetion potential. This 
effeet is usually produced when the signal causes the membrane poten- 
tial of the postsynaptie neuron to beeome more negative, moving away 
from the axon’s threshold potential. 3. GABA falls into the amino aeid 
elass of neurotransmitters. This same elass includes glyeine, glutamate, 
and aspartate. 4. To enhanee the aetions of GABA at a synapse, a drug 
could either (1) aet presynaptieally to inerease the release of GABA at the 
synapse, (2) deerease the reuptake of GABA after it has been released, or 
(3) aet postsynaptieally to either inerease the binding strength of GABA 
at its reeeptors, or inerease the number of reeeptors. 5. An influx of Cl“ 
into the postsynaptie eell causes the membrane potential to beeome more 


negative (hyperpolarize). When hyperpolarized, the eell is farther from 
its threshold potential and so is less likely to produce an aetion potential. 

ehapter 12 

Check Your Understanding 1. The third ventriele is surrounded by the 
dieneephalon. 2. The eerebral hemispheres and the cerebellum have an M 
outside layer of gray matter in addition to eentral gray matter and its I 

surrounding white matter. 3. Convolutions inerease surface area of the I 

cortex, which allows more neurons to occupy the limited spaee within I 
the skull. 4. The eentral sulcus separates primary motor areas from so- I 
matosensory areas. 5. Motor fimetions on the left side of the body are I 

eontrolled by the right hemisphere of the brain because motor traets from I 
the right hemisphere eross over (in the medulla oblongata) to the leff side I 
of the spinal eord to go to the leff side of the body. 6. Commissural fibers I 

(which form commissures) allow the eerebral hemispheres to “talk to eaeh I 
other.” 7. The caudate nucleus, putamen, and globus pallidus together I 
form the basal nuclei. 8. Virtually all inputs aseending to the eerebral I 

cortex synapse in the thalamus en route. 9. The hypothalamus oversees I 
the autonomic nervous system. 10. The pyramids of the medulla are the I 

eortieospinal (pyramidal) traets, the large voluntary motor traets deseend- 
ing from the motor cortex. The result of decussation (erossing over) is that | 
eaeh side of the motor cortex eontrols the opposite side of the body. 

11. The eerebral peduncles and the colliculi are assoeiated with the mid- 
brain. 12. There are many possible answers to this question—here are a 
few: Structurally, the cerebellum and eerebmm are similar in that they 
both have a thin outer cortex of gray matter, internal white matter, and 
deep gray matter nuclei. Also, both have body maps (homunculi) and 
large fiber traets eonneeting them to the brain stem. Both reeeive sen- 
sory input and influence motor output. A major differenee is that the 
eerebelhim is almost entirely eoneerned with motor output, whereas the 
eerebmm has much broader responsibilities. Also, while a eerebral hemi- 
sphere eontrols the opposite side of the body, a eerebellar hemisphere 
eontrols the same side of the body. 13. The hypothalanms is part of the 
limbie system and also an autonomic (viseeral) eontrol eenter. 14. Taylor 
is inereasing the amount of sensory stimuli she reeeives, which will be 
relayed to the reticular aetivating system, which, in turn, will inerease 
aetivation of the eerebral cortex. 15. Delta waves are typieally seen in deep 
sleep in normal adults. 16. Drowsiness (or lethargy) and stupor are stages 
of consciousness between alertness and eoma. 17. Most skeletal muscles 
are aetively inhibited during REM sleep. 18. Transfer of memory from 
STM to LTM is enhaneed by (1) rehearsal, (2) assoeiation (tying “new” in- 
formation to “old” information), and (3) a heightened emotional state (for 
example, alert, motivated, surprised, or aroused). 19. The basal nuclei and 
premotor cortex are involved in procedural (skills) memory, but not in 
deelarative memory. 20. CSF, formed by the ehoroid plexuses as a filtrate 
of blood plasma, is a watery “broth” similar in eomposition to plasma. It 
proteets the brain and spinal eord from blows and other trarnna, helps 
nourish the brain, and earries ehemieal signals from one part of the brain 
to another. 21. A TIA is a temporary loss of blood supply to brain tissue, 
and it differs from a stroke in that the resultant impairment is fiilly revers- 
ible. 22. Mrs. Lee might have Parkinson’s disease. 23. The nerves serving 
the limbs arise in the eervieal and lumbar enlargements of the spinal eord. 

24. In the spinothalamie pathway, the eell bodies of first-order sensory 
neurons are outside the spinal eord in a ganglion, eell bodies of seeond- 
order sensory neurons are in the dorsal horn of the spinal eord, and eell 
bodies of third-order sensory neurons are in the thalamus. (See also Fig- 
ure 12.3 lb.) 25. A loss of motor fimetion is ealled paralysis. Lower limb 
paralysis could be caused by a spinal eord injury in the thoraeie region 
(between T and L ). If the spinal eord is transeeted, the result is paraple- 
gia. If the eord is only bmised, he may regain fimetion in the limbs. An 
MRI sean (or CT sean) of the spinal eord would be helpfiil. 26. Alar plate 
neuroblasts beeome interneurons, whereas basal plate neuroblasts beeome 
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motor (eíferent) neurons. 27. Premature babies have trouble regiilating 
body temperature because the hypothalamus is immature. 28. Reversible 
causes of dementia include preseription drug effeets, low blood pressure, 
poor nutrition, hormone imbalanees, depression, and dehydration. 

Review Questions 1 . a; 2. d; 3. e; 4. a; 5. (l)d, (2)f, (3)e, (4)g, (5)b, (6)f, 
à (7)i, (8)a; 6. b; 7. e; 8. a; 9. (l)a, (2)b, (3)a, (4)a, (5)b, (6)a, (7)b, (8)b, (9)a; 
10. d; 11. (l)d, (2)e, (3)c and d, (4)a; 12. e 

Case Study 1 . The four regions of the brain are the eerebral hemispheres, 
dieneephalon, brain stem, and cerebellum. A eerebral hemisphere is 
involved in this ease. Motor functions and language are both loeated in 
this eerebral hemisphere and have been affeeted by the injury. 2. The 
left side of the brain has been affeeted in this ease. The motor dysfunc- 
tion on the right side of the body is the primary pieee of evidenee used 
to determine this. In addition, the brain areas serving speeeh are usually 
loeated in the left side. 3. The motor dysfunction on the right side of the 
body suggests that the injury has affeeted the primary motor cortex and 
possibly the premotor cortex of the left eerebral hemisphere. In addition 
to the problems with motor function, Mrs. Bryans experienced difficulty 
with language. Two areas of the brain assoeiated with language, Broea’s 
and Wernicke’s area, are usually loeated in the left eerebral cortex. The 
type of aphasia deseribed suggests damage to Broea’s area. 4. From the 
surface of the brain to the skull, the three membranes that make up the 
meninges include the pia mater, araehnoid mater, and dura mater. 5. The 
subarachnoid hemorrhage involves bleeding into the region below (sub 
= below) the araehnoid mater. The subdural hematoma involves blood 
eolleeting between the dura mater and the araehnoid mater. 

ehapter 13 

Check Your Understanding 1 . In addition to nerves, the PNS also 
eonsists of sensory reeeptors, motor endings, and ganglia. 2. Noeieeptors 
respond to painful stimuli. They are exteroceptors that are noneneap- 
sulated (free nerve endings). 3. The three levels of sensory integration 
are reeeptor level, circuit level, and perceptual level. 4. Phasie reeeptors 
adapt, whereas tonie reeeptors exhibit little or no adaptation. Pain reeep- 
tors are tonie so that we are reminded to proteet the injured body part. 

5. Hot and eold are eonveyed by different sensory reeeptors that are parts 
of separate “labeled lines.” Cool and eold are two different intensities of 
the same stimulus, deteeted by frequency eoding—the frequency of APs 
would be higher for a eold than a eool stimulus. Aetion potentials arising 
in the fingers and foot arrive at different loeations in the somatosensory 
cortex via their own “labeled lines” and in this way the cortex ean deter- 
mine their origin. 6. Ganglia are eolleetions of neuron eell bodies in the 
PNS. 7. Nerves also eontain eonneetive tissue, blood vessels, lymphatie 
vessels, and the myelin surrounding the axons. 8. Schwann eells, mae- 
rophages, and the neurons themselves were all important in healing the 
nerve. 9. The oailomotor (III), troehlear (IV), and abducens (VI) nerves 
eontrol eye movements. Stieking out your tongue involves the hypoglos- 
sal nerve (XII). The vagus nerve (X) influences heart rate and digestive 
aetivity. The aeeessory nerve (XI) innervates the trapezius muscle, which 
is involved in shoulder shmgging. 10. Roots lie medial to spinal nerves, 
whereas rami lie lateral to spinal nerves. Dorsal roots are purely sensory, 
whereas dorsal rami earry both motor and sensory fibers. 11. The spi- 
nal nerve roots were C s -C 5 , the spinal nerve was the phrenie nerve, the 
plexus was the eervieal plexus. The phrenie nerve is the sole motor nerve 
supply to the diaphragm, the primary muscle for respiration. 12. Vari- 
eosities are the series of knoblike swellings that are the axon endings of 
autonomic motor neurons. You would find them on axon endings serv- 
ing smooth muscle or glands. 13. The cerebellum and basal nuclei, which 
form the preeommand level of motor eontrol, plan and eoordinate eom- 
plex motor aetivities. 14. The five eomponents of a reflex are are reeeptor, 


sensory neuron, integration eenter, motor neuron, and effeetor. 15. The 
streteh reflex is important for maintaining muscle tone and adjusting it 
reflexively by causing muscle eontraetion in response to inereased mus- 
ele length (streteh). It maintains posture. The flexor or withdrawal reflex 
is initiated by a painfiil stimulus and causes automatic withdrawal of the 
painfiil body part from the stimulus. It is proteetive. 16. This response is 
ealled Babinski’s sign and it indieates damage to the eortieospinal traet 
or primary motor cortex. 17. The vertebral column, spinal nerves, and 
dermatomes are all examples of segmentation in the adult. 

Review Questions 1 . b; 2. e; 3. d; 4. e; 5. e; 6. e; 7. (l)d, (2)c, (3)f, (4)b, 

(5) e, (6)a; 8. (l)f, (2)i, (3)b, (4)g, h, (5)e, (6)i, (7)c, (8)k, (9)1, (10)c, d, f, k; 
9. (l)b 6; (2)d 8; (3)c 2; (4)c 5; (5)a 4; (6)a 3, 9; (7)a 7; (8)a 7; (9)d 1; 

(10)a 3, 4, 7, 9; 10. (l)a, 1 and 5; (2)a, 3 and 5; (3)a, 4; (4)a, 2; (5)c, 2; 

(6) b, 2; 11 . e 

Case Study 1. Cerebrospinal fluid (CSF) is leaking out of Mr. Haneoek’s 
right ear. The fracture must have torn both the dura mater and araehnoid 
mater. In addition, the tympanie membrane must have ruptured. Antibi- 
oties were administered to prevent infeetion by baeteria that might enter 
through the ruptured meninges, causing meningitis. Elevating the head 
of the bed deereases the CSF pressure in the skull. (This allows the torn 
meninges to heal spontaneously in the majority of eases.) 2. The observa- 
tions on Mr. Haneoek’s ehart indieate: (a) Either damage to CN VIII (the 
vestibulocochlear nerve, which transmits afferent impulses for the sense 
of hearing) or destmetion of the eoehlea (the sensory organ for hearing). 
(b) Damage to CN V 3 (the mandibular division of the trigeminal nerve), 
which runs through the foramen ovale. This nerve eonveys sensory infor- 
mation from the lower part of the faee. (e) Damage to CN V 2 (the maxil- 
lary division of the trigeminal nerve), which mns through the foramen 
rotundum. This nerve eonveys sensory information from the skin of the 
upper lip, lower eyelid, and eheek. (d) Damage to CN VI (the abducens 
nerve), which innervates the lateral rectus muscle of the eye. Because 
this muscle is responsible for pulling the eye laterally (abduction), loss 
of tone in this muscle at rest will cause the eye to turn inward. Diplopia 
will worsen when looking to the right because the eye eannot abduct. 

3. The faeial nerve (eranial nerve VII) is the primary motor nerve assoei- 
ated with faeial expression. The faeial nerve also eontains parasympathetie 
fibers that eontrol seeretion of tears from the laerimal glands. Damage to 
this nerve explains both the motor symptoms and the dryness of his eye. 

ehapter 14 

Check Your Understanding 1 . The effeetors of the autonomic nervous 
system are eardiae muscle, smooth muscle, and glands. 2. The somatie 
motor system relays instmetions to muscles more quickly because it in- 
volves only one motor neuron, whereas the ANS uses a two-neuron ehain. 
Moreover, axons of somatie motor neurons are typieally heavily myelin- 
ated, whereas preganglionie autonomic axons are lightly myelinated and 
postganglionie axons are nonmyelinated. 3. While you relax in the sun 
on the beaeh, the parasympathetie braneh of the ANS would probably 
predominate. When you pereeive danger (as in a shark), the sympathetie 
braneh of the ANS predominates. 4. “Short preganglionie fibers,” “origin 
from thoraeolmnbar region of spinal eord,” “eollateral ganglia,” and “in- 
nervates adrenal medulla” are all eharaeteristie of the sympathetie nervous 
system. Terminal ganglia are found in the parasympathetie nervous sys- 
tem. 5. The major differenees are (1) the ANS has viseeral afferents rather 
than somatie afferents, (2) the ANS has a two-neuron efferent ehain, 
whereas the somatie nervous system (SNS) has one, and (3) the effeetors 
of the ANS are smooth muscles, eardiae muscle, and glands, whereas 
the effeetors of the SNS are skeletal muscles. 6. The parasympathetie 
nervous system inereases digestive aetivity and deereases heart rate. The 
sympathetie nervous system inereases blood pressure, dilates bronehi- 
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oles, stimiilates the adrenal medulla to release its hormones, and causes 
ejaeiilation. 7. You would find nieotinie reeeptors on skeletal muscle and 
the hormone-producing eells of the adrenal medulla, but not on smooth 
muscle or glands. Virtually all types of reeeptors (inehiding nieotinie re- 
eeptors) are also found in the CNS (see Table 11.3 on p. 415). 8. The main 
integration eenter of the ANS is the hypothalamus, although the most di- 
reet influence is through the brain stem reticular formation and the reflex 
eenters in the pons and medulla oblongata. 9. jaekson’s doetor may have 
preseribed a beta-bloeker because jaekson has hypertension. (Chronic 
stress is a faetor in causing hypertension.) The beta-bloeker will deerease 
blood pressure by bloeking beta-adrenergie reeeptors in the heart, thereby 
deereasing heart rate and foree of eontraetion, and by deereasing renin 
release from the kidneys. 10. The neural erest gives rise to both autonomic 
ganglia and the adrenal medulla. 

Review Questions 1 . d; 2. (1)S, (2)P, (3)P, (4)S, (5)S, (6)P, (7)P, (8)S, 
(9)P, (10)S, (11)P, (12)S; 3. b; 4. e; 5. a 

Case Study 1 . The loeation of Jimmy’s laeerations and bmises and his in- 
ability to rise led the paramedies to suspect a head, neek, or baek injury. 
They immobilized his head and torso to prevent any flirther damage to 
the brain and spinal eord. 2. The worsening neurological signs indieate a 
probable intraeranial hemorrhage. The blood eseaping from the ruptured 
blood vessel(s) will begin to eompress Jimmy’s brain and inerease his 
intraeranial pressure. Jimmy’s surgery will involve repair of the damaged 
vessel(s) and removal of the mass of elotted blood pressing on his brain. 
3. Loss of motor and sensory flmetion below the level of the nipples in- 
dieates a lesion at T . See Figure 13.13. 4. Jimmy is suffering from spinal 
shoek, which occurs as a result of injury to the spinal eord. Spinal shoek 
is a temporary eondition in which all reflex and motor aetivities caudal 
to the level of spinal eord injury are lost, so Jimmy’s muscles are para- 
lyzed. His blood pressure is low due to the loss of sympathetie tone in his 
vasculature. 5. Jimmy’s exaggerated reflexes are caused by damaged up- 
per motor neuron axons in the spinal eord. These upper motor neurons 
normally inhibit spinal reflexes. He is ineontinent because there are no 
longer pathways to support voluntary eontrol of bowel and bladder emp- 
tying. 6. This eondition is ealled autonomic dysreflexia (or autonomic 
hyperreflexia). This is a eondition in which a normal stimulus triggers 
a massive aetivation of autonomic neurons. 7. Extremely high arterial 
blood pressure ean cause a rupture of the eerebral blood vessels (as well 
as other blood vessels in the body) and put Jimmy’s life at risk. 

ehapter 15 

Check Your TJnderstanding 1 . Tears (laerimal fluid) are a dilute sa- 
line seeretion that eontains mucus, antibodies, and lysozyme. They are 
seereted by the laerimal glands. 2. The blind spot of the eye is the optie 
dise. It is the part of the retina where the optie nerve exits the eye and it 
is “blind” because it is a region of the retina that laeks photoreeeptors. 

3. An inerease in intraocular pressure is ealled glaucoma and is due to 
an accumulation of aqueous humor, usually because of impaired drain- 
age of the fluid. 4. Light passes through the eornea, aqueous humor, 
lens, vitreous humor, ganglion eells and bipolar eells before it reaehes 
the photoreeeptors. 5. The eiliary muscles and sphineter pupillae relax 
for distant vision. (If you said the medial rectus muscles also relax, this is 
true, but remember that the rectus muscles are extrinsic eye muscles, not 
intrinsie.) 6. The near point moves farther away as you age because the 
lens beeomes less flexible (presbyopia), so that it is unable to assume the 
more rounded shape required for near vision. 7. The following are ehar- 
aeteristies of eones: “vision in bright light,” “eolor vision,” and “higher 
acuity.” The following are eharaeteristies of rods: “only one type of visual 
pigment,” “most abundant in the periphery of the retina,” “many feed 
into one ganglion eell,” and “higher sensitivity.” 8. Breakdown of the 
retinal-opsin eombination is ealled bleaehing of the pigment. It occurs 


with exposure to light. 9. A trnnor in the right visual cortex would affeet 
the left visual field. A tumor eompressing the right optie nerve would 
affeet both the left and right visual fields from the right eye only. 10. The 
five taste modalities are sweet, sour, bitter, salty, and umami. The fun- 
giform, vallate, and foliate papillae eontain taste buds. 11. The eilia and 
hairs of these reeeptor eells greatly inerease the surface area for sensory 
reeeptors. 12. The tympanie membrane separates the external from the 
middle ear. The oval and round windows separate the middle from the 
inner ear. 13. The basilar membrane allows us to differentiate sounds of 
different piteh. 14. You would not be able to loeate the origin of a sound 
if the brain stem did not reeeive input from both ears. 15. The following 
apply to a macula: “eontains otholiths,” “responds to linear aeeeleration 
or deeeleration,” and “inside a saccule.” The following apply to a erista 
ampullaris: “inside a semicircular eanal,” “has a cupula,” “responds to 
rotational aeeeleration and deeeleration.” 16. The “fullness” in Moham- 
med’s ears is likely due to an accumulation of fluid in the middle ear as 
a result of his upper respiratory infeetion (“eold”) spreading into his ear. 
He has a form of conduction deafness. 17. With age, the lens diseolors 
and loses its elarity and the dilator pupillae muscles beeome less eífieient, 
deereasing the amount of light that reaehes the retinas at night. 

Review Questions 1. e; 2. d; 3. a; 4. b; 5. e; 6. e; 7. b; 8. a; 9. b; 10. b; 

11. b; 12. d; 13. d; 14. a; 15. d; 16. e; 17. d; 18. b; 19. b; 20. e; 21. d; 22. b; 
23. b; 24. e; 25. b; 26. e; 27. e; 28. e; 29. e 

Case Study 1 . The ear is divided into three major areas: external ear, mid- 
dle ear, and internal ear. The portion of the internal ear, or labyrinth, as- 
soeiated with balanee and equilibrium is the part of the ear affeeted in Mr. 
Rhen’s BPPV. 2. Maintaining balanee and equilibrium requires multiple 
sources of sensory input. The three main sources of sensory input are the 
vestibular apparatus of the ear, visual input, and input from the proprio- 
eeptors of the skin, muscles, and joints. 3. The two flmetional divisions are 
the vestibule and semicircular eanals. The vestibule’s sensory reeeptors are 
the maeiilae, which sense linear (straight line) aeeeleration and deeelera- 
tion. The semieirailar eanals’ reeeptors are the eristae ampullares, which 
deteet rotational aeeeleration and deeeleration. 4. Mr. Rhen’s vertigo is 
brought on by rotational movements of the head, suggesting that the eris- 
tae ampullares of the semicircular eanals are affeeted. 5. The added mass 
of the displaeed otoliths pushes on a cupula of a semicircular eanal when 
the head is rotated during the Dix-Hallpike maneuver. The otoliths either 
stiek to the gelatinous cupula, or swirl through the eanals during head 
movement and drift against the cupula like snow. In both eases, the bend- 
ing of the cupula is prolonged and vertigo persists. As a result, vestibular 
nystagmus is observed when it would ordinarily be absent. 

ehapter 16 

Check Your TJnderstanding 1 . The endoerine system is more elosely 
assoeiated with growth and development, and its responses tend to be 
long-lasting, whereas nervous system responses tend to be rapid and 
diserete. 2. The thyroid and parathyroid glands are found in the neek. 

3. Hormones are released into the blood and transported throughout 
the body, whereas paraerines aet loeally, generally within the same 
tissue. 4. The two major ehemieal elasses of hormones are amino 
aeid-based hormones and steroids. Steroids are all lipid soluble. Thy- 
roid hormones are the only amino aeid-based hormones that are lipid 
sohible. 5. Water-soluble hormones aet on reeeptors in the plasma 
membrane coupled most often via regulatory molecules ealled G pro- 
teins to intracellular seeond messengers. Lipid-soluble hormones aet on 
intracellular reeeptors, direetly aetivating genes and stimulating synthe- 
sis of speeifie proteins. 6. Hormone release ean be triggered by humoral, 
neural, or hormonal stimuli. 7. The hypothalarmis communicates with 
the anterior pituitary via hormones released into a speeial portal sys- 
tem of blood vessels. In eontrast, it eomrmmieates with the posterior 
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pituitary via aetion potentials traveling down axons that eonneet the 
hypothalanms to the posterior pituitary. 8. Drinking aleoholie beverages 
inhibits ADH seeretion from the posterior pituitary and causes copious 
urine output and dehydration. The dehydration causes the hangover 
effeets. 9. LH and FSH are tropie hormones that aet on the gonads, 

^ TSH is a tropie hormone that aets on the thyroid, and ACTH is a tropie 
hormone that aets on the adrenal cortex. (If you said growth hormone, 
that’s also a good answer, as GH causing the liver to release IGFs might 
also be eonsidered a tropie effeet.) 10. Thyroid hormone inereases basal 
metabolie rate (and heat production) in the body. Parathyroid hormone 
inereases blood Ca 2+ levels in a variety of ways. Calcitonin at high (phar- 
maeologieal) levels has a Ca 2+ -lowering, bone-sparing effeet. (At normal 
blood levels its effeets in humans are negligible.) 11. Thyroid follicular 
eells release thyroid hormone, parathyroid eells in the parathyroid gland 
release parathyroid hormone, and parafollicular (C) eells in the thy- 
roid gland release ealeitonin. 12. Glucocorticoids are stress hormones 
that, among many effeets, inerease blood glucose. Mineraloeortieoids 
inerease blood Na + (and blood pressure) and deerease blood K + . Go- 
nadoeortieoids are male and female sex hormones that are thought to 
have a variety of effeets (for example, contribute to onset of puberty, 
sex drive in women, pubic and axillary hair development in women). 

13. Melatonin is used by some individuals as a sleep aid, particularly 
to counter jet lag. 14. When we say Sharon is diabetie, this means that 
she has insufficient insulin aetion in her body. The most likely explana- 
tion for Sharon’s behavior is that she has taken too much insulin and 
is experiencing hypoglyeemia. You could help her by making sure she 
immediately ingests a sugary snaek or drink. 15. Diabetes mellitus is 
due to a laek of insulin production or aetion, whereas diabetes insipidus 
is due to a laek of ADH. Both eonditions are eharaeterized by produc- 
tion of copious amounts of urine. You would find glucose in the urine 
of a patient with diabetes mellitus, but not in the urine of a patient with 
diabetes insipidus. 16. The gonadal hormones are steroid hormones. A 
major endoerine gland that also seeretes steroid hormones is the adrenal 
cortex. 17. The heart produces atrial natriuretic peptide (ANP). ANP 
deereases blood vohime and blood pressure by inereasing the kidneys’ 
production of salty urine. 18. Vitamin D 3 , produced in inaetive form by 
the skin, inereases intestinal absorption of calcium. 19. The deeline in 
growth hormone with age contributes to muscle atrophy. The deeline in 
estrogen contributes to osteoporosis in women. 

Review Questions 1 . b; 2. a; 3. e; 4. d; 5. (l)c, (2)a and b, (3)f, (4)d, 

(5)e, (6)g, (7)a, (8)h, (9)b and e, (10)a; 6. d; 7. e; 8. b; 9. d; 10. b; 11. d; 

12. b; 13. e; 14. d 

Case Study 1. Rationale for orders: As Mr. Gutteman is unconscious, 
the level of damage to his brain is unclear. Monitoring his responses 
and vital signs every hour will provide information for his eare provid- 
ers about the extent of his injuries. Turning him every 4 hours and 
providing earefiil skin eare will prevent decubitus ulcers (bedsores) 
as well as stimulating his proprioeeptive pathways. 2. Mr. Gutteman’s 
eondition is termed diabetes insipidus, a eondition in which insuf- 
fieient quantities of antidiuretic hormone (ADH) are produced or 
released. Diabetes insipidus patients excrete large volumes of urine but 
do not have ghieose or ketones present in the urine. The head trarnna 
could have damaged Mr. Gutteman’s hypothalamus, which produces 
the hormone, or injured his posterior pituitary gland, which releases 
ADH into the bloodstream. 3. Diabetes insipidus is not life threatening 
W for most individuals with normal thirst meehanisms, as they will be 
thirsty and drink to replenish the lost fluid. However, Mr. Gutteman 
is eomatose, so his fhiid output must be monitored elosely so that the 
vohime lost ean be replaeed by IV line. His subsequent reeovery may 
be eomplieated if he has suffered damage to his hypothalamus, which 
houses the thirst eenter neurons. 


ehapter 17 

Check Your LJnderstanding 1 . The hematoerit is the pereentage of 
blood that is occupied by erythroeytes. It is normally about 45%. 2. Blood 
ean prevent blood loss by forming elots when a blood vessel is damaged. 
Blood ean prevent infeetion because it eontains antimierobial proteins 
and white blood eells. 3. Plasma proteins are not used as fuel for body 
eells because their presenee in blood is required to perform many key 
fimetions. 4. Eaeh hemoglobin molecule ean transport four 0 2 . The heme 
portion of the hemoglobin binds the 0 2 . 5. The kidneys’ synthesis of 
erythropoietin is eompromised in advaneed kidney disease, so RBC pro- 
duction deereases, causing anemia. 6. Monoeytes beeome maerophages 
in tissues. Neutrophils are also voracious phagoeytes. 

7. “Thrombopoietin” is derived from the same word as “thromboeyte.” 

It is the hormone that promotes platelet formation. 8. Amos’s red bone 
marrow is spewing out many abnormal white blood eells, which are 
crowding out the production of normal bone marrow elements. The laek 
of normal white blood eells allows the infeetions, the laek of platelets fails 
to stop bleeding, and the laek of erythroeytes is anemia. 9. The three steps 
of hemostasis are vascular spasm, platelet plug formation, and coagula- 
tion. 10. Fibrinogen is water soluble, whereas fibrin is not. Prothrombin 
is an inaetive precursor, whereas thrombin aets as an enzyme. Most fae- 
tors are inaetive in blood before aetivation and beeome enzymes upon 
aetivation. (There are exceptions, such as fibrinogen and calcium.) 

11. Thromboeytopenia (platelet defieieney) results in failure to plug the 
countless small tears in blood vessels, and so manifests as small purple 
spots. Hemophilia A results from the absenee of elotting faetor VIII. 

12. Nigel has anti-A antibodies in his blood and type B agghitinogens on 
his RBCs. He ean donate blood to an AB reeipient, but he should not re- 
eeive blood from an AB donor because his anti-A antibodies will cause a 
transfiision reaetion. 13. If Emily has a baeterial meningitis, a differential 
WBC count would likely reveal an inerease in neutrophils because neu- 
trophils are a major body defense against baeteria. 14. Hemoglobin F has 
a higher aífinity (binding strength) for oxygen than adult hemoglobin 
does. It has 2 a and 2 y ehains rather than 2 a and 2 (3 ehains. 

Review Questions 1. e; 2. e; 3. d; 4. b; 5. d; 6. a; 7. a; 8. b; 9. e; 10. d 

Case Study 1. Saline infiision temporarily replaees the lost blood vol- 
ume, thereby helping to restore Mr. Malone’s circulation. 2. The PBRCs 
eontain oxygen-carrying hemoglobin. While the saline replaees lost 
blood volrnne, it eannot replaee the hemoglobin in the lost RBCs. (In 
acute trauma, the rule of thrnnb is to use no more than 2 liters of normal 
saline before starting PRBCs, so that the hematoerit does not drop below 
30%.) 3. O negative blood eells bear neither the A nor the B nor the Rh 
agglutinogens (antigens). People with O negative blood are sometimes 
ealled “universal donors” because their eells laek the antigens responsible 
for most major transfiision reaetions. 4. Mr. Malone’s blood would have 
anti-B antibodies (agglutinins) so he would not be able to reeeive B or 
AB blood. He ean safely reeeive A and O blood. 5. If doetors had trans- 
fused type B or AB blood into Mr. Malone’s circulation, his anti-B 
antibodies would have “attaeked” these foreign eells and caused them 
to agglutinate. This transfiision reaetion ean be dangerous because the 
agglutinated eells ean elog small vessels. In addition the transfiised eells 
would begin to hemolyze (rupture) or would be destroyed by phagoeytes. 

ehapter 18 

Check Your LJnderstanding 1 . The mediastinum is the medial eavity of 
the thorax within which the heart, great vessels, and traehea are found. 

2. The layers of the heart wall are the endocardium, the myocardium, 
and the epieardimn. The epicardium is also ealled the viseeral layer of 
the serous pericardium. This is surrounded by the parietal layer of the 
serous pericardium and the fibrous pericardium. 3. The serous fluid de- 
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ereases frietion caused by movement of the layers against one another. 

4. The papillary muscles and ehordae tendineae keep the AV valve flaps 
from everting into the atria as the ventrieles eontraet. 5. The right side 
of the heart aets as the pulmonary pump, whereas the left aets as the 
systemie pump. 6. (a) True. The left ventriele wall is thieker than the 
right. (b) True. The left ventriele pumps blood at much higher pressure 
than the right ventriele because the left ventriele supplies the whole 
body, whereas the right ventriele supplies only the lungs. (e) False. Eaeh 
ventriele pumps the same amount of blood with eaeh beat. If this were 
not true, blood would baek up in either the systemie or pulmonary eir- 
culation (because the two ventrieles are in series). 7. The branehes of the 
right eoronary artery are the right marginal artery and the posterior in- 
terventricular artery. 8. (a) The refraetory period is almost as long as the 
eontraetion in eardiae muscle. (b) The source of Ca 2+ for the eontraetion 
is only SR in skeletal muscle. (e) The AP exhibits a plateau phase in ear- 
diae muscle. (d) Both skeletal muscle and eardiae muscle have troponin. 
(e) Only skeletal muscle has triads. 9. Cardiac muscle eannot go into 
tetany because the absolute refraetory period is almost as long as the 
eontraetion. 10. The subendocardial conducting network excites ven- 
tricular muscle fibers. The depolarization wave travels upward from the 
apex toward the atria, and from endoeardimn to epicardium. 11. (a) The 
QRS wave occurs during ventricular depolarization. (b) The T wave of 
the ECG occurs during ventricular repolarization. (e) The P-R interval 
of the ECG occurs during atrial depolarization and the conduction of 
the aetion potential through the rest of the intrinsie conduction system. 
12. The seeond heart sound is assoeiated with the elosing of the semilu- 
nar valves. 13. The murmur of mitral insuíficiency occurs during ven- 
tricular systole (because this is when the valve should be elosed, and the 
murmur is due to blood leaking through the ineompletely elosed valve 
into the atrium). 14. The periods when all four valves are elosed are the 
isovohimetrie eontraetion phase and the isovohimetrie relaxation phase. 
15. Exercise aetivates the sympathetie nervous system. Sympathetie 
nervous system aetivity inereases heart rate. It also direetly inereases 
ventricular eontraetility, thereby inereasing Josh’s stroke volume. 16. If 
the heart is beating very rapidly, the amount of time for ventricular fill- 
ing between eontraetions is deereased. This deereases the end diastolie 
volume, deereases the stroke volume, and therefore deereases the ear- 
diae output. 17. The foramen ovale and the ductus arteriosus both allow 
blood to bypass the fetal lungs. 18. Elderly athletes may be hampered by 
selerosis and thiekening of heart valve flaps, a deeline in eardiae reserve, 
fibrosis of eardiae muscle, and atheroselerosis. 

Review Questions 1 . a; 2. e; 3. b; 4. e; 5. b; 6. b; 7. e; 8. d; 9. b 

Case Study 1. The weak and thready pulse indieates a drop in stroke 
volrnne (SV). The pulse is felt as blood is ejeeted from the heart during 
ventricular eontraetion (systole). The weak and thready pulse suggests 
that less blood is being ejeeted during eaeh eontraetion (a lower SV). 

2. An inerease in heart rate leads to an inerease in eardiae output (reeall 
CO = HR X SV). Mr. Ayers’s CO is abnormally low (as shown by his 
deereasing blood pressure). This is probably due to a deerease in SV. The 
inerease in HR is an attempt to eompensate for the deerease in SV in or- 
der to maintain CO as elose to normal as possible. 3. In eardiae tampon- 
ade, the fhfid around the heart eompresses the heart and prevents it from 
fiilly expanding as it relaxes (diastole). As a result of this restrietion, less 
blood will flow into the heart (ventricular filling). With less blood flowing 
into the ventrieles, the degree of streteh of the heart muscle (preload) will 
also be reduced. These events lead to a reduction in SV. 4. Heart sounds 
are produced by the elosing of heart valves during a normal eardiae eyele. 
When EDV is reduced, there is both reduced SV and reduced foree of 
eontraetion, leading to slower, quieter valve closure. 5. The enlarged me- 
diastinum and perieardial efínsions suggest that the bleeding is restrieted 
within these eompartments. The tear would most likely be loeated in the 


proximal portion of the aseending aorta (the part elosest to the heart). 

This part of the aorta is loeated within the pericardium. The tear then 
proeeeded distally but was eontained within the aortie wall, causing the 
baek pain. An uncontained tear in the aortie areh or deseending aorta 
would lead to bleeding in the thoraeie and/or abdominal eavities, which 
was not observed in this ease. 6. In the faee of reduced SV, blood return- 
ing to the heart baeks up, leading to a rise in venous pressure. This is a 
key sign of tamponade. 

ehapter 19 

Check Your Understanding 1 . The sympathetie nervous system inner- 
vates blood vessels. The sympathetie nerves innervate the tunica media. 

The efíeetor eells in the tunica media are smooth muscle eells. 

2. When vascular smooth muscle eontraets, the diameter of the blood 
vessel beeomes smaller. This is ealled vasoeonstrietion. 3. Elastie arteries 
play a major role in dampening the pulsatile pressure of heart eontrae- 
tions. Dilation or eonstrietion of arterioles determines blood flow to in- 
dividual eapillary beds. Muscular arteries have the thiekest tunica media 
relative to their lumen size. 4. If you were doing ealf raises, your eapillary 
bed would be in the eondition depieted in part (a). The true eapillaries 
would be flushed with blood to ensure that the working ealf muscles 
could reeeive the needed nutrients and dispose of their metabolie wastes. 

5. Valves prevent blood from flowing backwards in veins. They are 
formed from folds of the trnfiea intima. 6. In the systemie circuit, veins 
eontain more blood than arteries (see Figure 19.5). 7. The three faetors 
that determine resistanee are blood viseosity, vessel length, and vessel 
diameter. Vessel diameter is physiologieally most important. 8. The rate 
of flow will deerease 81-fold from its original flow (3X3X3X3 = 81). 

9. When you first stand up, mean arterial pressure (MAP) temporarily 
deereases and this is sensed by aortie and earotid baroreeeptors. Medul- 
lary eardiae and vasomotor eenter reflexes inerease sympathetie and 
deerease parasympathetie outflow to the heart. Heart rate and eontrae- 
tility inerease, inereasing eardiae output, and therefore MAP. Further, 
sympathetie eonstrietion of arterioles inereases peripheral resistanee, also 
inereasing MAP. (In addition, inereased eonstrietion of veins inereases 
venous return, which inereases end diastolie volume, inereasing stroke 
volume, and therefore eardiae output and MAP.) See also Figure 19.9 
(bottom). 10. The kidneys help maintain MAP by infhieneing blood 
volume. In renal artery obstmetion, the blood pressure in the kidney is 
lower than in the rest of the body (because it is downstream of the ob- 
stmetion). Low renal blood pressure triggers both direet and indireet re- 
nal meehanisms to inerease blood pressure by inereasing blood vohime. 

This ean cause hypertension (ealled “seeondary hypertension” because 
it is seeondary to a defined cause—in this ease the renal artery obstme- 
tion). 11. In a bieyele raee, autoregulation by intrinsie metabolie eontrols 
causes arteriolar smooth muscle in your legs to relax, dilating the vessels 
and supplying more 0 2 and nutrients to the exercising muscles. 12. Ex- 
trinsie meehanisms, primarily the sympathetie nervous system, prevent 
blood pressure from plummeting by eonstrieting arterioles elsewhere 
(such as gut, kidneys). In addition, eardiae output inereases, which also 
helps maintain MAP. 13. (a) An inerease in interstitial fluid osmotie 
pressure (OP. f ) would tend to pull more fluid out of eapillaries (causing 
loealized swelling, or edema). (b) An inerease of OP. f to 10 mm Hg would 
inerease the outward pressure on both the arteriole and venule ends of 
the eapillary. The NFP at the venous end would beeome 1 mm Hg (27 
mm Hg — 26 mm Hg). (e) Fluid would flow out of the venous end of the \J 

eapillary rather than in. 14. Bob is in vascular shoek due to anaphylaxis, 
a systemie allergie reaetion to his medieation. His blood pressure is low 
because of widespread vasodilation triggered by the massive release of 
histamine. Bob’s rapid heart rate is a result of the baroreeeptor reflex trig- 
gered by his low blood pressure. This aetivates the sympathetie nervous 
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system, inereasing heart rate, in an attempt to restore blood pressure. 15. 
The external earotid arteries supply most of the tissues of the head except 
for the brain and orbits. 16. The eerebral arterial eirele (eirele of Wil- 
lis) is the arterial anastomosis at the base of the eerebmm. 17. The four 
unpaired arteries that emerge from the abdominal aorta are the eeliae 
^ trunk, the superior and inferior mesenterie arteries, and the median sae- 
ral artery. 18. You would palpate the popliteal artery behind the knee, the 
posterior tibial artery behind the medial malleolus of the tibia, and the 
dorsalis pedis artery on the foot. (See also Figure 19.12.) 19. The vertebral 
arteries help supply the brain, but the vertebral veins do not drain much 
blood from the brain. 20. The internal jugular veins drain the dural ve- 
nous sinuses. Eaeh internal jugular vein joins a subclavian vein to form a 
braehioeephalie vein. 21. A portal system is a system where two eapillary 
beds occur in series. In other words, in a portal system, a eapillary bed is 
drained by a vein that leads into a seeond eapillary bed. The function of 
the hepatie portal system is to transport venous blood from the digestive 
organs to the liver for proeessing before it enters the rest of the systemie 
circulation. This plays an important role in defense against absorbed 
toxins or mieroorganisms and also allows direet delivery of absorbed 
nutrients to the liver for proeessing. 22. The leg veins that often beeome 
varieosed are the great and small saphenous veins. 23. Three differenees 
between arteries and veins are (1) arteries mn deep while veins are both 
deep and superficial, (2) venous pathways are more intereonneeted than 
arterial pathways, and (3) the brain and digestive systems have unique 
venous drainage systems, whereas their arterial supply patterns are not 
substantially different from those of other organs. 24. The foramen ovale 
and the ductus arteriosus both bypass the fetal lungs. The ductus venosus 
bypasses the fetal liver. 25. Varieose veins, atheroselerosis, and hyperten- 
sion are assoeiated with aging. 

Review Questions 1 . d; 2. b; 3. d; 4. e; 5. e; 6. d; 7. e; 8. b; 9. b; 10. a; 

11. (l)b, e, g; (2)c; (3)i; (4)f, h; (5)d; 12. b; 13. e; 14. d 

Case Study 1. The tissues in Mr. Hutchinson’s right leg were deprived of 
oxygen and nutrients for at least one-half hour. When tissues are deprived 
of oxygen, tissue metabolism deereases and eventually eeases, so these tis- 
sues may have died due to anoxia. 2. Mr. Hutchinson’s vital signs (low BP; 
rapid, thready pulse) indieate that he is faeing a life-threatening problem 
that must be stabilized before other, less vital problems ean be addressed. As 
for surgery, he may be scheduled for open reduction of his emshed bone, 
depending upon the eondition of the tissues in his emshed right leg. If tis- 
sue death has occurred in his leg, he may undergo amputation of that limb. 
3. Mr. Hutchinson’s rapid, thready pulse and falling blood pressure are 
indieations of hypovolemie shoek, a type of shoek resulting from deereased 
blood volume. Because his blood volrnne is low, his heart rate is elevated to 
inerease eardiae output in an effort to maintain the blood supply to his vital 
organs. Mr. Hutchinson’s blood volume must be inereased as quickly as 
possible with blood transfhsions or intravenous saline. This will stabilize his 
eondition and allow his physieians to continue with his surgery. 

ehapter 20 

Check Your LJnderstanding 1. Lymph is the fluid inside lymphatie ves- 
sels. It enters lymphatie vessels from interstitial fhfid. Interstitial fluid, 
in turn, is a filtrate of blood plasma. 2. The right lymphatie duct reeeives 
lymph from the right upper arm and the right side of the head and tho- 
rax. The thoraeie duct drains lymph from the rest of the body. 3. Lymph 
movement is driven by the eontraetion of adjaeent skeletal muscles, 
pressure ehanges in the thorax during breathing, the pulsations of nearby 
arteries, and eontraetion of smooth muscle in the lymphatie vessel walls. 
(Valves in lymphatie vessels prevent backflow of lymph.) 4. Lymphoid 
follieles are solid, spherieal bodies eonsisting of tightly paeked reticular 
fibers and lymphoid eells, often with a lighter-staining eentral region. 
They are regions where B eells predominate. 5. Having fewer efíerents 


causes lymph to accumulate in lymph nodes, allowing more time for its 
eleansing. 6. MALT (rmieosa-assoeiated lymphoid tissue) is lymphoid 
tissue found in the mucosa of the digestive, respiratory, and genitouri- 
nary traets. It inehides tonsils, Peyer’s patehes, and the appendix. 7. The 
spleen eleanses the blood, stores breakdown products of RBCs, stores 
platelets and monoeytes, and is thought to be a site of erythroeyte pro- 
duction in the fetus. 8. The thymus develops first. 

Review Questions 1. e; 2. e; 3. a, d; 4. e; 5. a; 6. b; 7. a; 8. b; 9. d 

Case Study 1. The red streaks radiating from Mr. Hutchinson’s finger 
indieate that his lymphatie vessels are inflamed. This inflammation may 
be caused by a baeterial infeetion. If Mr. Hutchinson’s arm had exhibited 
edema without any aeeompanying red streaks, the problem would likely 
have been impaired lymph transport from his arm baek to his trunk, due 
to injury or bloekage of his lymphatie vessels. 2. Mr. Hutchinson’s arm 
was plaeed in a sling to immobilize it, slo wing the drainage of lymph from 
the infeeted area in an attempt to limit the spread of the infeetion. 3. Mr. 
Hutchinson’s low lymphoeyte count indieates that his body’s ability to fight 
infeetion by baeteria or vimses is impaired. The antibioties and additional 
staff proteetion will proteet Mr. Hutchinson until his lymphoeyte count 
inereases again. Gloving and gowning also proteet the staff earing for Mr. 
Hutchinson from any body infeetion he might have. 4. Mr. Hutchinson’s 
reeovery may be problematie, as he probably already has an ongoing baete- 
rial infeetion and his ability to raise a defense to this infeetion is impaired. 

ehapter 21 

Check Your TJnderstanding 1 . The innate defense system is always ready 
to respond immediately, whereas it takes eonsiderable time to mount the 
adaptive defense system. The innate defenses eonsist of surface barriers 
and internal defenses, whereas the adaptive defenses eonsist of humoral 
and eelliilar immunity, which rely on B and T lymphoeytes. 2. Surface 
barriers (the skin and mucous membranes) constitute the first line of 
defense. 3. Opsonization is the proeess of making pathogens more sus- 
eeptible to phagoeytosis by deeorating their surface with molecules that 
phagoeytes ean bind. Antibodies and eomplement proteins are examples 
of molecules that aet as opsonins. 4. Our own eells are killed by NK eells 
when they have been infeeted by vimses or when they have beeome 
cancerous. 5. Redness, heat, swelling, and pain are the eardinal signs of 
inflammation. Redness and loeal heat are both caused by vasodilation of 
arterioles, which inereases the flow of blood (warmed by the body eore) to 
the affeeted area. The swelling (edema) is due to the release of histamine 
and other ehemieal mediators of inflammation, which inerease eapillary 
permeability. This inereased permeability allows proteins to leak into 
the interstitial fluid (IL), inereasing the IL osmotie pressure and draw- 
ing more fluid out of blood vessels and into the tissues, thereby causing 
swelling. The pain is due to two things: (1) the aetions of eertain ehemi- 
eal mediators (kinins and prostaglandins) on nerve endings, and (2) the 
swelling, which ean eompress free nerve endings. 6. Three key eharaeter- 
isties of adaptive immunity are that it is speeifie, it is systemie, and it has 
memory. 7. A eomplete antigen has both immunogenicity and reaetivity, 
whereas a hapten has reaetivity but not immunogenicity. 8. Self-antigens, 
particularly MHC proteins, mark a eell as self. 9. Development of im- 
immoeompetenee of a B or T eell is signaled by the appearanee on its 
surface of speeifie and unique reeeptors for an antigen. In the ease of a B 
eell, this reeeptor is a membrane-bound antibody. (In T eells, it is simply 
ealled the T eell reeeptor.) 10. The T eell that would survive is (e), one that 
reeognizes MHC but not self-antigen. 11. Dendritie eells, maerophages, 
and B eells ean all aet as APCs. Dendritie eells are most important for T 
eell aetivation. 12. In elonal seleetion, the antigen does the seleeting. What 
is being seleeted is a particular elone of B or T eells that has antigen reeep- 
tors eorresponding to that antigen. 13. The seeondary response to an an- 
tigen is faster than the primary response because the immune system has 
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already been “primed” and has memory eells that are speeifie for that par- 
tieiilar antigen. 14. Vaeeinations proteet by providing the initial encoun- 
ter to an antigen—the primary response to that antigen. As a result, when 
the pathogen for that illness is encountered again, the pathogen elieits the 
much faster, more powerful seeondary response, which is generally effee- 
tive enough to prevent elinieal illness. 15. IgG antibody is most abundant 
in blood. IgM is seereted first in a primary immune response. IgA is most 
abundant in seeretions. 16. Antibodies ean bring about destmetion of 
pathogen via “PLAN”—phagoeytosis, lysis (via eomplement), agglutina- 
tion, or neutralization. 17. Class IIMHC proteins display exogenous anti- 
gens. Class IIMHC proteins are reeognized by CD4 T eells (which usually 
beeome helper T eells). APCs display elass IIMHC proteins. 18. Binding 
of antigens in the absenee of co-stimulators causes the lymphoeyte to 
develop anergy—a state of permanent unresponsiveness to that antigen. 
19. Helper T eells are eentral to both humoral and cellular immunity be- 
cause they are required for aetivation of both cytotoxic T eells and most 
B eells. 20. The cytotoxic T eell releases perforins and granzymes onto the 
identified target eell. Perforins form a pore in the target eell membrane, 
and granzymes enter through this pore, aetivating enzymes that trigger 
apoptosis (eell suicide). 21. MHC proteins and blood type antigens (ABO, 
ete.) are earefiilly matehed before an organ transplant. 22. HIV is particu- 
larly hard for the immune system to defeat because (1) it destroys helper 
T eells, which are key players in adaptive immunity and (2) it has a high 
nmtation rate and so it rapidly beeomes resistant to drugs. 23. Binding of 
an allergen onto speeifie IgE antibodies attaehed to mast eells triggers the 
mast eells to release histamine. 

Review Questions 1. e; 2. a; 3. d; 4. d, e; 5. a; 6. d; 7. b; 8. e; 9. d; 10. d; 

11. d; 12. (l)b, g; (2)d, i; (3)a, e; (4)a, e, f, h; (5)e, h; (6)c, f, g 

Case Study 1. The two kidneys transplanted in this ease represent al- 
lografts. 2. A major histoeompatibility complex (MHC) protein is a 
type of eell surface protein that the human body uses to reeognize self 
and to help eoordinate the reeognition of nonself or foreign, antigens. 
These proteins are involved in the display of antigens to T eells. 3. Class 

I MHC proteins are found on virtually all of the body’s eells, while elass 

II MHCs are found only on antigen-presenting eells (APCs). Class 
I MHCs display antigens for reeognition by CD8 T eells (including 
cytotoxic T eells). Class II MHCs display antigens for reeognition by 
CD4 T eells (including helper T eells). 4. A foreign MHC protein will 
provoke an irnrmme response, so the donor’s and reeipient’s MHCs 
must mateh as elosely as possible to minimize such an attaek. Tissue 
typing dramatieally reduces the risk of organ rejeetion due to attaek by 
the reeipient’s immune system. 5. In this ease, the donor and reeipi- 
ents were not genetieally identieal. Even with very careful tissue typing 
and eompatibility testing, there will still be some differenees that the 
reeipients’ immune systems will reeognize as foreign. To reduce the 
risk of organ rejeetion, the reeipients are given dmgs to suppress their 
immune systems. 

ehapter 22 

Check Your TJnderstanding 1 . The structures that air passes by are the 
nasal eavity (nares, nasal vestibule, nasal eonehae), nasopharynx (with 
pharyngeal tonsil), oropharynx (with palatine tonsil), laryngopharynx, 
and larynx (with epiglottis, vestibular fold, and voeal fold). 2. The epi- 
glottis seals the larynx when we swallow. 3. The ineomplete, C-shaped 
eartilage rings of the traehea allow it to expand and eontraet and yet keep 
it from eollapsing. 4. The many tiny alveoli together have a large surface 
area. This and the thinness of their respiratory membranes make them 
ideal for gas exchange. 5. The peanut was most likely in the right main 
bronchus because it is wider and more vertieal than the leíf. 6. The two 
eirailations of the lungs are the piilmonary circulation, which delivers 
deoxygenated blood to the lungs for oxygenation and returns oxygenated 
blood to the heart, and the bronehial circulation, which provides systemie 


(oxygenated) blood to lung tissue. 7. The driving foree for pulmonary 
ventilation is a pressure gradient ereated by ehanges in the thoraeie 
volume. 8. The intrapulmonary pressure deereases during inspiration 
because of the inerease in thoraeie eavity volume brought about by the 
muscles of inspiration. 9. The partial vacuum (negative pressure) inside 
the pleural eavity is caused by the opposing forees aeting on the viseeral 
and parietal pleurae. The viseeral pleurae are pulled inward by the hmgs’ 
natural tendeney to reeoil and the surface tension of the alveolar fluid. The 
parietal pleurae are pulled outward by the elastieity of the ehest wall. If air 
enters the pleural eavity, the lung on that side will eollapse. This eondi- 
tion is ealled pneumothorax. 10. Airway resistanee is low because (1) the 
diameters of most ainvays are relatively large, (2) for smaller airways there 
are many in parallel, making their eombined diameter large, and (3) air 
has a low viseosity. 11. A laek of surfactant inereases surface tension in 
the alveoli and causes them to eollapse between breaths. (In other words, 
it markedly deereases lung eomplianee.) 12. Slow, deep breaths ventilate 
the alveoli more effeetively because a smaller fraetion of the tidal volume 
of eaeh breath is spent moving air into and out of the dead spaee. 13. In 
a sealed eontainer, the air and water would be at equilibrium. Therefore, 
the partial pressures of C0 9 and O, (Pco 2 and Po 2 ) will be the same in the 
water as in the air: 100 mm Hg eaeh. More C0 2 than 0 2 molecules will be 
dissolved in the water (even though they are at the same partial pressure) 
because C0 2 is much more soluble than 0 2 in water. 14. The differenee 
in Po 2 between inspired air and alveolar air ean be explained by (1) the 
gas exchange occurring in the lungs (0 2 continuously diffuses out of the 
alveoli into the blood), (2) the humidification of inspired air (which adds 
water molecules that dilute the 0 2 molecules), and (3) the mixing of newly 
inspired air with gases already present in the alveoli. 15. The arterioles 
leading into the 0 2 -enriched alveoli would be dilated. This response al- 
lows matehing of blood flow to availability of oxygen. 16. Both CO, and 
H + inerease O, unloading by binding to Hb. This is ealled the Bohr ef- 
feet. 17. About 70% of CO, is transported as biearbonate ion (HCO,~) in 
plasma. Just over 20% is transported bound to hemoglobin in the RBCs, 
and 7-10% is dissolved in plasma. 18. As blood C0 2 inereases, blood pH 
deereases. This is because C0 2 eombines with water to form earbonie 
aeid. (However, the ehange in pH in blood for a given inerease in C0 2 
is minimized by other buffer systems.) 19. The ventral respiratory group 
of the medulla (VRG) is thought to be the rhythm-generating area. 

20. C0 2 in blood normally provides the most powerful stimulus to 
breathe. Central ehemoreeeptors are most important in this response 
(see Figure 22.25). 21. The injured soeeer player’s P C o 2 is low. (Reeall that 
normal P C o 2 = 40 mm Hg.) The low P C o 2 reveals that this is hyperventila- 
tion and not hyperpnea (which is not aeeompanied by ehanges in blood 
CCf levels). 22. Long-term adjustments to altitude include an inerease 
in erythropoiesis, resulting in a higher hematoerit; an inerease in BPG, 
which deereases Hb aífinity for oxygen; and an inerease in minute res- 
piratory volume. 23. The obstmetion in asthma is reversible, and acute 
exacerbations are typieally followed by symptom-free periods. In eontrast, 
the obstmetion in ehronie bronehitis is generally not reversible. 24. The 
underlying defeet in eystie fibrosis is an abnormality in a protein (CFTR 
protein) that aets as a membrane ehannel for ehloride ions. 25. Vital ea- 
paeity deelines with age because the thoraeie wall beeomes more rigid and 
the fimgs lose their elastieity. 

Review Questions 1 . b; 2. a and e; 3. e; 4. e; 5. b; 6. d; 7. d; 8. b; 9. e, d; 

10. e; 11. b; 12. b; 13. b; 14. e; 15. b; 16. b 

Case Study 1 . Spinal eord injury from a fracture at the level of the C 2 ver- V 
tebra would intermpt the normal transmission of signals from the brain 
stem down the phrenie nerve to the diaphragm, and Barbara would be un- 
able to breathe due to paralysis of the diaphragm. 2. Barbara’s head, neek, 
and torso should have been immobilized to prevent fiirther damage to the 
spinal eord. In addition, she required assistanee to breathe, so her airway 
was probably intubated to permit ventilation of her firngs. 3. Cyanosis is a 
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deerease in the degree of oxygen saturation of hemoglobin. As Barbara’s 
respiratory efforts eease, her alveolar Po 2 will fall, so there is less oxygen to 
load onto hemoglobin. In her peripheral tissues, what little oxygen hemo- 
globin earries will be consumed, leaving these tissues with a bluish tinge. 

4. Injury to the spinal eord at the level of the C 2 vertebra will cause quad- 

I riplegia (paralysis of all four limbs). 5. Ateleetasis is the eollapse of a lung. 
Because it is the right thorax that is eompressed, only her right lung is af- 
feeted. Because the lungs are in separate pleural eavities, only the right lung 
eollapsed. 6. Barbara’s fractured ribs probably punctured her lung tissue 
and allowed air within the lung to enter the pleural eavity. 7. The ateleetasis 
will be reversed by inserting a ehest tube and removing the air from the 
pleural eavity. Ihis will allow her lung to heal and reinflate. 

ehapter 23 

Check Your Understanding 1. The esophagus is found in the thorax. Three 
alimentary eanal organs found in the abdominal eavity include the stomaeh, 
small intestine, and large intestine. 2. The usual site of ingestion in a healthy 
person is the mouth. 3. The proeess of absorption moves nutrients into the 
body. 4. Reflexes assoeiated with the GI traet promote muscle eontraetion 
and seeretion of digestive juices or hormones. 5. The term “gut brain” refers 
to the enterie nervous system or web of neurons elosely assoeiated with the 
digestive organs. 6. The viseeral peritoneum is the outermost layer of the di- 
gestive organ; the parietal peritoneum is the serous membrane eovering the 
wall of the abdominal eavity. 7. The panereas is retroperitoneal. 8. The he- 
patie portal circulation is the venous portion of the splanehnie circulation. 

9. From deep to superfìcial the layers of the alimentary eanal are the mu- 
eosa, submucosa, muscularis externa, and serosa. 10. He should temporarily 
refrain from eating because the parasympathetie nervous system oversees 
digestive aetivities. 11. The oral vestibule is the region between the eheek 
and the teeth. The oral eavity proper is the area enelosed by the teeth. 

12. The palate forms the roof of the mouth. The hard palate supported 
by bone is anterior to the soft palate (no bony support). 13. The tongue is 
important for speeeh, particularly for uttering eonsonants, and taste. 

14. The serous portion of saliva is rieh in salivary amylase, an enzyme that 
ehemieally breaks down stareh. Additionally, the serous portion of saliva 
helps to hydrate the foodstuffs and helps provide proteetion against miero- 
organisms. 15. Antimierobial substances found in saliva include lysozyme, 
defensins, and IgA antibodies. 16. Tina’s “show and tell” tooth is a primary 
tooth, also ealled a deciduous tooth. 17. Enamel is harder than bone. Pulp 
eonsists of nervous tissue and blood vessels. 18. The molars are grinding 
teeth. 19. The pharynx is part of the digestive and respiratory systems. 

20. The esophageal mucularis externa undergoes a transformation along its 
length from skeletal muscle superiorly to smooth muscle near the stomaeh. 
21. The esophagus is merely a chute for food passage and is subjected to a 
good deal of abrasion, which a stratified squamous epithelium ean with- 
stand. The stomaeh mucosa is a seeretory mucosa served well by a simple 
columnar epithelium. 22. The tongue mixes the chewed food with saliva, 
eompaets the food into a bolus, and initiates swallowing. 23. During swal- 
lowing the larynx rises and the epiglottis eovers its lumen so that foodstuffs 
are diverted into the esophagus posteriorly. 24. The stomaeh has three 
layers of smooth muscle—longitudinal, eireiilar, and oblique. Addition 
of the oblique layer allows the stomaeh to pummel food in addition to its 
peristaltie movements. 25. The ehief eells produce pepsinogen, which is the 
inaetive enzyme pepsin, and the parietal eells seerete HC1 needed to aetivate 
pepsinogen. 26. The mucosal barrier eonsists of the thiek alkaline mucus 
^ seereted by the mucous eells, the faet that the epithelial eells of the mucosa 
are joined by tight junctions, and the quick replaeement of dead or dying 
eells by stem eells. 27. The three phases of gastrie seeretion are the eephalie, 
gastrie, and intestinal phases. 28. The presenee of food in the duodenum 
inhibits gastrie aetivity by triggering the enterogastrie reflex and the seere- 
tion of enterogastrones (hormones). 29. Venous blood leaving the stomaeh 
during a meal beeomes more alkaline due to the alkaline tide occurring dur- 
ing HC1 seeretion. 30. All of these modifieations inerease the surface area 


of the small intestine. The circular folds foree the ehyme to spiral through 
the lrnnen. 31. Brush border enzymes are enzymes assoeiated with the 
mierovilli of the smaH intestine mucosal eeHs. 32. A laeteal is a blind-ended 
lymphatie eapHlary that pieks up lymph (fluid and proteins leaked from the 
blood stream), which is then returned to the blood. 33. IgA, HC1, defensins, 
and lysozyme proteet the intestinal eeHs from baeterial damage. 34. A portal 
triad is a region at the eorner of a hepatie lobule that eontains a braneh of 
the hepatie portal vein, a braneh of the hepatie artery, and a bHe duct. 

35. The enterohepatie circulation is an important reeyeling meehanism for 
retaining bHe salts needed for fat absorption. 36. SteHate maerophages rid 
the blood of baeteria and dead eeHs. 37. Zymogen granules eontain inaetive 
digestive enzymes. 38. Panereatie aeini produce the exocrine products of the 
panereas (digestive enzymes and biearbonate-rieh juice). The islets produce 
panereatie hormones, most importantly insulin and glucagon. 39. Fluid in 
the panereatie duct is biearbonate-rieh, enzyme-rieh panereatie juice. Flmd 
in the eystie and bfie ducts is bfie. 40. CCK is seereted in response to the 
entry of ehyme rieh in protein and fat into the duodenum. It causes the pan- 
ereatie aeini to seerete digestive enzymes, stimulates the gafibladder to eon- 
traet, and relaxes the hepatopanereatie sphineter. 41. Distension of stomaeh 
wafis enhanees stomaeh seeretory aetivity. Distension of the wafis of the 
smafi intestine reduces stomaeh seeretory aetivity (to give the smafi intestine 
time to earry out its digestive and absorptive aetivities). 42. Segmentation is 
more important for moving food along the smafi intestine. 43. MMC is the 
migrating motor complex, a pattern of peristalsis seen in the smafi intestine 
that moves the last remnants of a meal plus baeteria and other debris into 
the large intestine. MMC is important to prevent the overgrowth of baeteria 
in the smafi intestine. 44. Mass movements and haustral eontraetions are 
unique to the large intestine. Mass movements are long, slow, powerful eon- 
traetions that move over large areas of the eolon three or four times a day, 
foreing the eontents toward the reetrnn. Haustral eontraetions are a speeial 
type of segmentation. 45. Aetivation of streteh reeeptors in the reetal wafi 
initiates the defeeation reflex. 46. Enterie baeteria synthesize B vitamins and 
some of the vitamin K the liver needs to synthesize elotting proteins. 47. All 
food digestion depends on hydrolysis reaetions. 48. Amylase is to stareh as 
lipase is to fats. 49. Bfie salts emulsify fats so that they ean be aeted on effi- 
eiently by lipase enzymes, and form mieefies that aid fat absorption. 50. The 
digestive system mucosa develops from the endoderm. 51. The thiek vis- 
cous mucus produced in eystie fibrosis patients elogs panereatie ducts and 
prevents the delivery of panereatie fluid to the duodenum, thus inhibiting 
fat digestion and absorption. 52. Colon and stomaeh eaneers are dangerous 
because they have few early signs and symptoms. 

Review Questions 1. e; 2. d; 3. d; 4. b; 5. b; 6. a; 7. d; 8. d; 9. b; 10. e; 

11. e; 12. a; 13. d; 14. d; 15. b; 16. e; 17. a 

Case Study 1 . Mr. Gutteman’s statement about the effeets of milk on his 
digestive traet suggests that he may be defieient in laetase, a brush border 
enzyme that breaks down laetose (mfik sugar). 2. His responses to the 
questions reduced the possibfiity that he has gastrie ulcers. Mr. Gutteman’s 
diarrhea may be due to gluten-sensitive enteropathy. To verify this diag- 
nosis, Mr. Gutteman should be sereened for speeifie IgA antibodies in his 
blood. If these sereening tests are positive, a biopsy of the intestinal mucosa 
would be performed. Observation of damaged intestinal vfili and mierovilli 
would eonfirm the diagnosis. A positive diagnosis of gluten-sensitive enter- 
opathy would lead to a lifelong dietary restrietion of afi grains except riee 
and eorn. Grains should not be restrieted prior to the biopsy. 

ehapter 24 

Check Your LJnderstanding 1 . The six major nutrients are earbo- 
hydrates, proteins, fats, water, minerals, and vitamins. 2. Cellulose 
provides fiber, which helps in elimination. 3. Triglyeerides are used for 
ATP synthesis, body insulation and proteetive padding, and to help the 
body absorb fat-soluble vitamins. Cholesterol is the basis of our steroid 
hormones and bile salts, and stabilizes cellular membranes. 4. Beans 
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(legumes) and grains (wheat) are good sources of protein, but neither is 
a eomplete one. However, together they provide all the essential amino 
aeids. 5. Vitamins serve as the basis for eoenzymes, which work with en- 
zymes to aeeomplish metabolie reaetions. 6. Vitamin B needs intrinsie 
faetor to be absorbed by the intestine. 7. Iodine is essential for thyroxine 
synthesis. Calcium in the form of bone salts is needed to make bones 
hard. Iron is needed to make functional hemoglobin. 8. A redox reae- 
tion is a eombination of an oxidation and a reduction reaetion. As one 
substance is oxidized, another is reduced. 9. Some of the energy released 
during eatabolism is captured in the bonds of ATP, which provides the 
energy needed to earry out the eonstmetive aetivities of anabolism. 

10. The energy released during the oxidation of food fuels is used to 
pump protons aeross the inner mitoehondrial membrane. 11. In sub- 
strate-level phosphorylation, high-energy phosphate groups are trans- 
ferred direetly from phosphorylated intermediates to ADP to form ATP. 
In oxidative phosphorylation, eleetron transport proteins forming part of 
the mitoehondrial eristae use energy released during oxidation of glucose 
to ereate a steep gradient for protons aeross the erista membrane. Then 
as protons ílow baek through the membrane, gradient energy is captured 
to attaeh phosphate to ADP. 12. If oxygen is not available, glyeolysis will 
stop because the supply of NAD + is limited and glyeolysis ean continue 
only if the reduced eoenzymes (NADH + H + ) formed during glyeolysis 
are relieved of their extra hydrogen. 13. Oxidation (via removal of H) is 
eommon in the Krebs eyele; it is indieated by the reduction of a eoen- 
zyme (either NAD + or FAD). Decarboxylations are also eommon, and 
are indieated by the removal of CO, from the eyele. 14. Glyeogenolysis 
is the reaetion in which glyeogen is broken down to its glucose units. 

15. Carbo loading forees the skeletal muscles to store more glyeogen than 
they ordinarily would. 16. Glyeerol, a breakdown product of fat metabo- 
lism, enters the glyeolytie pathway. 17. Aeetyl CoA is the eentral mole- 
cule of fat metabolism. 18. The products of beta oxidation are aeetyl CoA 
(aeetie aeid + eoenzyme A), NADH + + H + , and FADH V 19. The liver 
uses keto aeids drained off the Krebs eyele and amino groups (from other 
nonessential amino aeids) as substrates to make the nonessential amino 
aeids that the body needs. 20. The ammonia removed from amino aeids 
is eombined with earbon dioxide to form urea, which is then eliminated 
by the kidneys. 21. The three organs or tissues that regulate the direetions 
of intereonversions in the nutrient pools are the liver, skeletal muscles, 
and adipose tissues. 22. Anabolie reaetions and energy storage typify 
the absorptive state. Catabolic reaetions (to inerease blood sugar levels) 
such as lipolysis and glyeogenolysis, and glucose sparing occur in the 
postabsorptive state. 23. The main antagonist of glucagon is insulin. 

24. A rise in amino aeid levels in blood inereases both insulin and gluca- 
gon release. 25. High HDLs would be preferable because the eholesterol 
these partieles transport are destined for the liver and elimination from 
the body. 26. A total eholesterol level of 200 mg/dl of blood or lower is 
reeommended. 27. Trans fats are oils that have been hydrogenated (with 
H atoms). They are unhealthy because they cause LDLs to inerease and 
HDLs to deerease, exactly the opposite of what is desirable. 28. Among 
short-term stimuli influencing feeding behavior are neural signals from 
the digestive traet, nutrient signals related to energy stores, and GI traet 
hormones (CCK, insulin, glucagon, and ghrelin). 29. Leptin is the most 
important long-term regulator of feeding behavior. 30. Of the faetors 
listed, breathing and kidney function contribute to BMR. 31. Samantha 
has a larger relative body surface area and therefore has a higher BMR. 

32. The body’s eore is the organs within the skull and the thoraeie and 
abdominal eavities. 33. Cindy’s body temperature is rising as heat- 
promoting meehanisms (shivering, ehills) are aetivated. Something (an 
infeetion?) has caused the hypothalamie thermostat to be set to a higher 
level (fever) temporarily. 34. In conduction, heat is transferred direetly 
from one objeet to another (a hot surface to your palm). In eonveetion, 
air warmed by body heat is continually removed (warm air rises) and 
replaeed by eooler air (eool air falls), which in turn will absorb heat ra- 


diating from the body. 35. Metabolie rate falls in old age because muscle 
mass deelines and physieal aetivity tends to be reduced. 36. Elderly nutri- 
tion ean be influenced and impaired by aleohol, eertain antibioties that 
interfere with food absorption, other drugs that may cause eleetrolyte 
imbalanees, and use of mineral oil. 

Review Questions 1 . a; 2. e; 3. b; 4. d; 5. b; 6. e; 7. a; 8. d; 9. d; 10. a; ^ 

11. b; 12. d; 13. e; 14. d; 15. a 

Case Study 1. Blood pH: Low (normal: 7.35-7.45); Blood glucose: High 
(normal: 70-120 mg/dl); Blood ketone bodies: High (normally negative); 
Urine pH: Low (normal: 4.5-8.0) 2. Ketone bodies have an aeetone smell 
that ean be deteeted in the urine and the breath. Mr. Boulard is produc- 
ing abnormal amounts of ketone bodies, which are accumulating in his 
blood. These substances are being excreted into the urine and diffusing 
out of the lungs and into the exhaled air. 3. Ketogenesis, or the produc- 
tion of ketone bodies, is a proeess that occurs primarily in hepatoeytes 
(liver eells) when earbohydrates are unavailable as an energy source. In 
this ease, the hepatoeytes metabolize fats. The fatty aeids produced from 
fat breakdown (lipolysis) are eonverted to aeetyl CoA by beta oxidation. 

In the absenee of glucose, these aeetyl CoA molecules eannot enter the 
Krebs eyele, and hepatoeytes eonvert them into ketone bodies. 4. Mr. 
Boulard’s elevated blood ghieose and his aeidotie state indieate diabetes 
mellitus. In both type 1 and type 2 diabetes, the absenee of insulin’s ae- 
tions means that the eells are unable to effieiently take up and utilize 
glucose from the blood. As a result, blood glucose levels are high, yet the 
eells are foreed to switch to an alternative energy source such as lipids, 
which results in the production of ketone bodies in a diabetie patient. 

The stress of alcohol-induced dehydration ean trigger ketoaeidosis by 
causing the release of stress hormones that make diabetes worse. 5. The 
pH of Mr. Boulard’s blood and urine is abnormally low because ketone 
bodies are aeidie (keto aeids). As the eoneentration of ketone bodies in 
the blood rises, the blood pH falls (aeidosis). The kidneys eorreet the 
blood pH by moving ketone bodies into the urine, making aeidie urine. 

ehapter 25 

Check Your Understanding 1 . The lower part of his rib eage and the peri- 
renal fat capsule proteet his kidneys from blows. 2. The layers of supportive 
tissue around eaeh kidney are the fibrous eapsiile, the perirenal fat capsule, 
and the renal faseia. The parietal peritoneum overlies the anterior renal 
faseia. 3. The renal pelvis, which has extensions ealled ealyees, is continu- 
ous with the ureter. 4. Filtrate is formed in the glomemlar capsule and then 
passes through the proximal convoluted tubule (PCT), the deseending 
and aseending limbs of the nephron loop, and the distal convoluted tubule 
(DCT). 5. The structural differenees are (1) juxtamedullary nephrons have 
long nephron loops (with long thin segments) and renal corpuscles that 
are near the cortex-medulla junction, whereas eortieal nephrons have short 
nephron loops and renal corpuscles that lie more superficially in the cortex; 

(2) efferent arterioles of juxtamedullary nephrons supply vasa reeta, while 
efferent arterioles of eortieal nephrons supply peritubular eapillaries. 6. The 
glomerular eapillaries are fenestrated eapHlaries. (See Figure 19.3 on p. 697 
to refresh your memory of eapiHary types.) Their fimetion is to filter large 
amounts of plasma into the glomemlar capsule. 7. intrinsie eontrols serve to 
maintain a nearly eonstant GFR in spite of ehanges in systemie blood pres- 
sure. Extrinsic eontrols serve to maintain systemie blood pressure. 8. Net 
filtration pressure is 5 mm Hg [50 mm Hg — (25 mm Hg + 20 mm Hg)]. 

9. Hydrostatie pressure in the glomemlar eapiHaries (HP gc ) is regulated by 
intrinsie and extrinsic eontrols of GFR. 10. The majority of reabsorption 
occurs in the proximal convoluted tubule. 11. In primary aetive transport, 
the energy for the proeess is provided direetly by the eleavage of ATP. In 
seeondary aetive transport, the energy for the proeess is provided by the 
Na + eoneentration gradient. As Na + moves down its own eoneentration 
gradient established by the aetive pumping of Na + occurring elsewhere in 
the eeH, it drives the movement of another substance (e.g., glucose) against 
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its eoneentration gradient. 12. The reabsorption of Na + by primary aetive 
transport drives reabsorption of amino aeids and glucose by seeondary 
aetive transport. It also drives passive reabsorption of ehloride, and re- 
absorption of water by osmosis. The reabsorption of water leaves behind 
other solutes, which beeome more eoneentrated and ean therefore be re- 
^ absorbed by diffusion. 13. H + , K + , NH 4 + , ereatinine, urea, and uric aeid are 
all substances that are seereted into the kidney tubules. 14. The deseending 
limb of the nephron loop is permeable to water and impermeable to NaCl. 
The aseending limb is impermeable to water and permeable to NaCl. 

15. ADH is released from the posterior pituitary in response to hyperos- 
motie extracellular fluid (as sensed by hypothalamie osmoreeeptors). ADH 
causes insertion of aquaporins into the apieal membrane of the prineipal 
eells of the eolleeting ducts. 16. The normal renal elearanee value for amino 
aeids is zero. You would expect this because amino aeids are valuable as 
nutrients and as the building bloeks for protein synthesis, so it would not 
be good to lose them in the urine. 17. The three major nitrogenous wastes 
excreted in urine are urea, ereatinine, and uric aeid. 18. A kidney stone 
bloeking the ureter would interfere with urine flow to the bladder. The 
pain would occur in waves that eoineide with the peristaltie eontraetions 
of the smooth muscle of the ureter. 19. The trigone is a smooth triangular 
region at the base of the bladder. Its borders are defined by the openings 
for the ureters and the urethra. 20. The prostatie urethra, the intermediate 
part of the urethra, and the spongy urethra are the three regions of the male 
urethra. 21. The detmsor eontraets in response to inereased firing of para- 
sympathetie nerves. Tfie internal urethral sphineter opens. 22. Tfie three sets 
of embryonie kidneys in the order that they develop are the pronephros, 
mesonephros, and metanephros. 23. Both loss of bladder tone with age 
and an inerease in size of the prostate ean contribute to urinary retention in 
elderly men. 

Review Questions 1. d; 2. b; 3. e; 4. d; 5. e; 6. b; 7. a; 8. e; 9. a; 10. b 

Case Study 1. Albumin is the smallest and most abundant plasma pro- 
tein. More than traee amounts of albumin are not normally found in 
urine, so its presenee indieates damage to the filtration membrane of the 
nephron. 2. Tfiese medieations were preseribed to treat Mr. Boulard’s 
hypertension. Both diabetes and hypertension ean cause kidney dam- 
age, and hypertension is a major cause of other cardiovascular diseases 
such as heart faihrre and stroke. Albuminuria indieates that Mr. Boulard 
already has damage to his kidneys, so it is important to proteet his kid- 
neys from fiirther damage. 3. Thiazide diuretics inerease urine output by 
inhibiting Na + reabsorption in the DCT. Tfiis deereases blood volume, 
which deereases blood pressure. 4. While Mr. Boulard still has hyperten- 
sion, his main problem is that his blood K + is low. He is losing too much 
K + in his urine. Tfiis is the underlying cause of his irregular heartbeat, 
which could turn into a fatal arrhythmia if his hypokalemia is not eor- 
reeted. 5. Thiazide diuretics inerease Na + excretion and deerease blood 
pressure. To eompensate for these thiazide effeets, Mr. Boulard’s renin- 
angiotensin-aldosterone meehanism is aetivated. Aldosterone inereases 
Na + reabsorption and K + seeretion, resulting in hypokalemia (lowblood 
K + ). 6. ACE inhibitors deerease blood pressure by bloeking the aetion of 
angiotensin eonverting enzyme and so reducing the amount of circulat- 
ing angiotensin II. Because angiotensin II inereases blood pressure in a 
nrnnber of ways, including by inereasing aldosterone release and causing 
vasoeonstrietion (see Figure 19.10 on p. 708), ACE inhibitors are very 
effeetive at lowering blood pressure. (ACE inhibitors also help minimize 
kidney damage in diabetes.) 7. Yes. The ACE inhibitors would have pre- 
W vented the formation of excess angiotensin II and the resulting release of 
aldosterone. This would have lessened excess seeretion of K + . 

ehapter 26 

Check Your Understanding 1. You have more intracellular than extra- 
cellular fluid and more interstitial fluid than plasma. 2. Na + is the major 
eation in the ECF and K + is the major eation in the ICF. The intracellular 


counterparts to extracellular Cl“ are HPOy and protein anions. 3. Ifyou 
eat salty pretzels, your extracellular fluid volrnne will expand even if you 
don’t ingest fluids. This is because water will flow by osmosis from the in- 
traeelMar fluid to the extracellular fluid. 4. An inerease in osmolality of the 
plasma is most important for triggering thirst. This ehange is sensed by os- 
moreeeptors in the hypothalamus. 5. ADH eannot add water—it ean only 
eonserve what is already there. In order to reduce an inerease in osmolality 
of body fluids, the thirst meehanism is required. 6. (a) A loss of plasma 
proteins causes edema. (b) Copious sweating causes dehydration. (e) Using 
eestasy (together with drinking lots of fluids) could cause hypotonie hydra- 
tion because it promotes ADH seeretion, which interferes with the body’s 
ability to get rid of extra water. 7. Insufficient aldosterone would cause 
jaeob’s plasma Na + to be deereased and his plasma K + to be elevated. The 
deerease in plasma Na + would cause a deerease in blood pressure, because 
plasma Na + is direetly related to blood volume, which is a major deter- 
minant of blood pressure. 8. The kidneys’ handling of K + ean be summed 
up as “The kidneys reabsorb most of the filtered K + in the proximal parts 
of the kidney’s tubules and then seerete just the right amount in the distal 
parts (eolleeting duct).” 9. The major regulator of calcium in the blood is 
parathyroid hormone. Hyperealeemia deereases excitability of neurons and 
muscle eells and may cause life-threatening eardiae arrhythmias. Hypo- 
ealeemia inereases excitability and causes muscle tetany. 10. Aeidemia is an 
arterial pH below 7.35 and alkalemia is a pH above 7.45.11. A weak base 
would be better at minimizing the shift in pH caused by adding a strong 
aeid to a solution because its ability to loosely tie up H + allows it to aet as 
a buffer. 12. The three major ehemieal buffer systems of the body are the 
biearbonate buffer system, the phosphate buffer system, and the protein 
buffer system. The most important intracellular buffer is the protein buffer 
system. 13. Joanne’s ventilation would be inereased. The aeidosis caused 
by the accumulated ketone bodies will stimulate the peripheral ehemore- 
eeptors, and this will cause more CO 0 to be “blown off” in an attempt to 
restore pH to normal. 14. Reabsorption of HC0 3 “ is always linked with se- 
eretion of H + . 15. The most important urine buffer of H + is the phosphate 
buffer system. 16. The tubule and eolleeting duct eeHs generate new HC0 3 “ 
either by excreting ammonium ion (NH 4 + ) or by excreting buffered H + 
ions. 17. Key features of an uncompensated metabolie alkalosis are an 
inerease in blood pH and an inerease in blood HC0 3 “. Key features of an 
uncompensated respiratory aeidosis are a deerease in blood pH and an 
inerease in blood P C o 2 -18. The kidneys eompensate for respiratory aeidosis 
by excreting more H + and generating new HC0 3 “ to buffer the aeidosis. 

19. Infants’ immature kidneys are not as profieient at eoneentrating urine. 
In addition, they have a high metabolie rate, so they produce more meta- 
bolie water and also have larger amounts of metabolie wastes and aeids 
that need to be excreted with water. 

Review Questions 1 . a; 2. e; 3. b; 4. a and b; 5. h, i; 6. e, g; 7. a, e; 8. b; 

9. a, b; 10. j; 11. b, d; 12. a; 13. e 

Case Study 1. Mr. Heyden’s vital signs suggest that he is in hypovolemie 
shoek, which is probably due to an internal hemorrhage. 2. The spleen 
is a highly vascular organ due to its role as a blood-filtering organ. The 
maerophages in Mr. Heyden’s liver and bone marrow will help eom- 
pensate for the loss of his spleen. 3. Elevation of renin, aldosterone, 
and antidiuretic hormone indieate that Mr. Heyden’s body is trying to 
eompensate for his falling blood pressure and blood loss. Renin: released 
when renal blood flow is diminished and blood pressure falls. The 
angiotensin-aldosterone response is initiated by renin. The formation 
of angiotensin II leads to vasoeonstrietion, which will inerease blood 
pressure, and to the release of aldosterone. Aldosterone: inereases Na + 
reabsorption by the kidney. The movement of this reabsorbed Na + into 
the bloodstream will promote the movement of water from the inter- 
stitial fluid, resulting in an inerease in blood volrnne. Antidiuretic hor- 
mone (ADH): released when the hypothalamie osmoreeeptors sense an 
inerease in osmolality. ADH has two consequences: It is a potent vaso- 
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eonstrietor and will inerease blood pressure, and it promotes water reten- 
tion by the kidney, inereasing blood volume. 4. (a) Mr. Heyden’s urine 
production may be deereased for several reasons. The severe drop in his 
blood pressure would reduce renal blood flow, thus reducing glomemlar 
blood pressure and deereasing his glomemlar filtration rate. The eleva- 
tion in his ADH levels ean reduce urine output due to inereased water 
reabsorption by the kidney. He may also have damage to the kidney due 
to his emsh injury in the leít lumbar region. (b) The presenee of easts 
and a brownish-red eolor in his urine are probably due to damaged eells 
and blood. If he has suffered kidney damage due to being emshed, he 
may have nephron damage that would include dismption of the filtration 
membrane, allowing red blood eells to pass into the filtrate and therefore 
the urine. He may also have damaged renal tubules and peritubular eapil- 
laries, allowing entry of blood and damaged renal tubule epithelial eells 
into the filtrate. 

ehapter 27 

Check Your IJnderstanding 1. The testes produce the male gametes 
(sperm) and testosterone. 2. The sperm faetories are the seminiferous 
tubules. 3. When the ambient temperature is eold, the assoeiated muscles 
eontraet, bringing the testes elose to the warm body wall. When body 
temperature is high, the assoeiated muscles relax, allowing the testes to 
hang away from the body wall. The pampiniform venous plexus absorbs 
heat from the arterial blood before it enters the testes. 4. The ereetile tissue 
of the penis allows the penis to beeome stiff so that it may more effieiently 
enter the female vagina to deliver sperm. 5. The organs of the male duct 
system in order from the epididymis to the body exterior are the ductus 
deferens, ejaculatory duct, prostatie urethra, intermediate part of the ure- 
thra, and spongy urethra. 6. These stereoeilia pass nutrients to the sperm 
and absorb excess testicular fluid. 7. The ductus deferens runs from the 
scrotum into the abdominal eavity. 8. Adolph probably has a hypertro- 
phied prostate, a eondition which ean be felt through the anterior wall of 
the reetrnn. 9. The seminal glands produce the bulk of seminal fluid. 10. 
Semen is sperm plus the seeretions of the male aeeessory glands. 11. Eree- 
tion is the stiffening of the penis that occurs when blood in the cavernous 
tissue is prevented from leaving the penis. It is caused by the parasympa- 
thetie division of the autonomic nervous system. 12. Resohition is a period 
of muscular and psyehologieal relaxation that follows orgasm. It results as 
the sympathetie nervous system causes eonstrietion of the internal puden- 
dal arteries, reducing blood flow to the penis, and aetivates small muscles 
that foree blood out of the penis. 13. Meiosis reduces the ehromosomal 
count from 2n to n and introduces variability. 14. The sperm head is the 
eompaeted DNA-eontaining nucleus. The aerosome that eaps the head 
is a lysosome-like sae of enzymes. The midpieee eontains the energy- 
producing mitoehondria. The tail, a flagellum fashioned by a eentriole, is 
the propiilsive structure. 15. Sustentocytes provide nutrients and essential 
development signals to the developing sperm and form the blood testis 
barrier that prevents sperm antigens from eseaping into the blood. Intersti- 
tial endoerine eells seerete testosterone. 16. The HPG axis is the hormonal 
interrelationship between the hypothalamus, anterior pituitary, and gonads 
that regulates the production of gametes and sex hormones (e.g., sperm 
production and testosterone in the male). 17. Follicle-stimulating hormone 
indireetly stimulates spermatogenesis by prompting the sustentocytes to 
seerete androgen-binding protein. Androgen-binding protein keeps the 
eoneentration of testosterone high in the vieinity of the spermatogenie 
eells, which direetly stimulates spermatogenesis. 18. Seeondary sex ehar- 
aeteristies of males include appearanee of pubic, axillary, and faeial hair, 
deepening of the voiee, inereased oiliness of the skin, and inereased size 
(length and mass) of the bones and skeletal muscles. 19. The female’s inter- 
nal genitalia include the ovaries and duct system (uterine tubes, uterus, and 
vagina). 20. The ovaries produce the female gametes and seerete female sex 
hormones (estrogens and progesterone). 21. The antmrn is the flmd-filled 
eavity of a mature folliele. 22. Women are more at risk for PID than men 


because the duct system of women is ineomplete—there is no physieal 
eonneetion between the ovary and the uterine tubes, which are open to 
the pelvie eavity. In men, the duct system is continuous from the testes to 
the body exterior. 23. The waving aetion of the fimbriae and airrents ere- 
ated by the beating eilia help to direet the ovulated ooeytes into the uterine 
tube. 24. The usual site of fertilization is the uterine tube. The uterus serves 
as the incubator for fetal development. 25. The greater vestibular glands 
are the female homologue of the male bulbo-urethral glands. 26. Both the 
penis and elitoris are hooded by a skin fold and are largely ereetile tissue. 
However, the elitoris laeks a corpus spongiosum eontaining a rnethra, so 
the urinary and reproductive systems are eompletely separate in females. 

27. Developmentally, the mammary glands are modified sweat glands. 

28. Breast eaneer usually arises from the epithelial eells of the small ducts. 

29. The products of meiosis in females are 3 polar bodies (tiny haploid 
eells with essentially no eytoplasm) and 1 haploid ovum (fimetional gam- 
ete). Meiosis in males yields 4 fimetional gametes, the haploid sperm. 

30. identieal twins develop from separation of a very young embryo (the 
result of fertilization by a single sperm) into two parts. Fraternal twins 
develop when different ooeytes are fertilized by different sperm. 31. In the 
luteal phase, the ovulated folliele develops into a corpus luteum, which 
then seeretes progesterone (and some estrogen). 32. Feptin is important 
in advising the brain of the girl’s readiness (relative to energy stores) for 
puberty. 33. FSH prompts folliele growth and FH prompts ovulation. 

34. Estrogen exerts positive feedbaek on the anterior pituitary that leads 
to a burstlike release of FH. 35. Estrogen is responsible for the seeondary 
sex eharaeteristies of females. 36. Estrogen promotes epiphyseal closure in 
both males and females. 37. The human papillomavims (HPV) is most as- 
soeiated with eervieal eaneer. 38. Chlamydia is the most eommon baeterial 
sexually transmitted infeetion in the U.S. 39. No. If the sex ehromosomes 
are XY, a male baby will develop. 40. The sexually indifferent stage of 
development is the early period when the presumptive reproductive struc- 
tures ean produce either male or female organs. 41. The gubernaculum 
guides the deseent of the testis into the scrotum. 42. Early signs of pu- 
berty’s onset in boys are enlargement of the testes and scrotum. 43. Meno- 
pause has happened when menstmation has not occurred for a year. 

Review Questions 1. a and b; 2. d; 3. a; 4. d; 5. b; 6. d; 7. d; 8. e; 9. a, e, e, 
f; 10. (l)c, f; (2)e, h; (3)g; (4)a; (5)b, e, and g; (6)f; 11. a; 12. e; 13. d; 14. b; 

15. a; 16. b; 17. e 

Case Study 1 . Carcinoma is the term for eaneer originating from epithe- 
lial tissue. The primary source of Mr. Heyden’s eaneer is likely to be the 
prostate. 2. Elevation of PSA levels suggests eareinoma of the prostate. 

(In addition, Mr. Heyden’s age plaees him in a group that is at relatively 
higher risk for this type of eaneer.) 3. Digital examination of Mr. Hey- 
den’s prostate should deteet the presenee of eareinoma in this tissue. In 
addition, transreetal ultrasound imaging may be used in sereening, and 
biopsies of prostate tissue follow positive results of tests. 4. Mr. Heyden’s 
eareinoma has advaneed to the point of metastasis. He will probably un- 
dergo a treatment that reduces the levels of androgens in his body, as an- 
drogens promote growth of the prostate-derived tissue. These treatments 
could include eastration or administration of dmgs that bloek the produc- 
tion and/or effeets of androgens. 


ehapter 28 

Check Your Understanding 1 . Before they ean penetrate an ooeyte, 
sperm must be eapaeitated, and an ooeyte’s zona pellucida must be 
eroded by the aerosomal enzymes of many sperm. 2. The eortieal reae- 
tion, or slow bloek to polyspermy, involves the release of enzymes from 
eortieal granules to the ooeyte exterior, which aeeomplishes destmetion 
of the ooeyte’s sperm reeeptors and also the detaehment of any sperm 
still bound to reeeptors. These events ensure monospermy. 3. The blasto- 
eyst is only slightly larger than the zygote because, although eell division 
has been going on (eleavage divisions), there is essentially no time for 
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growth between divisions, so the resiilting eells get smaller and smaller. 
The result is a large number of eells with a high surface-to-volume ratio. 

4. The trophoblast eells contribute to the formation of the plaeenta. 

5. The syneytiotrophoblast actually aeeomplishes implantation. 6. The 
blastoeyst seeretes the hormone human ehorionie gonadotropin, which 

^ is deteetable in the urine. 7. The ehorion develops from the trophoblast 
and a layer of extraembryonic mesoderm. 8. The decidua basalis eoop- 
erates with the ehorionie villi to form the plaeenta. 9. The plaeenta is 
usually fully hmetional by the end of the third month of pregnaney. 

10. The amnion helps to maintain a eonstant temperature for the de- 
veloping fetus, proteets it from physieal trarnna, and prevents adhesion 
of fetal parts. 11. The allantois provides the basis of the umbilical eord, 
which provides a pathway for the embryonie blood vessels to reaeh the 
plaeenta. 12. Before organogenesis ean occur in earnest, the embryonie 
body must fold and undercut to form a tubular embryo. 13. The meso- 
derm gives rise to essentially all body tissues except neural and epidermal 
tissue and nmeosae. 14. The fetal period begins at the end of 8 weeks. 

15. Difficult breathing during late pregnaney is due to the faet that the 
uterus is pressing against and crowding the diaphragm (and henee the 
lungs). The waddling gait is due to the relaxing effeet of relaxin on the 
pelvie ligaments and the pubic symphysis. 16. While the exact cause of 
morning siekness is unknown, it is thought to be due to the rising levels 
of female sex hormones and hCG in the mother’s blood, which some- 
times takes a while to get used to. 17. The hormone hPL works with es- 
trogen and progesterone to stimulate breast maturation in the pregnant 
woman, promotes fetal growth, and exerts a glucose-sparing effeet on 
the mother. 18. Breeeh presentation is a buttock-first presentation of the 
baby during labor. 19. Prostaglandins are most responsible for triggering 
true labor. 20. The deseent of the baby’s head (the largest part of its body) 
follows the widest dimensions of the bony pelvis. 21. The foramen ovale 
and ductus arteriosus allow most of the blood to bypass the heart. 22. For 
the most part, the speeial fetal circulatory modifieations are oeehided at 
birth or shortly thereafter. 23. Oxytocin causes the let-down reflex. 

Review Questions 1 . (l)a, (2)b, (3)b, (4)a; 2. b; 3. e; 4. b; 5. a; 6. d; 7. d; 

8. e; 9. b; 10. e; 11. a; 12. e; 13. a; 14. (l)e, (2)f, (3)a, (4)d, (5)h, (6)b, (7) 
g,(8)c 

Case Study 1 . A hospital pregnaney test works by deteeting human eho- 
rionie gonadotropin (hCG) in the blood. Home pregnaney test kits deteet 
this hormone in urine. 2. Hrnnan ehorionie gonadotropin is a hormone 
produced by the trophoblast eells that helps to maintain the viability of 
the corpus luteum. The corpus luteum is essential during early pregnaney 
because it is responsible for the production of estrogen and progesterone. 
These two hormones are required to maintain the uterus during the early 
stages of a pregnaney. 3. While any amount of trauma ean be cause for 
eoneern with a pregnaney, Mrs. Rodriguez’s aeeident occurred prior to 
the formation of the plaeenta. If her aeeident had occurred a few weeks 
later, her blood loss may have had an impaet on the oxygenation of her 
developing fetus. 4. First, the egg that Mrs. Rodriguez released during her 
most reeent ovulation is fertilized to form the zygote. Over the next week, 
embryonie development features many rapid rounds of eell division as the 
embryo moves through the uterine tube. Cleavage is the very early period 
of rapid eell division. By 72 hours after fertilization, the embryo is a ball 
of 16 or more eells ealled the mornla. Around day 4, a flmd-filled eavity 
appears, which signals the formation of the blastoeyst. Approximately 
one week after fertilization, the embryo has made its way into the uterus 
W and begins the proeess of implantation. 5. At this time, Mrs. Rodriguez’s 
embryo transforms into a three-layered structure as the result of a proeess 
ealled gastrulation. This proeess involves the rearrangement and migration 
of eells as the three primary germ layers (eetoderm, mesoderm, and en- 
doderm) are formed. These three layers serve as the primitive tissues from 
which all of the body organs will be formed as development continues. 


ehapter 29 

Check Your LJnderstanding 1 . Chromosomes are not visible during 
interphase. The DNA-eontaining material is in the form of dispersed 
strands of ehromatin. As mitosis begins, the ehromatin eoils and eon- 
denses, beeoming visible as ehromosomes. Chromosomes eontimie to 
eondense throughout prophase and are most visible during metaphase. 

2. Chromosomes other than sex ehromosomes are ealled autosomes. 

3. An allele represented by a eapital letter is presumed to be a dominant 
allele. 4. Deseriptions of his phenotype are blond, blue-eyed, and hairy 
ehest. 5. The alleles on different pairs of homologous ehromosomes are 
segregated independently of eaeh other to different gametes. 6. It causes 
separations of linked genes on the same ehromosome, producing gam- 
etes with variable genomes. 7. Dominant genes are expressed. Thus if the 
dominant gene is lethal, the earrier will probably not live very long or will 
die during development. 8. In ineomplete dominanee, the heterozygote 
has a phenotype intermediate between that of the dominant and reees- 
sive alleles [for example, for the siekling gene, the dominant homozygote 
(SS) has no evidenee of siekling; the heterozygote (Ss) has siekle-eell trait; 
and the homozygote for the reeessive gene (ss) has siekle-eell anemia]. 

In eodominanee, both dominant alleles are expressed (as in ABO blood 
types). 9. A male always expresses an X-linked reeessive allele because, 
unlike a female, he does not have a seeond X eontaining homologous al- 
leles to blunt or counteract the effeet. The Y ehromosome laeks most of 
the genes earried on the X ehromosome. 10. Height is an example of a 
trait eonferred by polygene inheritanee in which several genes on differ- 
ent ehromosomes contribute to the trait. Such traits show a distribution 
of phenotypes that yields a bell-shaped curve. 11. Other genes, measles 
in a pregnant woman, and laek of key dietary nutrients all may alter gene 
expression. 12. Genomie imprinting labels genes as maternal or paternal. 

13. Maternal mitoehondrial DNA eonfers extranuclear inheritanee. 

14. Amnioeentesis analyzes ehemieals and eells in amniotie fluid. 

15. Ultrasound imaging is used to determine some aspeets of fetal 
development (fetal age for example) and is noninvasive. 

Review Questions 1 . (l)d, (2)g, (3)b, (4)a, (5)f, (6)c, (7)e, (8)h; 2. (l)e, 
(2)a, (3)b, (4)d, (5)c, (6)d, (7)f 

Case Study 1. A person’s genotype is a deseription of the alleles that they 
earry. Phenotype refers to the way that those genes are expressed and 
show up as traits in the body. Mrs. Rodriguez’s genotype is ii and her 
phenotype is O. Mr. Rodriguez’s genotype is either J A J A or I A i. Either one 
of these genotypes would result in his phenotype, which is represented by 
his A blood type. 2. Blood type is determined by multiple-allele inheri- 
tanee. Three alleles (I A , J B , i) represent the three different blood types (A, 
B, O). The alleles for A and B blood type are eodominant, which means 
that they are both expressed when eombined together. The result of this 
eombination would be the AB blood type. The allele for O blood type is 
reeessive to both the A and B blood type alleles. 3. Mr. Rodriguez’s geno- 
type ean be either I A I A or I A i. We now know that Mr. Rodriguez’s mother 
had O blood type, and that means that she earries two eopies of the O 
blood type allele (ii). She must have passed on one of these alleles to Mr. 
Rodriguez. This means that Mr. Rodriguez’s father must have passed on 
the allele for the A blood type. Mr. Rodriguez’s genotype must be I A i. 

4. We know that Mrs. Rodriguez’s genotype is ii and Mr. Rodriguez’s 
genotype is I A i. The results of a Punnett square reveal that there is a 50% 
ehanee that Mrs. Rodriguez’s baby will have the O blood type and a 50% 
ehanee that the baby will have the A blood type. The B and AB blood type 
require that one of the parents is earrying the B allele (J B ). Neither Mr. 
Rodriguez nor Mrs. Rodriguez earries this allele, so there should be a 0% 
ehanee of the baby having the B or AB blood type. 





Glossary 


Pronunciation Key 
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Pronounce: 


a, fa, àt as in 

fate 

o, no, òt as in 

note 

à, hà, at 

hat 

w \J 

o, fro, og 

frog 

ah 

father 

00 

soon 

ar 

tar 

or 

for 

e, stre, ét 

street 

ow 

plow 

é, hé, en 

hen 

oy 

boy 

er 

her 

sh 

she 

ew 

new 

u, mu, ut 

mute 

g 

g° 

u, su, un 

sun 

i, bi, ìt 

bite 

z 

zebra 

w 1 w • 

i, hi, ìm 

him 

zh 

measure 

n g 

ring 




Abduct (ab-dukt') To move away from the midline of the body. 

Absolute refraetory period Period following stimulation during which 
no additional aetion potential ean be evoked. 

Absorption Proeess by which the products of digestion pass through the 
alimentary tube mucosa into the blood or lymph. 

Aeeessory digestive organs Organs that contribute to the digestive pro- 
eess but are not part of the alimentary eanal; include the tongue, teeth, 
salivary glands, panereas, liver. 

Aeeommodation The proeess of inereasing the refraetive power of the 
lens of the eye; focusing. 

Acetabulum (as"é-tab'u-lum) Cuplike eavity on lateral surface of the hip 
bone that reeeives the femur. 

Aeetyleholine (ACh) (as"é-til-ko'lén) Chemical transmitter substance 
released by some nerve endings. 

Aeetyleholinesterase (AChE) (as"é-til-ko"lin-es'ter-às) Enzyme present 
at the neuromuscular junction and synapses that degrades aeetyleholine 
and terminates its aetion. 

Aehilles tendon See Calcaneal tendon. 

Aeid A substance that releases hydrogen ions when in sohition (eompare 
with Base); a proton donor. 

Aeid-base balanee Situation in which the pH of the blood is maintained 
between 7.35 and 7.45. 


Aeidosis (as"ì-do'sis) State of abnormally high hydrogen ion eoneentra- 
tion in the extracellular fluid. 

Aetin (ak'tin) A eontraetile protein of muscle. 

Aetion potential A large transient depolarization event, including polar- 
ity reversal, that is conducted along the membrane of a muscle eell or a 
nerve fiber. 

Aetivation energy The amount of energy required to push a reaetant to 
the level neeessary for aetion. 

Aetive immunity Immunity produced by an encounter with an antigen; 
provides immunological memory. 

Aetive site Region on the surface of a fimetional (globular) protein 
where it binds and interaets ehemieally with other molecules of eomple- 
mentary shape and eharge. 

Aetive (transport) proeesses (1) Membrane transport proeesses for 
which ATP is required, e.g., solute pumping and endoeytosis. (2) “Aetive 
transport” also refers speeifieally to solute pumping. 

Adaptation (1) Any ehange in structure or response to suit a new environ- 
ment; (2) deeline in the transmission of a sensory nerve when a reeeptor is 
stimulated continuously and without ehange in stimulus strength. 

Adduct (a-dukt') To move toward the midline of the body. 

Adenine (A) (ad'é-nén) One of the two major purines found in both 
RNA and DNA; also found in various free nucleotides of importanee to 
the body, such as ATP. 

Adenohypophysis (ad"é-no-hi-pof'í-sis) Anterior pituitary; the glandu- 
lar part of the pituitary gland. 

Adenoids (ad'en-noids) Pharyngeal tonsil. 

Adenosine triphosphate (ATP) (ah-den'o-sén tri"fos'fàt) Organie mol- 
ecule that stores and releases ehemieal energy for use in body eells. 

Adipoeyte (ad'í-po-sìt) An adipose, or fat, eell. 

Adipose tissue (ad'í-pòs) Areolar eonneetive tissue modified to store 
nutrients; a eonneetive tissue eonsisting ehiefly of fat eells. 

Adrenal glands (uh-drè'nul) Hormone-producing glands loeated supe- 
rior to the kidneys; eaeh eonsists of medulla and cortex areas. 

Adrenergie fibers (ad"ren-er'jik) Nerve fibers that release norepineph- 
rine. 

Adrenoeortieotropie hormone (ACTH) (ah-dre"no-kor"ti-ko-trop'ik) 
Anterior pituitary hormone that infhienees the aetivity of the adrenal 
cortex. 

Adventitia (ad"ven-tish'e-ah) Outermost layer or eovering of some organs. 
Aerobie (a'er-òb"ik) Oxygen-requiring. 
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Aerobie endurance The length of time a muscle ean continue to eon- 
traet using aerobie pathways. 

Aerobie respiration Respiration in which oxygen is consumed and glu- 
eose is broken down entirely; water, earbon dioxide, and large amounts 
of ATP are the final products. 

Afferent (af'er-ent) Carrying to or toward a eenter. 

Afferent (sensory) nerve Nerve that eontains proeesses of sensory neu- 
rons and earries nerve impulses to the eentral nervous system. 

Agglutination (ah-gloo"ti-na'shun) Clumping of (foreign) eells; induced 
by eross-linking of antigen-antibody complexes. 

Agonist (ag'o-nist) Muscle that bears the major responsibility for effeet- 
ing a particular movement; a prime mover. 

AIDS Acquired immune defieieney syndrome; caused by human im- 
rmmodefieieney virus (HIV); symptoms include severe weight loss, night 
sweats, swollen lymph nodes, opportunistic infeetions. 

Albumin (al-bu'min) The most abundant plasma protein. 

Aldosterone (al-dos'ter-òn) Hormone produced by the adrenal cortex 
that regulates Na + reabsorption and K + seeretion by the kidneys. 

Alimentary eanal (arì-men'tar-e) Tfie continuous hollow tube 
extending from the mouth to the anus; its walls are constructed by 
the oral eavity, pharynx, esophagus, stomaeh, and small and large 
intestines. 

Alkalosis (al"kah-lo'sis) State of abnormally low hydrogen ion eoneen- 
tration in the extracellular fluid. 

Allantois (ah'lan'to-is) Embryonie membrane; its blood vessels develop 
into blood vessels of the umbilical eord. 

Alleles Genes eoding for the same trait and found at the same locus on 
homologous ehromosomes. 

Allergy A type of hypersensitivity (overzealous immune response to an 
otherwise harmless antigen) that involves IgE antibodies and histamine 
release. 

Alopeeia (al"o-pe'she-ah) Baldness. 

Alpha (a)-helix Tfie most eommon type of seeondary structure of the 
amino aeid ehain in proteins; resembles the eoils of a telephone eord. 

Alveolar (aeinar) gland (al-ve'o-lar) A gland whose seeretory eells form 
small, flasklike saes. 

Alveolar ventilation rate (AVR) An index of respiratory effieieney; 
measures volume of fresh air that flows in and out of alveoli. 

Alveolus (al-ve'o-lus) (1) One of the mieroseopie air saes of the fimgs; 

(2) tiny milk-producing glandular sae in the breast; (3) tooth soeket. 

Alzheimer’s disease (AD) (altz'hi-merz) Degenerative brain disease re- 
sulting in progressive loss of memory and motor eontrol, and inereasing 
dementia. 

Amino aeid (ah-me'no) Organie compound eontaining nitrogen, ear- 
bon, hydrogen, and oxygen; building bloek of protein. 

Ammonia (NH 3 ) Common waste product of protein breakdown in the 
body; a eolorless volatile gas, very soluble in water and eapable of form- 
ing a weak base; a proton aeeeptor. 

Amnioeentesis A eommon form of fetal testing in which a small sample 
of ffiiid is removed from the amniotie eavity. 

Amnion (am'ne-on) Fetal membrane that forms a flmd-filled sae around 
the embryo. 

Amoeboid motion (ah-me'boyd) The flowing movement of the eyto- 
plasm of a phagoeyte. 

Amphiarthrosis (am"fe-ar-thro'sis) A slightly movable joint. 

Ampulla (am-pul'lah) A loealized dilation of a eanal or duct. 


Amylase Digestive system enzyme that breaks down starehy foods. 

Anabolism (ah-nab'o-lizm) Energy-requiring building phase of metabo- 
lism in which simpler substances are eombined to form more complex 
substances. 

Anaerobie (an-a'er-òb-ik) Not requiring oxygen. 

Anaerobie glyeolysis (gli-kol'í-sis) Energy-yielding eonversion of 
glucose to laetie aeid in various tissues, notably muscle, when sufficient 
oxygen is not available. 

Anaerobie threshold The point at which muscle metabolism eonverts to 
anaerobie glyeolysis. 

Anaphase Third stage of mitosis, meiosis I, and meiosis II in which 
daughter ehromosomes move toward eaeh pole of a eell. 

Anastomosis (ah-nas"to-mo'sis) A union or joining of nerves, blood 
vessels, or lymphaties. 

Anatomy Study of the structure of living organisms. 

Androgen (an'dro-jen) A hormone such as testosterone that eontrols 
male seeondary sex eharaeteristies. 

Anemia (ah-ne'me-ah) Reduced oxygen-carrying ability of blood result- 
ing from too few erythroeytes or abnormal hemoglobin. 

Aneurysm (an'u-rizm) Blood-filled sae in an artery wall caused by dila- 
tion or weakening of the wall. 

Angina peetoris (an'jì-nah pek'tor-is) Severe suffocating ehest pain 
caused by brief laek of oxygen supply to heart muscle. 

Angiotensin II (an"je-o-ten'sin) A potent vasoeonstrietor aetivated by 
renin; also triggers release of aldosterone. 

Anion (an'i-on) An ion earrying one or more negative eharges and 
therefore attraeted to a positive pole. 

Anoxia (ah-nòk'se-ah) Defieieney of oxygen. 

Antagonist (an-tag'o-nist) (1) Muscle that reverses, or opposes, the ae- 
tion of another muscle. (2) Hormone that opposes the aetion of another 
hormone. 

Anterior pituitary See Adenohypophysis. 

Antibody A protein molecule that is released by a plasma eell (a daugh- 
ter eell of an aetivated B lymphoeyte) and that binds speeifieally to an 
antigen; an immunoglobulin. 

Antieodon (an"ti-ko'don) The three-base sequence eomplementary to 
the messenger RNA (mRNA) eodon. 

Antidiuretic hormone (ADH, also ealled vasopressin) (an"ti-di"yer- 
eh'tik) Hormone produced by the hypothalarmis and released by the 
posterior pituitary; stimulates the kidneys to reabsorb more water, reduc- 
ing urine volume. 

Antigen (Ag) (an'tí-jen) A substance or part of a substance (living or 
nonliving) that is reeognized as foreign by the immune system, aetivates 
the immune system, and reaets with immune eells or their products. 

Antigen-presenting eell (APC) A speeialized eell (dendritie eell, mae- 
rophage, or B eell) that captures, proeesses, and presents antigens on its 
surface to T lymphoeytes. 

Anucleate eell (a-nu'kle-át) A eell without a nucleus. 

Anus (a'nus) Distal end of digestive traet; outlet of reetrnn. 

Aorta (a-or'tah) Major systemie artery; arises from the left ventriele of 
the heart. 

Aortie body Reeeptor in the aortie areh sensitive to ehanging oxygen, 
earbon dioxide, and pH levels of the blood. 

Apgar seore Evaluation of an infant’s physieal status at 1 and 5 minutes 
after birth by assessing five eriteria: heart rate, respiration, eolor, muscle 
tone, and reflexes. 
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Apnea Breathing eessation. 

Apoerine sweat gland (ap'o-krin) The less numerous type of sweat gland; 
produces a seeretion eontaining water, salts, proteins, and fatty aeids. 

Apoenzyme (ap'ò-en-zim) The protein portion of an enzyme. 

Aponeurosis (ap"o-nu-ro'sis) Fibrous or membranous sheet eonneeting 
a muscle and the part it moves. 

Apoptosis A proeess of eontrolled cellular suicide; eliminates eells that 
are unneeded, stressed, or aged. 

Appendieitis (à-pen'di-sì-'tis) Inflammation of the appendix (wormlike 
sae attaehed to the cecum of the large intestine). 

Appendicular Relating to the limbs; one of the two major divisions of 
the body. 

Appositional growth Growth aeeomplished by the addition of new lay- 
ers onto those previously formed. 

Aquaporins (à"kwà-por'ins) Transmembrane proteins that form water 
ehannels. 

Aqueous humor (a'kwe-us) Watery fluid in the anterior segment of the eye. 

Araehnoid (ah-rak'noid) Weblike; speeifieally, the weblike araehnoid 
mater, the middle layer of the three meninges. 

Areola (ah-re'o-lah) Circular, pigmented area surrounding the nipple; 
any small spaee in a tissue. 

Areolar eonneetive tissue A type of loose eonneetive tissue. 

Arreetor pili (ah-rek'tor pi'li) Tiny, smooth muscles attaehed to hair 
follieles; eontraetion causes the hair to stand upright. 

Arrhythmia (a-rith'me-ah) Irregular heart rhythm, often caused by de- 
feets in the intrinsie conduction system. 

Arteries Blood vessels that conduct blood away from the heart and into 
the circulation. 

Arteriole (ar-tér'e-òl) A minute artery. 

Arterioselerosis (ar-té-r'e-o-skler-o'sis) Any of a nrnnber of prolifera- 
tive and degenerative ehanges in the arteries leading to their deereased 
elastieity. 

Arthritis Inflammation of the joints. 

Arthroseopie surgery (ar-thro-skop'ik) Procedure enabling a surgeon 
to repair the interior of a joint through a small ineision. 

Articular capsule Double-layered capsule eomposed of an outer fibrous 
layer lined by synovial membrane; eneloses the joint eavity of a synovial 
joint. 

Articular eartilage Hyaline eartilage eovering bone ends at movable 
joints. 

Articulation (joint) The junction of two or more bones. 

Assoeiation areas Functional areas of the eerebral cortex that aet mainly 
to integrate diverse information for purposeful aetion. 

Astigmatism (ah-stig'mah-tizm) A eondition in which unequal curvatures 
in different parts of the eornea or lens of the eye lead to bhirred vision. 

Astroeyte (as'tro-sìt) A type of CNS supporting eell; assists in exchanges 
between blood eapillaries and neurons. 

Ateleetasis (at"é-lik'tah-sis) Lung eollapse. 

Atheroselerosis (a"ther-o"skler-o'sis) Changes in the walls of large 
arteries eonsisting of lipid deposits on the artery walls; one form of 
arterioselerosis. 

Atmospherie pressure Foree that air exerts on the surface of the body 
(760 mm Hg at sea level). 

Atom Smallest partiele of an elemental substance that exhibits the prop- 
erties of that element; eomposed of protons, neutrons, and eleetrons. 


Atomie number The number of protons in an atom. 

Atomie symbol The one- or two-letter symbol used to indieate an ele- 
ment; usually the first letter(s) of the element’s name. 

Atomie weight The average of the mass numbers of all the isotopes of an 
element. 

ATP (adenosine triphosphate) (ah-den'o-sèn tri'Tos'fàt) Organie mol- 
ecule that stores and releases ehemieal energy for use in body eells. 

Atria (a'tre-ah) The two superior reeeiving ehambers of the heart. 

Atrial natriuretic peptide (ANP) (a'tre-al na"tre-u-ret'ik) A hormone 
released by eertain eells of the heart atria that reduces blood pressure and 
blood volume by inhibiting nearly all events that promote vasoeonstrie- 
tion and Na + and water retention. 

Atrioventricular (AV) bundle (a"tre-o-ven-trí'kyoo-ler) Bundle of spe- 
eialized fibers that conduct impulses from the AV node to the right and 
left ventrieles; also ealled bundle of His. 

Atrioventricular (AV) node Speeialized mass of conducting eells lo- 
eated at the atrioventriailar junction in the heart. 

Atrioventricular (AV) valve Valve that prevents backflow into the 
atrirnn when the eonneeted ventriele is eontraeting. 

Atrophy (at'ro-fe) Reduction in size or wasting away of an organ or eell 
resulting from disease or laek of use. 

Auditory ossieles (ah'sih-kulz) The three tiny bones serving as transmit- 
ters of vibrations and loeated within the middle ear: the malleus, incus, 
and stapes. 

Auditory tube See Pharyngotympanie tube. 

Autoimmunity Production of antibodies or effeetor T eells that attaek a 
person’s own tissue. 

Autolysis (aw"tol'ì-sis) Proeess of autodigestion (self-digestion) of eells, 
espeeially dead or degenerate eells. 

Autonomic ganglion Collection of sympathetie or parasympathetie 
postganglionie neuronal eell bodies. 

Autonomic nervous system (ANS) Efferent division of the peripheral 
nervous system that innervates eardiae and smooth muscles and glands; 
also ealled the involuntary or viseeral motor system. 

Autonomic (viseeral) reflexes Reflexes that aetivate smooth or eardiae 
muscle and/or glands. 

Autoregulation The automatic loeal adjustment of blood flow to a par- 
ticular body area in response to its current requirements. 

Autosomes Chromosomes number 1 to 22; do not inehide the sex 
ehromosomes. 

Avogadro’s number (av"o-gad'ròz) The number of molecules in one 
mole of any substance, 6.02 X 10 23 . 

Axial Relating to the head, neek, and trunk; one of the two major divi- 
sions of the body. 

Axolemma (ak"so-lem'ah) The plasma membrane of an axon. 

Axon Neuron proeess that earries impulses away from the nerve eell 
body; efferent proeess; the conducting portion of a nerve eell. 

Axon terminals (terminal boutons) The bulbous distal endings of the 
terminal branehes of an axon. 

B eells Also ealled B lymphoeytes; oversee humoral immunity; their de- 
seendants differentiate into antibody-producing plasma eells. 

Baroreeeptor (bayr"o-re-sep'tor) A sensory nerve ending in the wall of 
the earotid sinus or aortie areh sensitive to vessel stretehing. 

Basal body (ba'sal) An organelle structurally identieal to a eentriole and 
forming the base of a eilirnn or flagellum. 

Basal ganglia See Basal nuclei. 




G-4 


Glossary 


Basal lamina (lam'í-nah) Noneelliilar, adhesive supporting sheet eon- 
sisting largely of glyeoproteins seereted by epithelial eells. 

Basal metabolie rate (BMR) Rate at which energy is expended (heat 
produced) by the body per unit time under eontrolled (basal) eonditions: 
12 hours aíter a meal, at rest. 

Basal nuclei (basal ganglia) Speeifie gray matter areas loeated deep 
within the white matter of the eerebral hemispheres. 

Basal surface The surface near the base or interior of a structure; nearest 
the lower side or bottom of a structure. 

Base A substance eapable of binding with hydrogen ions; a proton 
aeeeptor. 

Basement membrane Extracellular material eonsisting of a basal lamina 
seereted by epithelial eells and a reticular lamina seereted by underlying 
eonneetive tissue eells. 

Basophil (ba'zo-fil) White blood eell whose granules stain purplish- 
blaek and nucleus purple with basie dye. 

Benign (be-nìn') Not malignant. 

Bile Greenish-yellow or brownish fluid produced in and seereted by the 
liver, stored in the gallbladder, and released into the small intestine. 

Bilirubin (bil"i-roo'bin) Yellow pigment of bile. 

Bipolar neuron Neuron with axon and dendrite that extend from op- 
posite sides of the eell body. 

Blastoeyst (blas'to-sist) Stage of early embryonie development; the 
product of eleavage. 

Blood pressure (BP) Foree exerted by blood against a unit area of the 
blood vessel walls; differenees in blood pressure between different areas 
of the circulation provide the driving foree for blood circulation. 

Blood brain barrier Meehanism that inhibits passage of materials from the 
blood into brain tissues; refleets relative impermeability of brain eapillaries. 

Bolus (bo'lus) A rounded mass of food prepared by the mouth for swal- 
lowing; any soft round mass. 

Bone marrow Fat- or blood-forming tissue found within bone eavities; 
ealled yellow and red bone marrow, respeetively. 

Bone (osseous tissue) (os'e-us) A eonneetive tissue that forms the bony 
skeleton. 

Bone remodeling Proeess involving bone formation and destmetion in 
response to hormonal and meehanieal faetors. 

Bone resorption The removal of osseous tissue; part of the continuous 
bone remodeling proeess. 

Bowman’s capsule (bo-manz) See Glomemlar capsule. 

Boyle’s law States that when the temperature is eonstant, the pressure of 
a gas varies inversely with its volume. 

Bradyeardia (brad"e-kar'de-ah) A heart rate below 60 beats per minute. 

Brain death State of irreversible eoma, even though life-support mea- 
sures may have restored other body organs. 

Brain stem Collectively the midbrain, pons, and medulla of the brain. 
Brain ventriele Fluid-filled eavity of the brain. 

Branehial groove (brang'ke-al) An indentation of the surface eetoderm 
in the embryo; the external acoustic meatus develops from it. 

Bronehioles Smaller (<1 mm in diameter) branehing air passageways 
inside the lungs. 

Brondms (brong'kus) One of the two large branehes of the traehea that 
lead to the hrngs. 

Buffer Chemical substance or system that minimizes ehanges in pH by 
releasing or binding hydrogen ions. 


Burn Tissue damage inflieted by intense heat, eleetrieity, radiation, or 
eertain ehemieals, all of which denature eell proteins and kill eells in the 
affeeted areas. 

Bursa (ber'sa) A fibrous sae lined with synovial membrane and eontain- 
ing synovial fhiid; occurs between bones and muscle tendons (or other 
structures), where it aets to deerease frietion during movement. 

Bursitis Inflammation of a bursa. 

Calcaneal tendon (kal-ka'ne-al) Tendon that attaehes the ealf muscles 
to the heelbone (calcaneus); also ealled the Aehilles tendon. 

Calcitonin (kaFsih-to'nin) Hormone released by the thyroid. Fowers 
blood calcium levels only when present at high (therapeutic) levels. 

Calculus (kal'ku-lus) A stone formed within various body parts. 

Callus (kal'lus) (1) Foealized thiekening of skin epidermis resulting from 
physieal trauma; (2) repair tissue (fibrous or bony) formed at a fracture site. 

Calorie (eal) Amount of energy needed to raise the temperature of 1 
gram of water 1° Celsius. Energy exchanges assoeiated with bioehemi- 
eal reaetions are usually reported in kiloealories (1 keal = 1000 eal), also 
ealled large ealories (Cal). 

Calyx (ka'liks) A cuplike extension of the pelvis of the kidney. 

Canaliculus (kan"ah-lik'u-lus) Extremely small tubular passage or ehannel. 

Cancer A malignant, invasive cellular neoplasm that has the eapability of 
spreading throughout the body or body parts. 

Capillaries (kap'il-layr"és) The smallest of the blood vessels and the sites 
of exchange between the blood and tissue eells. 

Carbohydrate (kar"bo-hi'dràt) Organie compound eomposed of ear- 
bon, hydrogen, and oxygen; includes starehes, sugars, eelhilose. 

Carbonic aeid-biearbonate buí¥er system Chemical system that helps 
maintain pH homeostasis of the blood. 

Carbonic anhydrase (kar-bon'ik an-hi'dràs) Enzyme that faeilitates the 
eombination of earbon dioxide with water to form earbonie aeid. 

Carcinogen (kar"si'no-jin) Cancer-causing agent. 

Cardiac eyele Sequence of events eneompassing one eomplete eontrae- 
tion and relaxation of the atria and ventrieles of the heart. 

Cardiac muscle Speeialized muscle of the heart. 

Cardiac output (CO) Amount of blood pumped out of a ventriele in 
one minute. 

Cardiac reserve The differenee between resting and maximal eardiae 
output. 

Cardiogenic shoek Pump faihire; the heart is so ineffieient that it eannot 
sustain adequate circulation. 

Cardiovascular system Organ system that distributes the blood to de- 
liver nutrients and remove wastes. 

Carotene (kar'o-tén) Yellow to orange pigment that accumulates in the 
stratum corneum epidermal layer and in fatty tissue of the hypodermis. 

Carotid body (kar-rot'id) A reeeptor in the eommon earotid artery sen- 
sitive to ehanging oxygen, earbon dioxide, and pH levels of the blood. 

Carotid sinus (si'nus) A dilation of a eommon earotid artery; involved 
in regulation of systemie blood pressure. 

Carrier A transmembrane protein that ehanges shape to envelop and 
transport a polar substance aeross the eell membrane. 

Cartilage (kar'tí-lij) White, semiopaque eonneetive tissue. 

Cartilage bone (endoehondral bone) Bone formed by using hyaline 
eartilage structures as models for ossifieation. 

Cartilaginous joints (kar"ti-laj'í-nus) Bones united by eartilage; no joint 
eavity is present. 
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Catabolism (ka-tab'o-lizm) Proeess in which living eells break down 
substances into simpler substances. 

Catalyst (kat'ah-list) Substance that inereases the rate of a ehemieal reae- 
tion without itself beeoming ehemieally ehanged or part of the product. 

Cataract Clouding of the eye’s lens; often eongenital or age-related. 

Catecholamines (kat"é-kol'ah-mènz) Epinephrine, norepinephrine, and 
dopamine; a elass of amines that aet as ehemieal transmitters. 

Cation (kat'i-on) An ion with a positive eharge. 

Caudal (kaw'dul) Literally, toward the tail; in hrnnans, the inferior por- 
tion of the anatomy. 

Cecum (se'krnn) The blind-ended pouch at the beginning of the large 
intestine. 

Cell Structural unit of all living things. 

Cell diíferentiation The development of speeifie and distinetive features 
in eells, from a single eell (the fertilized egg) to all the speeialized eells of 
adulthood. 

Cell eyele Series of ehanges a eell goes through from the time it is formed 
until it reproduces itself. 

Cell membrane See Plasma membrane. 

Cellular immunity Immunity eonferred by aetivated T eells, which 
direetly kill infeeted or cancerous body eells or eells of foreign grafts and 
release ehemieals that regulate the immune response. Also ealled eell- 
mediated imrmmity. 

Cellular respiration Metabolie proeesses in which ATP is produced. 

Cellulose (sel'u-lòs) A fibrous earbohydrate that is the main structural 
eomponent of plant tissues. 

Central (Haversian) eanal (hah-ver'zhan) The eanal in the eenter of 
eaeh osteon that eontains minute blood vessels and nerve fibers that 
serve the needs of the osteoeytes. 

Central nervous system (CNS) Brain and spinal eord. 

Centriole (sen'tre-ol) Minute body found near the nucleus of the eell; 
aetive in eell division. 

Centrosome (eell eenter) A region near the nucleus which eontains 
paired organelles ealled eentrioles. 

Cerebellum (ser"é-bel'um) Brain region most involved in producing 
smooth, eoordinated skeletal muscle aetivity. 

Cerebral aqueduct (ser'é-bral, sé-re'bral) The slender eavity of the mid- 
brain that eonneets the third and fourth ventrieles. 

Cerebral arterial eirele (eirele ofWillis) An arterial anastomosis at the 
base of the brain. 

Cerebral cortex The outer gray matter region of the eerebral hemispheres. 

Cerebral dominanee Designates the hemisphere that is dominant for 
language. 

Cerebral palsy Neuromuscular disability in which voluntary muscles are 
poorly eontrolled or paralyzed as a result of brain damage. 

Cerebral white matter Consists largely of myelinated fibers bundled 
into large traets; provides for communication between eerebral areas and 
lower CNS eenters. 

Cerebrospinal fluid (CSF) (ser"é-bro-spi'nal) Plasmalike fhfid that fills 
the eavities of the CNS and surrounds the CNS externally; proteets the 
brain and spinal eord. 

Cerebrovascular aeeident (CVA) (ser"é-bro-vas'ku-lar) Condition in 
which brain tissue is deprived of a blood supply, as in bloekage of a eere- 
bral blood vessel; a stroke. 


Cerebrum (ser'é-brum) The eerebral hemispheres (inehiding the eere- 
bral cortex, white matter, and basal nuclei). 

Cervical vertebrae The seven vertebrae of the vertebral column loeated 
in the neek. 

Cervix Lower outlet of the uterus extending into the vagina. 

Channel A transmembrane protein that forms an aqueous pore, allow- 
ing substances to move from one side of the membrane to the other. 

Chemical bond An energy relationship holding atoms together; involves 
the interaetion of eleetrons. 

Chemical energy Energy stored in the bonds of ehemieal substances. 

Chemical equilibrium A state of apparent repose ereated by two reae- 
tions proeeeding in opposite direetions at equal speed. 

Chemical reaetion Proeess in which molecules are formed, ehanged, or 
broken down. 

Chemoreceptor (ke"mo-re-sep'ter) Reeeptor sensitive to various ehemi- 
eals in solution. 

Chemotaxis (ke"mo-tak'sis) Movement of a eell, organism, or part of an 
organism toward or away from a ehemieal substance. 

Cholecystokinin (CCK) (ko'le-sis"to-ki'nin) An intestinal hormone 
that stimulates gallbladder eontraetion and panereatie juice release. 

Cholesterol (ko-les'ter-ol") Steroid found in animal fats as well as in 
most body tissues; made by the liver. 

eholinergie fibers (ko"lin-er'jik) Nerve endings that, upon stimulation, 
release aeetyleholine. 

Chondroblast (kon'dro-blast) Aetively mitotie eell of eartilage. 

Chondrocyte (kon'dro-sìt) Mature eell of eartilage. 

Chorion (kor'e-on) Outermost fetal membrane; helps form the plaeenta. 

ehorionie villus sampling (ko"re-on'ik vil'us) Letal testing procedure 
in which bits of the ehorionie villi from the plaeenta are snipped off and 
the eells karyotyped. This procedure ean be done as early as 8 weeks into 
the pregnaney. 

Choroid (ko' roid) The vascular middle layer of the eye. 

Choroid plexus (ko'roid plex'sus) A eapillary knot that protmdes into a 
brain ventriele; produces eerebrospinal fhfid. 

Chromatin (kro'mah-tin) Structures in the nucleus that earry the he- 
reditary faetors (genes). 

Chromosomes (kro'mo-somz) Barlike bodies of tightly eoiled ehroma- 
tin; visible during eell division. 

Chronic obstmetive pulmonary disease (COPD) Collective term for 
progressive, obstmetive respiratory disorders; includes emphysema, 
ehronie bronehitis. 

Chyme (kìm) Semifluid, ereamy mass eonsisting of partially digested 
food and gastrie juice. 

Cilia (sil'e-ah) Tiny, hairlike projeetions on eell surfaces that move in a 
wavelike manner. 

Circumduction (ser"kum-duk'shun) Movement of a body part so that it 
outlines a eone in spaee. 

Cirrhosis (sí-ro'sis) Chronic disease of the liver, eharaeterized by an 
overgrowth of eonneetive tissue, or fibrosis. 

Cisterna ehyli (sis-ter'nah ki'li) An enlarged sae at the base of the tho- 
raeie duct; the origin of the thoraeie duct. 

Cisternae (sis-ter'ne) Any eavity or enelosed spaee serving as a reservoir. 

Cleavage An early embryonie phase eonsisting of rapid mitotie eell divi- 
sions without intervening growth periods; product is a blastoeyst. 
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Clonal seleetion (klo'nul) Proeess during which a B eell or T eell be- 
eomes aetivated by binding with an antigen. 

Clone Deseendants of a single eell. 

Coagulation Proeess in which blood is transformed from a liquid to a 
gel; blood elotting. 

Cochlea (kok'le-ah) Snail-shaped ehamber of the bony labyrinth that 
houses the reeeptor for hearing [the spiral organ (organ of Corti)]. 

Codon (ko'don) The three-base sequence on a messenger RNA molecule 
that provides the genetie information used in protein synthesis; eode for 
a given amino aeid. 

Coenzyme (ko-en'zlm) Nonprotein substance assoeiated with and aeti- 
vating an enzyme, typieally a vitamin. 

Cofactor Metal ion or organie molecule that is required for enzyme aetivity. 

Collagen fiber The most abundant of the three fibers found in the matrix 
of eonneetive tissue. 

Colloid (kol'oid) (1) A mixture in which the solute partieles (usually 
proteins) do not settle out readily. (2) Substance in the thyroid gland 
eontaining thyroglobulin protein. 

Colloid osmotie pressure (kol'oid ahz-mah'tik) Pressure ereated in 
a fhfid by large nondifínsible molecules, such as plasma proteins that 
are prevented from moving through a (eapillary) membrane. Such sub- 
stanees tend to draw water to them. 

Colon Regions of the large intestine; includes aseending, transverse, de- 
seending, and sigmoid portions. 

Combination (synthesis) reaetion Chemical reaetion in which larger, 
more complex atoms or molecules are formed from simpler ones. 

Complement A group of bloodborne proteins, which, when aetivated, 
enhanee the inflammatory and immune responses and may lead to eell 
lysis. 

Complementarity of structure and function The relationship between 
a structure and its fimetion; i.e., structure determines fimetion. 

Complementary base Refers to how a given nitrogenous base of DNA 
or RNA bonds to another nitrogenous base. For example, adenine (A) is 
the eomplementary base of thymine (T). The result is base pairing. 

Complete blood count (CBC) Clinical test that inehides counts of all 
formed elements, a hematoerit, and measurements of erythroeyte size 
and hemoglobin eontent. 

Compound Substance eomposed of two or more different elements, the 
atoms of which are ehemieally united. 

Concentration gradient The differenee in the eoneentration of a par- 
ticular substance between two different areas. 

Conducting zone Includes all respiratory passageways that provide eon- 
duits for air to reaeh the sites of gas exchange (the respiratory zone). 

Conductivity Ability to transmit an eleetrieal impulse. 

Cones One of the two types of photoreeeptor eells in the retina of the 
eye; provide for eolor vision. 

Congenital (kun-jeh'nih-tul) Existing at birth. 

Congestive heart failure (CHF) Condition in which the pumping ef- 
fieieney of the heart is depressed so that circulation is inadequate to meet 
tissue needs. 

Conjunctiva (kon"junk-ti'vah) Thin, proteetive mucous membrane lin- 
ing the eyelids and eovering the anterior surface of the eye itself. 

Connective tissue A primary tissue; form and fimetion vary extensively. 
Functions include support, storage, and proteetion. 

Consciousness The ability to pereeive, communicate, remember, under- 
stand, appreeiate, and initiate voluntary movements. 


Contraception The prevention of eoneeption; birth eontrol. 

Contractility Muscle eell’s ability to move by shortening. 

Contraction To shorten or develop tension, an ability highly developed 
in muscle eells. 

Contralateral Relating to the opposite side. 

Cornea (kor'ne-ah) Transparent anterior portion of the eyeball; part of 
the fibrous layer. 

Corona radiata (kor-o'nah ra-de-ah'tah) (1) Arrangement of elongated 
folliele eells around a mature ovum; (2) crownlike arrangement of nerve 
fibers radiating from the internal capsule of the brain to every part of the 
eerebral cortex. 

Coronary circulation The fimetional blood supply of the heart; shortest 
circulation in the body. 

Cortex (kor'teks) Outer surface layer of an organ. 

Corticosteroids (kor"tì-ko-sté'roidz) Steroid hormones released by the 
adrenal cortex. 

Cortisol (hydroeortisone) (kor'tih-sol) Glucocorticoid produced by the 
adrenal cortex. 

Covalent bond (ko-va'lent) Chemical bond ereated by eleetron sharing 
between atoms. 

Cranial nerves The 12 nerve pairs that arise from the brain. 

Craniosacral division Another name for the parasympathetie division 
of the autonomic nervous system. 

Cranium (eranial bones) (kra'ne-um) Bony proteetive eneasement of 
the brain and organs of hearing and equilibrium. 

Creatine kinase (kre'ah-tin) Enzyme that eatalyzes the transfer of 
phosphate from ereatine phosphate to ADP, forming ereatine and ATP; 
important in muscle eontraetion. 

Creatine phosphate (CP) (fos-fat) Compound that serves as an alterna- 
tive energy source for muscle tissue. 

Creatinine (kre-at'ì-nin) A nitrogenous waste molecule which is not 
reabsorbed by the kidney; this eharaeteristie makes it useful for measure- 
ment of the GFR and glomemlar fimetion. 

Crista ampullaris Sensory reeeptor organ for rotational aeeeleration and 
deeeleration housed within the ampulla of eaeh semicircular eanal of the 
inner ear. 

Cross seetion A cut mnning horizontally from right to left, dividing the 
body or an organ into superior and inferior parts. 

Cutaneous (ku-ta'ne-us) Pertaining to the skin. 

Cutaneous sensory reeeptors Reeeptors loeated throughout the skin that 
respond to stimiili arising outside the body; part of the nervous system. 

Cyclic AMP Intracellular seeond messenger that mediates the effeets 
of the first (extracellular) messenger (hormone or neurotransmitter); 
formed from ATP by a plasma membrane enzyme (adenylate eyelase). 

Cystic fibrosis (CF) Genetie disorder in which seeretion of overly vis- 
cous mucus elogs the respiratory passages, predisposes to fatal respira- 
tory infeetions. 

Cytochromes (si'to-kròmz) Brightly eolored iron-eontaining proteins 
that form part of the inner mitoehondrial membrane and fimetion as 
eleetron earriers in oxidative phosphorylation. 

Cytokines Small proteins that aet as ehemieal messengers between vari- 
ous parts of the immune system. 

Cytokinesis (si"to-kí-ne'sis) The division of eytoplasm that occurs after 
the eell nucleus has divided. 

Cytoplasm (si'to-plazm) The cellular material surrounding the nucleus 
and enelosed by the plasma membrane. 
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Cytosine (C) (si'to-sén) Nitrogen-eontaining base that is part of a 
nucleotide structure. 

Cytoskeleton Literally, eell skeleton. An elaborate series of rods mnning 
through the eystol, supporting cellular structures and providing the ma- 
ehinery to generate various eell movements. 

Cytosol Viscous, semitransparent fluid substance of eytoplasm in which 
other elements are suspended. 

Cytotoxic T eell (T eell) Efíeetor T eell that direetly kills foreign eells, eaneer 
eells, or vims-infeeted body eells by inducing apoptosis (eell suicide). 

Deamination (de"am-ih-na'shun) Removal of an amine group from an 
organie compound. 

Deeomposition reaetion Chemical reaetion in which a moleaile is bro- 
ken down into smaller molecules or its constituent atoms. 

Defeeation (def"ih-ka'shun) Elimination of the eontents of the bowels 
(feees). 

Deglutition (deg"loo-tish'un) Swallowing. 

Dehydration (de"hi-dra'shun) Condition of excessive water loss. 

Dehydration synthesis Proeess by which a large molecule is synthesized 
by removing water and eovalently bonding smaller molecules together. 

Dendrite (den'drit) Branehing neuron proeess that serves as a reeeptive, 
or input, region; transmits an eleetrieal signal toward the eell body. 

Dendritie eells Proteetive eells that phagoeytize antigens, migrate to 
lymph nodes, and present the antigen to T eells, causing them to aetivate 
and mount an immune response; those in the skin are sometimes ealled 
Langerhans eells. 

Depolarization (de-po'ler-ah-za'shun) Loss of a state of polarity; loss or 
reduction of negative membrane potential. 

Dermatome (der'mah-tòm) Portion of somite mesoderm that forms 
the dermis of the skin; also the area of skin innervated by the cutaneous 
branehes of a single spinal nerve. 

Dermis Layer of skin deep to the epidermis; eomposed mostly of dense 
irregular eonneetive tissue. 

Desmosome (dez'muh-sòm) Cell junction eomposed ofthiekened 
plasma membranes joined by filaments. 

Diabetes insipidus (di"ah-be'tèz in-sih'pih-dus) Disease eharaeterized 
by passage of a large quantity of dilute urine plus intense thirst and dehy- 
dration caused by inadequate release of antidiuretic hormone (ADH). 

Diabetes mellitus (DM) (meh-li'tus) Disease caused by defieient insulin 
release or by insulin resistanee, leading to inability of the body eells to use 
earbohydrates. 

Dialysis (di-al'ah-sis) Difíhsion of solute(s) through a semipermeable 
membrane. 

Diapedesis (di"ah-pé-de'sis) Passage of white blood eells through intaet 
vessel walls into tissue. 

Diaphragm (di'ah-fram) (1) Any partition or wall separating one area 
from another; (2) a muscle that separates the thoraeie eavity from the 
lower abdominopelvie eavity. 

Diaphysis (di-af'i-sis) Elongated shaft of a long bone. 

Diarthrosis (di"ar-thro'sis) Freely movable joint. 

Diastole (di-as'to-le) Period of the eardiae eyele when either the ven- 
trieles or the atria are relaxing. 

Diastolie pressure (di-as-tah'lik) Arterial blood pressure reaehed during 
or as a result of diastole; lowest level of any given eardiae eyele. 

Dieneephalon (interbrain) (di"en-seh'fuh-lon) That part of the fore- 
brain between the eerebral hemispheres and the midbrain including the 
thalamus, the epithalamus, and the hypothalamus. 


DifFerential white blood eell count Diagnostie test to determine relative 
proportion of individual leukocyte types. 

Diífusion (dì-fu'zhun) The spreading of partieles in a gas or solution 
with a movement toward uniform distribution of partieles; driven by 
kinetie energy. 

Digestion A series of eatabolie steps in which complex food molecules 
are broken down to their building bloeks by enzymes. 

Digestive system System that proeesses food into absorbable units and 
eliminates indigestible wastes. 

Dipeptide A eombination of two amino aeids united by means of a pep- 
tide bond. 

Diploé (dip'lo-e) The internal layer of spongy bone in flat bones. 

Diploid ehromosomal number The ehromosomal number eharaeteris- 
tie of an organism, symbolized as 2 n; twice the ehromosomal number ( n ) 
of the gamete; in humans, 2 n = 46. 

Diplopia (di-plo'pe-ah) Double vision. 

Dipole (polar molecule) Nonsymmetrieal molecules that eontain eleetri- 
eally unbalanced atoms. 

Disaeeharide (di-sak'ah-rid", di-sak'ah-rid) Literally, double sugar; e.g., 
sucrose, laetose. 

Disloeation (luxation) Occurs when bones are foreed out of their nor- 
mal alignment at a joint. 

Displaeement (exchange) reaetion Chemical reaetion in which bonds are 
both made and broken; atoms beeome eombined with different atoms. 

Distal (dis'tul) Away from the attaehed end of a limb or the origin of a 
structure. 

Diuretics (di"u-ret'iks) Chemicals that enhanee urinary output. 

Diverticulum (di"ver-tik'u-lum) A pouch or sae in the walls of a hollow 
organ or structure. 

DNA (deoxyribonucleic aeid) (de-ok"si-ri"bo-nu-kla'ik) A nucleic aeid 
found in all living eells; it earries the organism’s hereditary information. 

DNA replieation Proeess that occurs before eell division; ensures that all 
daughter eells have identieal genes. 

Dominant traits Occurs when one allele masks or suppresses the ex- 
pression of its partner. 

Dominant-reeessive inheritanee Refleets the interaetion of dominant 
and reeessive alleles. 

Dorsal (dor'sul) Pertaining to the baek; posterior. 

Dorsal root ganglion Peripheral eolleetion of eell bodies of first-order 
afferent neurons whose eentral axons enter the spinal eord. 

Double helix The seeondary structure assumed by two strands of DNA, 
held together throughout their length by hydrogen bonds between bases 
on opposite strands. 

Duct (dukt) A eanal or passageway; a tubular structure that provides an 
exit for the seeretions of a gland, or for conducting any fluid. 

Ductus (vas) deferens Extends from the epididymis to the urethra; pro- 
pels sperm into the urethra by peristalsis during ejaculation. 

Duodenum (du"o-de'num) First part of the small intestine. 

Dura mater (du'rah ma'ter) Outermost and toughest of the three mem- 
branes (meninges) eovering the brain and spinal eord. 

Dynamie equilibrium Sense that reports on angular (rotatory) aeeelera- 
tion or deeeleration of the head in spaee. 

Dyskinesia (dis-kì-ne'ze-ah) Disorders of muscle tone, posture, or in- 
voluntary movements. 

Dyspnea (disp-ne'ah) Diíflcult or labored breathing; air hunger. 
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Eeerine glands (ek'rin) Sweat glands abundant on the palms, soles of 
feet, and the forehead. 

Eetoderm (ek'to-derm) Embryonie germ layer; forms the epidermis of 
the skin and its derivatives, and nervous tissues. 

Edema (é-de'mah) Abnormal inerease in the amount of interstitial fluid; 
causes swelling. 

Eífeetor (ef-ek'ter) Organ, gland, or muscle eapable of being aetivated by 
nerve endings. 

Eíferent (ef'er-ent) Oarrying away or away from, espeeially a nerve fiber 
that earries impulses away from the eentral nervous system. 

Elastie eartilage Oartilage with abundant elastie fibers; more flexible 
than hyaline eartilage. 

Elastie fiber Fiber formed from the protein elastin, which gives a rub- 
bery and resilient quality to the matrix of eonneetive tissue. 

Eleetrieal energy Energy formed by the movement of eharged partieles 
aeross eell membranes. 

Eleetroeardiogram (ECG or EKG) (e-lek"tro-car'de-o-gram") Graphie 
reeord of the eleetrieal aetivity of the heart. 

Eleetroehemieal gradient The eombined differenee in eoneentration 
and eharge; influences the distribution and direetion of diffusion of ions. 

Eleetroeneephalogram (EEG) (e-lek"tro-en-sef'ah-lo-gram") Graphie 
reeord of the eleetrieal aetivity of nerve eells in the brain. 

Eleetrolyte (e-lek'tro-lìt) Chemical substances, such as salts, aeids, and 
bases, that ionize and dissoeiate in water and are eapable of conducting 
an eleetrieal current. 

Eleetrolyte balanee Refers to the balanee between input and output of 
salts (sodium, potassium, calcium, magnesium) in the body. 

Eleetromagnetie radiation Emitted photons (wave paekets) of energy, 
e.g., light, X ray, infrared. 

Eleetron Negatively eharged subatomic partiele; orbits the atom’s 
nucleus. 

Eleetron shells (energy levels) Regions of spaee that consecutively sur- 
round the nucleus of an atom. 

Element One of a limited number of unique varieties of matter that 
eomposes substances of all kinds; e.g., earbon, hydrogen, oxygen. 

Embolism (em'bo-lizm) Obstmetion of a blood vessel by an embolus 
(blood elot, fatty mass, bubble of air, or other debris) floating in the blood. 

Embryo (em'bre-o) Developmental stage extending from fertilization to 
the end of the eighth week. 

Emesis Reflexive emptying of the stomaeh through the esophagus and 
pharynx; also known as vomiting. 

Eneephalitis (en"seh-fuh-ll-'tis) Inflammation of the brain. 

Endergonie reaetion Chemical reaetion that absorbs energy, e.g., an 
anabolie reaetion. 

Endocardium (en"do-kar'de-um) Endothelial membrane that lines the 
interior of the heart. 

Endoehondral ossifieation (en"do-kon'dral) Embryonie formation of 
bone by the replaeement of ealeified eartilage; most skeletal bones are 
formed by this proeess. 

Endoerine glands (en'do-krin) Ductless glands that empty their hor- 
monal products direetly into the blood. 

Endoerine system Body system that inehides internal organs that seerete 
hormones. 

Endoeytosis (en"do-si-to'sis) Means by which fairly large extracellular 
molecules or partieles enter eells, e.g., phagoeytosis, pinoeytosis, 
reeeptor-mediated endoeytosis. 


Endoderm (en'do-derm) Embryonie germ layer; forms the lining of the 
digestive tube and its assoeiated structures. 

Endogenous (en-doj'é-nus) Originating or produced within the organ- 
ism or one of its parts. 

Endometrium (en"do-me'tre-um) Mucous membrane lining of the 
uterus. 

Endomysium (en"do-mis'e-um) Thin eonneetive tissue surrounding 
eaeh muscle eell. 

Endoplasmie reticulum (ER) (en"do-plaz'mik ré-tik'u-lum) Membra- 
nous network of tubular or saelike ehannels in the eytoplasm of a eell. 

Endosteum (en-dos'te-um) Connective tissue membrane eovering in- 
ternal bone surfaces. 

Endothelium (en"do-the'le-um) Single layer of simple squamous eells 
that line the walls of the heart, blood vessels, and lymphatie vessels. 

Energy The eapaeity to do work; may be stored (potential energy) or in 
aetion (kinetie energy). 

Energy intake Energy liberated during food oxidation. 

Energy output Sum of energy lost as heat, as work, and as fat or glyeo- 
gen storage. 

Enzyme (en'zìm) A protein that aets as a biologieal eatalyst to speed up a 
ehemieal reaetion. 

Eosinophil (e"o-sin'o-fil) Granular white blood eell whose granules 
readily take up an aeid stain ealled eosin. 

Ependymal eell (é-pen'di-mul) A type of CNS supporting eell; lines the 
eentral eavities of the brain and spinal eord. 

Epidermis (ep"ì-der'mis) Superficial layer of the skin; eomposed of kera- 
tinized stratified squamous epithelium. 

Epididymis (ep"ì-dì'dí-mis) That portion of the male duct system in 
which sperm mature. Empties into the ductus (or vas) deferens. 

Epidural spaee Area between the bony vertebrae and the dura mater of 
the spinal eord. 

Epiglottis (ep"ì-glot'is) Elastie eartilage at the baek of the throat; eovers 
the opening of the larynx during swallowing. 

Epileptie seizures Abnormal eleetrieal diseharges of groups of brain 
neurons, during which no other messages ean get through. 

Epimysium (ep"ì-mis'e-um) Sheath of fibrous eonneetive tissue sur- 
rounding a muscle. 

Epinephrine (ep"ì-nef'rin) Chief hormone produced by the adrenal me- 
dulla. Also ealled adrenaline. 

Epiphyseal plate (e"pi-fis'e-ul) Plate of hyaline eartilage at the junction 
of the diaphysis and epiphysis that provides for growth in length of a 
long bone. 

Epiphysis (e-pif'í-sis) The end of a long bone, attaehed to the shaft. 

Epithalanms Most dorsal portion of the dieneephalon; forms the roof 
of the third ventriele with the pineal gland extending from its posterior 
border. 

Epithelium (epithelial tissue) (ep"í-the'le-ul) Pertaining to a primary tissue 
that eovers the body surface, lines its internal eavities, and forms glands. 

Erythroeytes (e-rith'ro-sìts) Red blood eells. 

Erythropoiesis (é-rith"ro-poi-e'sis) Proeess of erythroeyte formation. 

Erythropoietin (EPO) (é-rith"ro-poi'é-tin) Hormone that stirmffates 
production of red blood eells. 

Esophagus (é-sof'ah-gus) Muscular tube extending from the laryngo- 
pharynx through the diaphragm to join the stomaeh; eollapses when not 
involved in food propulsion. 
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Estrogens (es'tro-jenz) Hormones that stimulate female seeondary sex 
eharaeteristies; female sex hormones. 

Eupnea (up-ne'ah) Normal respiratory rate and rhythm. 

Excess postexercise oxygen consumption (EPOC) The volume of oxy- 
gen required after exercise to replenish stores of 0 2 , ATP, ereatine phos- 
phate, and glyeogen and oxidize the laetie aeid formed during exercise. 
Also ealled oxygen debt. 

Exchange (displaeement) reaetion Chemical reaetion in which bonds are 
both made and broken; atoms beeome eombined with different atoms. 

Excitability (responsiveness) Ability to respond to stimuli. 

Excitation-contraction (E-C) coupling Sequence of events by which 
transmission of an aetion potential along the sareolemma leads to the 
sliding of myofilaments. 

Excitatory postsynaptie potential (EPSP) Depolarizing graded poten- 
tial in a postsynaptie neuron. 

Excretion (ek-skre'shun) Elimination of waste products from the body. 

Exergonic reaetion Chemical reaetion that releases energy, e.g., a eata- 
bolie or oxidative reaetion. 

Exocrine glands (ek'so-krin) Glands that have ducts through which 
their seeretions are earried to a particular site. 

Exocytosis (ek"so-si-to'sis) Meehanism by which substances are moved 
from the eell interior to the extracellular spaee as a seeretory vesiele fuses 
with the plasma membrane. 

Exons Amino aeid-speeiíying informational sequences (separated by 
introns) in the genes of higher organisms. 

Extension Movement that inereases the angle of a joint, e.g., straighten- 
ing a flexed knee. 

Exteroceptor (ek"ster-o-sep'tor) Sensory reeeptor that responds to 
stinmli from the external world. 

Extracellular fluid (ECF) Internal flrnd loeated outside eells; includes 
interstitial fluid, blood plasma, and eerebrospinal fluid. 

Extracellular matrix Nonliving material in eonneetive tissue eonsisting 
of ground substance and fibers that separates the living eells. 

Extrasystole (ek"strah-sis'to-le) Premature heart eontraetion. 

Extrinsic (ek-strin'sik) Of external origin. 

Extrinsic eye muscles The six skeletal muscles that attaeh to and move 
eaeh eye. 

Faeilitated difftision Passive transport proeess used by eertain large or 
eharged moleailes (e.g., glucose, Na + ) that are unable to pass through 
the plasma membrane unaided. Involves movement through ehannels or 
movement faeilitated by a membrane earrier. 

Fallopian tube (fah-lò'pe-un) See TJterine tube. 

Faseia (fash'e-ah) Layers of fibrous tissue eovering and separating muscle. 

Faseiele (fas'í-kl) Bundle of nerve or muscle fibers bound together by 
eonneetive tissue. 

Fatty aeids Linear ehains of earbon and hydrogen atoms (hydroearbon 
ehains) with an organie aeid group at one end. A constituent of fat. 

Feees (fe'séz) Material diseharged from the bowel; eomposed of food 
residue, seeretions, baeteria. 

Fenestrated (fen'es-tra-tid) Piereed with one or more small openings. 

Fertilization Fusion of the sperm and egg nuclei. 

Fetus Developmental stage extending from the ninth week of develop- 
ment to birth. 

Fiber A slender threadlike structure or filament. See also Nerve fiber, 
Muscle fiber. 


Fibrillation Condition of rapid and irregular or out-of-phase heart eon- 
traetions. 

Fibrin (fi'brin) Fibrous insoluble protein formed during blood elotting. 

Fibrinogen (fi-brin'o-jin) A sohible blood protein that is eonverted to 
insoluble fibrin during blood elotting. 

Fibrinolysis Proeess that removes unneeded blood elots when healing 
has occurred. 

Fibroblast (fi'bro-blast) Young, aetively mitotie eell that forms the fibers 
of eonneetive tissue. 

Fibroeartilage The most eompressible type of eartilage; resistant to 
streteh. Forms vertebral dises and knee joint eartilages. 

Fibroeyte (fi'bro-sìt) Mature fibroblast; maintains the matrix of fibrous 
types of eonneetive tissue. 

Fibrosis Proliferation of fibrous eonneetive tissue ealled sear tissue. 

Fibrous joints Bones joined by fibrous tissue; no joint eavity is present. 

Filtrate A plasma-derived fluid that is proeessed by the renal tubules to 
form urine. 

Filtration Passage of a solvent and dissolved substances through a mem- 
brane or filter. 

First-degree burn A burn in which only the epidermis is damaged. 

Fissure (fih'sher) (1) A groove or eleft; (2) the deepest depressions or 
inward folds on the brain. 

Fixator (fix'a-ter) Muscle that immobilizes one or more bones, allowing 
other muscles to aet from a stable base. 

Flagellum (flah-jel'lum) Long, whiplike eelhilar extension eontaining 
microtubules; propels sperm and some single-eelled eukaryotes. 

Flexion (flek'shun) Movement that deereases the angle of the joint, e.g., 
bending the knee from a straight to an angled position. 

Flexor (withdrawal) reflex Reflex initiated by a painfiil stimulus (actual 
or pereeived); causes automatic withdrawal of the threatened body part 
from the stimulus. 

Fluid mosaie model A depietion of the structure of the membranes of a 
eell as phospholipid bilayers in which proteins are dispersed. 

Folliele (fah'lih-kul) (1) Ovarian structure eonsisting of a developing egg 
surrounded by one or more layers of folliele eells; (2) eolloid-eontaining 
structure of the thyroid gland; (3) B eell-rieh region in lymphoid tissue. 

Follicle-stimulating hormone (FSH) Hormone produced by the ante- 
rior pituitary that stirmilates ovarian folliele production in females and 
sperm production in males. 

Fontanelles (fon'Tah-nelz') Fibrous membranes at the angles of eranial 
bones that aeeommodate brain growth in the fetus and infant. 

Foramen (fo-ra'men) Hole or opening in a bone or between body eavities. 

Forebrain (proseneephalon) Anterior portion of the brain eonsisting of 
the teleneephalon and the dieneephalon. 

Formed elements Cellular portion of blood. 

Fossa (fos'ah) A depression, often an articular surface. 

Fovea (fo've-ah) A pit. 

Fracture A break in a bone. 

Free radieals Highly reaetive ehemieals with unpaired eleetrons that ean 
seramble the structure of proteins, lipids, and nucleic aeids. 

Frontal (eoronal) plane Longitudinal (vertieal) plane that divides the 
body or an organ into anterior and posterior parts. 

Fulcrum The fixed point on which a lever moves when a foree is applied. 

Fundus (fun'dus) Base of an organ; part farthest from the opening of the 
organ. For example, the posterior wall of the eye. 
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G protein Protein that relays signals between extracellular first messen- 
gers (hormones or neurotransmitters) and intracellular seeond messen- 
gers (such as eyelie AMP) via an efieetor enzyme. 

Gallbladder Sae beneath the right lobe of the liver used for bile storage. 

Gallstones (biliary calculi) Crystallized eholesterol that obstmets the 
flow of bile from the gallbladder. 

Gamete (gam'ét) Sex or germ eell. 

Gametogenesis (gam"eh-to-jen'eh-sis) Formation of gametes. 

Ganglion (gang'gle-on) Collection of nerve eell bodies outside the CNS. 

Gap junction A passageway between two adjaeent eells; formed by 
transmembrane proteins ealled connexons. 

Gastrin Hormone seereted in the stomaeh; regulates gastrie juice seere- 
tion by stimulating HC1 production. 

Gastroenteritis Inflammation of the gastrointestinal traet. 

Gastrulation (gas"troo-la'shun) Developmental proeess that produces 
the three primary germ layers (eetoderm, mesoderm, and endoderm). 

Gene One of the biologieal units of heredity loeated in ehromatin; trans- 
mits hereditary information. 

Genetie eode Refers to the rules by which the base sequence of a DNA 
gene is translated into protein structures (amino aeid sequences). 

Genitalia (jen"í-ta'le-à) The internal and external reproductive organs. 

Genome The eomplete set of ehromosomes derived from one parent (the 
haploid genome); or the two sets of ehromosomes, i.e., one set from the 
egg, the other from the sperm (the diploid genome). 

Genotype (jen'o-tlp) One’s genetie makeup or genes. 

Germ layers Three cellular layers (eetoderm, mesoderm, and endoderm) 
that represent the initial speeialization of eells in the embryonie body and 
from which all body tissues arise. 

Gestation period (jes-ta'shun) The period of pregnaney; about 280 days 
for humans. 

Gland Organ speeialized to seerete or excrete substances for flirther use 
in the body or for elimination. 

Glaucoma (glaw-ko' mah) Condition in which intraocular pressure 
inereases to levels that cause eompression of the retina and optie nerve; 
results in blindness unless deteeted early. 

Glial eells (gle'al) See Neuroglia. 

Glomerular capsule (glo-mer'yoo-ler) Double-walled cup at end of a 
renal tubule; eneloses a glomerulus. Also ealled Bowman’s capsule. 

Glomemlar fìltration rate (GFR) Rate of filtrate formation by the kidneys. 

Glomerulus (glo-mer'u-lus) (1) Cluster of eapillaries forming part of the 
nephron; forms filtrate; (2) odor-speeifie proeessing unit in olfaetory bulb. 

Glottis (glah'tis) Opening between the voeal eords in the larynx. 

Glucagon (gloo'kah-gon) Hormone formed by alpha eells of panereatie 
islets; raises the glucose level of blood. 

Glucocorticoids (gloo"ko-kor'tí-koidz) Adrenal cortex hormones that 
inerease blood ghieose levels and aid the body in resisting long-term 
stressors. 

Gluconeogenesis (gloo"ko-ne"o-jen'é-sis) Formation of glucose from 
nonearbohydrate molecules. 

Glucose (gloo'kòs) Prineipal blood sugar; a hexose. 

Glyeerol (glis'er-ol) A modified simple sugar (a sugar aleohol); a build- 
ing bloek of fats. 

Glycocalyx (eell eoat) (gli"ko-kal'iks) A layer of externally faeing glyeo- 
proteins on a eell’s plasma membrane; its eomponents determine blood 


type and are involved in the eelhilar interaetions of fertilization, embry- 
onie development, and immunity, and aet as an adhesive between eells. 

Glyeogen (gli'ko-jin) Main earbohydrate stored in animal eells; a poly- 
saeeharide. 

Glyeogenesis (gli"ko-jen'é-sis) Formation of glyeogen from glucose. 

Glyeogenolysis (gli"ko-jé-nol'í-sis) Breakdown of glyeogen to ghieose. 

Glyeolipid (gli"ko-lip'id) A lipid with one or more eovalently attaehed 
sugars. 

Glyeolysis (gli-kol'i-sis) Breakdown of glucose to pymvie aeid—an an- 
aerobie proeess. 

Goblet eells Individual eells (unicellular glands) that produce mucus. 

Golgi apparatus (gol'je) Membranous system elose to the eell nucleus 
that paekages protein seeretions for export, paekages enzymes into lyso- 
somes for cellular use, and modifies proteins destined to beeome part of 
eelhilar membranes. 

Gonad (go'nad) Primary reproductive organ; i.e., the testis of the male 
or the ovary of the female. 

Gonadoeortieoids (gon"ah-do-kor'tí-koidz) Sexhormones, primarily 
androgens, seereted by the adrenal cortex. 

Gonadotropins (gon"ah-do-tròp'inz) Gonad-stimulating hormones 
produced by the anterior pituitary. 

Graded muscle responses Variations in the degree of muscle eontrae- 
tion by ehanging either the frequency or strength of the stimulus. 

Graded potential A loeal ehange in membrane potential that varies di- 
reetly with the strength of the stimulus, deelines with distanee. 

Graves’ disease Disorder resulting from hyperaetive thyroid gland. 

Gray matter Gray area of the eentral nervous system; eontains neuronal 
eell bodies and their dendrites. 

Growth hormone (GH) Hormone that stinmlates growth in general; 
produced in the anterior pituitary; also ealled somatotropin. 

Guanine (G) (gwan'én) One of two major purines occurring in all 
nucleic aeids. 

Gustation (gus-ta'shun) Taste. 

Gyrus (ji'rns) An outward fold of the surface of the eerebral cortex. 

Hair folliele Structure with outer and inner root sheaths extending from 
the epidermal surface into the dermis and from which new hair develops. 

Hapten (hap'ten) An ineomplete antigen; has reaetivity but not immu- 
nogenieity. 

Haversian system (hah-ver'zhen) See Osteon. 

Heart attaek (eoronary) See Myoeardial infaretion. 

Heart bloek Impaired transmission of impulses from atrium to ventriele 
resulting in abnormally slow heart rhythms. 

Heart murmur Abnormal heart sound (usually resulting from valve 
problems). 

Heimlieh maneuver Procedure in which the air in a person’s own lungs 
is used to expel an obstmeting pieee of food. 

Helper T eell (T H eell) Type of T lymphoeyte that orehestrates cellular 
immunity by direet eontaet with other immune eells and by releasing 
ehemieals ealled eytokines; also helps to mediate the humoral response 
by interaeting with B eells. 

Hematoerit (he-mat'o-krit) The pereentage of total blood volume oe- 
cupied by erythroeytes. 

Hematoma (he"mah-to'mah) Mass of elotted blood that forms at an 
injured site. 
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Hematopoiesis (hem"ah-to-poi-e'sis) Blood eell formation; hemopoiesis. 

Hematopoietie stem eell (hem"ah-to-poi-et'ik) Bone marrow eell that 
gives rise to all the formed elements of blood; hemoeytoblast. 

Heme (hém) iron-eontaining pigment that is essential to oxygen trans- 
port by hemoglobin. 

Hemoglobin (he'muh-glo-bin) Oxygen-transporting protein of eryth- 
roeytes. 

Hemolysis (he-mah'lé-sis) Rupture of erythroeytes. 

Hemophilia (he"mo-fil'e-ah) A term loosely applied to several different 
hereditary bleeding disorders that exhibit similar signs and symptoms. 

Hemopoiesis (he"mo-poi-e'sis) See Hematopoiesis. 

Hemorrhage (hem'or-ij) Loss of blood from the vessels by flow through 
ruptured walls; bleeding. 

Hemostasis (he"mo-sta'sis) Stoppage of bleeding. 

Heparin Natural anticoagulant seereted into blood plasma. 

Hepatie portal system (hé-pat'ik) Circulation in which the hepatie por- 
tal vein earries dissolved nutrients to the liver tissues for proeessing. 

Hepatitis (hep"ah-ti'tis) Inflammation of the liver. 

Hernia (her'ne-ah) Abnormal protmsion of an organ or a body part 
through the eontaining wall of its eavity. 

Heterozygous (het"er-o-zi'gus) Having different allelie genes at a given 
locus or (by extension) many loei. 

Hilton’s law Any nerve serving a muscle that produces movement at a 
joint also innervates the joint and the skin over the joint. 

Hilum (hi'him) The indented region of an organ from which blood and/ 
or lymphatie vessels and nerves enter and exit. 

Hippocampus Limbie system structure that plays a role in eonverting 
new information into long-term memories. 

Histamine (his'tuh-mèn) A ehemieal messenger (neurotransmitter or 
paraerine); causes vasodilation and inereased eapillary permeability; in 
stomaeh causes aeid seeretion. 

Histology (his-tol'o-je) Braneh of anatomy dealing with the mieroseopie 
structure of tissues. 

HIV (human immunodeficiency virus) Virus that destroys helper T 
eells, thus depressing adaptive immunity; symptomatie AIDS gradually 
appears when lymph nodes ean no longer eontain the virus. 

Holoerine glands (hol'o-krin) Glands that accumulate their seeretions 
within their eells; seeretions are diseharged only upon rupture and death 
of the eell. 

Homeostasis (ho"me-o-sta'sis) A state of body equilibrium or stable in- 
ternal environment of the body. 

Homologous (ho-mol'ó-gus) Parts or organs eorresponding in structure 
but not neeessarily in flmetion. 

Homozygous (ho-mo-zi'gus) Having identieal genes at one or more 
loei. 

Hormones Steroidal or amino aeid-based molecules released to the 
blood that aet as ehemieal messengers to regulate speeifie body flmetions. 

Humoral immunity (hu'mer-ul) Immunity eonferred by antibodies 
present in blood plasma and other body fluids. 

Hnntington’s disease Hereditary disorder leading to degeneration of 
the basal nuclei and the eerebral cortex. 

Hyaline eartilage (hi'ah-lìn) The most abundant eartilage type in the 
body; provides firm support with some pliability. 

Hydroehlorie aeid (HC1) (hi"dro-klor'ik) Aeid that aids protein diges- 
tion in the stomaeh; produced by parietal eells. 


Hydrogen bond Weak bond in which a hydrogen atom forms a bridge 
between two electron-hungry atoms. An important intramolecular bond. 

Hydrogen ion (H + ) A hydrogen atom minus its eleetron and therefore 
earrying a positive eharge (i.e., a proton). 

Hydrolysis (hi"drah'là-sis) Proeess in which water is used to split a sub- 
stanee into smaller partieles. 

Hydrophilie (hi"dro-fil'ik) Refers to molecules, or portions of molecules, 
that interaet with water and eharged partieles. 

Hydrophobie (hi"dro-fo'bik) Refers to molecules, or portions of mol- 
ecules, that interaet only with nonpolar molecules. 

Hydrostatie pressure (hi"dro-stà'tic) Pressure of fhfid in a system. 

Hydroxyl ion (OH“) (hi-drok'sil) An ion liberated when a hydroxide (a 
eommon inorganie base) is dissolved in water. 

Hyperalgesia Pain amplifieation. 

Hypereapnia (hi"per-kap'ne-ah) High earbon dioxide levels in the blood. 

Hyperemia An inerease in blood flow into a tissue or organ; eongested 
with blood. 

Hyperglyeemie (hi"per-gli-se'mik) Term used to deseribe hormones 
such as glucagon that elevate blood glucose level. 

Hyperopia (hi"per-o'pe-ah) A eondition in which visual images are 
routinely focused behind rather than on the retina; eommonly known as 
farsightedness. 

Hyperplasia (hi"per-pla'ze-ah) Aeeelerated growth, e.g., in anemia, the 
bone marrow produces red blood eells at a faster rate. 

Hyperpnea (hi"perp-ne'ah) An inerease in ventilation in response to 
metabolie need (e.g., during exercise). 

Hyperpolarization An inerease in membrane potential in which the 
membrane beeomes more negative than resting membrane potential. 

Hypersensitivity Overzealous immune response to an otherwise harm- 
less antigen. 

Hypertension (hi"per-ten'shun) High blood pressure. 

Hypertonie (hi"per-ton'ik) Excessive, above normal, tone or tension. 

Hypertonie sohition A solution that has a higher eoneentration of non- 
penetrating solutes than the referenee eell; having greater osmotie pres- 
sure than the referenee solution (blood plasma or interstitial fluid). 

Hypertrophy (hi-per'trah-fe) inerease in size of a tissue or organ inde- 
pendent of the body’s general growth. 

Hyperventilation An inerease in the depth and rate of breathing that is 
in excess of the body’s need for removal of earbon dioxide. 

Hypoeapnia Low earbon dioxide levels in the blood. 

Hypodermis (superficial faseia) Subcutaneous tissue just deep to the 
skin; eonsists of adipose plus some areolar eonneetive tissue. 

Hypoglyeemie (hi"po-gli-se'mik) Term used to deseribe hormones such 
as insulin that deerease blood glucose level. 

Hyponatremia Abnormally low eoneentrations of sodirnn ions in extra- 
eelhilar fluid. 

Hypoproteinemia (hi"po-pro"te-ì-ne'me-ah) A eondition of unusually 
low levels of plasma proteins causing a reduction in eolloid osmotie pres- 
sure; results in tissue edema. 

Hypotension Low blood pressure. 

Hypothalamie-hypophyseal traet (hi"po-thah-lam'ik hi"po-fiz'-e-al) 
Nerve bundles that mn through the infundibulum and eonneet the pos- 
terior pituitary to the hypothalamus. 

Hypothalamus (hi"po-thal'ah-mus) Region ofthe dieneephalon form- 
ing the floor of the third ventriele of the brain. 
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Hypotonie (hi"po-ton'ik) Below normal tone or tension. 

Hypotonie solution A solution that is more dilute (eontaining fewer 
nonpenetrating solutes) than the referenee eell. Cells plaeed in hypotonie 
solutions plump up rapidly as water rnshes into them. 

Hypoventilation A deerease in the depth and rate of breathing; eharae- 
terized by an inerease in blood earbon dioxide. 

Hypovolemie shoek (hi"po-vo-le'mik) Most eommon form of shoek; 
results from extreme blood loss. 

Hypoxia (hi-pok'se-ah) Condition in which inadequate oxygen is avail- 
able to tissues. 

ileoeeeal valve (il"e-o-se'kal) Site where the small intestine joins the 
large intestine. 

Ileum (il'e-um) Terminal part of the small intestine; between the jeju- 
num and the cecum of the large intestine. 

Immune system A hmetional system whose eomponents attaek foreign 
substances or prevent their entry into the body. 

Immunity (im"un'í-te) Ability of the body to resist many agents (both 
living and nonliving) that ean cause disease; resistanee to disease. 

Immunocompetence Ability of the body’s immune eells to reeognize 
(by binding) speeifie antigens; refleets the presenee of plasma 
membrane-bound reeeptors. 

Immunodeficiency Any eongenital or acquired eondition causing a 
defieieney in the production or fimetion of immune eells or eertain mol- 
ecules (eomplement, antibodies, ete.) required for normal immunity. 

In vitro (in ve'tro) In a test tube, glass, or artifieial environment. 

In vivo (in ve'vo) In the living body. 

ineompetent valve Valve which does not elose properly. 

ineontinenee Inability to eontrol micturition or defeeation vohmtarily. 

infaret (in'farkt) Region of dead, deteriorating tissue resulting from a 
laek of blood supply. 

Infectious mononucleosis Highly contagious viral disease; marked by 
excessive agranulocytes. 

Inferior (caudal) Pertaining to a position toward the lower or tail end of 
the long axis of the body. 

Inferior vena eava Vein that returns blood from body areas below the 
diaphragm. 

Inflammation (in"flah-ma'shun) An innate (nonspeeifie) defensive re- 
sponse of the body to tissue injury; inefiides dilation of blood vessels and 
an inerease in vessel permeability; indieated by redness, heat, swelling, 
and pain. 

Infundibulum (in"fun-dib'u-lum) (1) A stalk of tissue that eonneets the 
pituitary gland to the hypothalamus; (2) the distal end of the uterine (fal- 
lopian) tube. 

Inguinal (ing'wi-nal) Pertaining to the groin region. 

Inhibitory postsynaptie potential (IPSP) A graded potential in a 
postsynaptie neuron that inhibits aetion potential generation; usually 
hyperpolarizing. 

Inner eell mass Accumulation of eells in the blastoeyst from which the 
embryo develops. 

Innervation (in"er-va'shun) Supply of nerves to a body part. 

inorganie compound Chemical substances that do not eontain earbon, 
including water, salts, and many aeids and bases. 

Insertion Movable attaehment of a muscle. 

Insula Lobe of the eerebral cortex that is buried in the lateral sulcus be- 
neath portions of the parietal, frontal, and temporal lobes. 


Insulin A hormone that enhanees the earrier-mediated difífision of glu- 
eose into tissue eells, thus lowering blood glucose levels. 

Insulin resistanee State in which a greater than normal amount of insu- 
lin is required to maintain normal glucose blood levels. 

Integration The proeess by which the nervous system proeesses and 
interprets sensory input and makes deeisions about what should be done 
at eaeh moment. 

Integumentary system (in-teg"u-men'tar-e) Skin and its derivatives; 
provides the external proteetive eovering of the body. 

interealated dises (in-ter'kah-la"ted) Speeialized eonneetions between 
myoeardial eells eontaining gap junctions and desmosomes. 

Interferons (IFNs) (in-ter-fér'ons) Proteins released from virus-infected 
(and other) eells that proteet uninfected eells from viral takeover. Also 
inhibit some eaneers. 

Internal capsule Band of projeetion fibers that runs between the basal 
nuclei and the thalamus. 

Internal respiration Exchange of gases between blood and tissue fluid 
and between tissue ffiiid and eells. 

Interneuron (assoeiation neuron) Nerve eell loeated between motor 
and sensory neurons that shuttles signals through CNS pathways where 
integration occurs. 

interoeeptor (in"ter-o-sep'tor) Sensory reeeptor in the viseera that is 
sensitive to ehanges and stimuli within the body’s internal environment; 
also ealled viseeroeeptor. 

Interphase One of two major periods in the eell life eyele; includes the 
period from eell formation to eell division. 

Interstitial endoerine eells Cells loeated in the loose eonneetive tissue sur- 
rounding the seminiferous tubules; they produce androgens (most impor- 
tantly testosterone), which are seereted into the surrounding interstitial fluid. 

Interstitial fluid (IF) (in"ter-stish'al) Fluid between the eells. 

Interstitial lamellae ineomplete lamellae that lie between intaet osteons, 
filling the gaps between forming osteons, or representing the remnants of 
an osteon that has been cut through by bone remodeling. 

Intervertebral dises (in"ter-ver'teh-brul) Dises of fibroeartilage between 
vertebrae. 

Intracapsular ligament Ligament loeated within and separate from the 
artiailar capsule of a synovial joint. 

intraeelhilar fluid (ICF) (in"trah-sel'u-ler) Fluid within a eell. 

intrinsie faetor Substance produced by the stomaeh that is required for 
vitamin B 12 absorption. 

Intron Noneoding segment or portion of DNA that ranges from 60 to 
100,000 mieleotides long. 

Involuntary muscle Muscle that eannot ordinarily be eontrolled volun- 
tarily (e.g., smooth and eardiae muscle). 

Involuntary nervous system The autonomic nervous system. 

Ion (ì'on) Atom or molecule with a positive or negative eleetrie eharge. 

ionie bond (i-ah'nik) Chemical bond formed by eleetron transfer be- 
tween atoms. 

Ipsilateral (ip"sih-là'ter-ul) Situated on the same side. 

isehemia (is-ke'me-ah) Loeal deerease in blood supply. 

Isograft Tissue graft donated by an identieal twin. 

Isomer (i'so-mer) One of two or more substances that has the same mo- 
lecular formula but with its atoms arranged differently. 

isometrie eontraetion (i"so-mé'trik) Contraction in which the muscle 
does not shorten (the load is too heavy) but its internal tension inereases. 
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Isotonie eontraetion (i"so-tah'nik) Contraction in which muscle ten- 
sion remains eonstant at a given load, and the muscle shortens. 

Isotonie solution A solution with a eoneentration of nonpenetrating 
solutes equal to that found in the referenee eell. 

Isotopes (i'so-tòps) Different atomie forms of the same element, which 
vary only in the number of neutrons they eontain; the heavier speeies 
tend to be radioaetive. 

Jejunum (jé-joo'num) The part of the small intestine between the duo- 
denum and the ileum. 

Joint (articulation) The junction of two or more bones. 

Joint kinesthetie reeeptor (kin"es-thet'ik) Reeeptor that provides infor- 
mation on joint position and motion. 

Juxtaglomerular complex (JGC) (juks"tah-glo-mer'u-lar) Cells of the 
distal part of the aseending limb of the nephron loop and afferent arteri- 
ole loeated elose to the glomerulus; involved in blood pressure regulation 
(via release of the hormone renin) and autoregulation of GFR. 

Karyotype (kar'e-o-tlp) The diploid ehromosomal eomplement, typi- 
eally shown as homologous ehromosome pairs arranged from longest to 
shortest (X and Y are arranged by size rather than paired). 

Keratin (ker'ah-tin) Fibrous protein found in the epidermis, hair, and 
nails that makes those structures hard and water resistant; precursor is 
keratohyaline. 

Ketones (ketone bodies) (ke'tònz) Fatty aeid metabolites; strong or- 
ganie aeids. 

Ketosis (ké-tò'sis) Excess levels of ketone bodies in blood. Called keto- 
aeidosis if blood pH is low. 

Killer T eell See Cytotoxic T eell. 

Kiloealories (keal) See Calorie. 

Kinetie energy (ki-net'ik) The energy of motion or movement, e.g., the 
eonstant movement of atoms, or the push given to a swinging door that 
sets it into motion. 

Krebs eyele Aerobie metabolie pathway occurring within mitoehondria, 
in which food metabolites are oxidized and C0 2 is liberated, and eoen- 
zymes are reduced. Also ealled the eitrie aeid eyele. 

Labia (la'be-ah) Lips; singular: labium. 

Labor Collective term for the series of events that expel the fetus from 
the uterus. 

Labyrinth (lab'i-rinth") Bony eavities and membranes of the inner ear. 

Laerimal (lak'ri-mal) Pertaining to tears. 

Laetation (lak-ta'shun) Production and seeretion of milk. 

Laeteal (lak'te-al) Speeial lymphatie eapillaries of the small intestine that 
take up lipids. 

Laetie aeid (lak'tik) Product of anaerobie metabolism, espeeially in 
muscle. 

Lacuna (lah-ku'nah) A small spaee, eavity, or depression; lacunae in 
bone or eartilage are occupied by eells. 

Lamella (lah-mel'ah) A layer, such as of bone matrix in an osteon of 
eompaet bone. 

Lamina (lam'ì-nah) (1) A thin layer or flat plate; (2) the portion of a ver- 
tebra between the transverse proeess and the spinous proeess. 

Large intestine Portion of the digestive traet extending from the ileoee- 
eal valve to the anus; includes the eeernn, appendix, eolon, rectum, and 
anal eanal. 

Larynx (lar'ingks) Cartilaginous organ loeated between the traehea and 
the pharynx; voiee box. 


Latent period Period of time between stimulation and the onset of 
muscle eontraetion. 

Lateral Away from the midline of the body. 

Leptin Hormone released by fat eells that signals satiety. 

Leukemia Refers to a group of cancerous eonditions of white blood eells. 

Leukocytes (loo'ko-slts) White blood eells; formed elements involved in 
body proteetion that take part in inflammatory and immune responses. 

Leukocytosis An inerease in the nrnnber of leukocytes (white blood 
eells); usually the result of a mierobiologieal attaek on the body. 

Leukopenia (loo"ko-pe'ne-ah) Abnormally low white blood eell count. 

Leukopoiesis The production of white blood eells. 

Lever system Consists of a lever (bone), effort (muscle aetion), resistanee 
(weight of objeet to be moved), and fulcrum (joint). 

Ligament (lig'ah-ment) Band of regiilar fibrous tissue that eonneets bones. 

Ligands Signaling ehemieals that bind speeifieally to membrane reeeptors. 

Limbie system (lim'bik) Functional brain system involved in emotional 
response and memory formation. 

Lipid (lih'pid) Organie compound formed of earbon, hydrogen, and 
oxygen; examples are fats and eholesterol. 

Lipolysis (lí-pol'í-sis) The breakdown of stored fats into glyeerol and 
fatty aeids. 

Liver Lobed aeeessory organ that overlies the stomaeh; produces bile to 
help digest fat, and serves other metabolie and regulatory fimetions. 

Lumbar (lum'bar) Portion of the baek between the thorax and the pelvis. 

Lumbar vertebrae The five vertebrae of the lrnnbar region of the verte- 
bral column, eommonly ealled the small of the baek. 

Lumen (loo'min) Cavity inside a tube, blood vessel, or hollow organ. 

Luteinizing hormone (LH) (lu'te-in-Iz"ing) Anterior pituitary hor- 
mone that aids maturation of eells in the ovary and triggers ovulation 
in females. In males, causes the interstitial endoerine eells of the testis to 
produce testosterone. 

Lymph (limf) Protein-eontaining fhfid transported by lymphatie vessels. 

Lymph node Small lymphoid organ that filters lymph; eontains maero- 
phages and lymphoeytes. 

Lymphatie system (lim-fat'ik) System eonsisting of lymphatie vessels, 
lymph nodes, and lymph; drains excess tissue fluid from the extracellular 
spaee. The nodes provide sites for immune surveillance. 

Lymphaties General term used to designate the lymphatie vessels that 
eolleet and transport lymph. 

Lymphoeyte Agranular white blood eell that arises from bone marrow 
and beeomes fimetionally mature in the lymphoid organs of the body. 

Lysosomes (li'so-sòmz) Organelles that originate from the Golgi appara- 
tus and eontain strong digestive enzymes. 

Lysozyme (li'so-zlm) Enzyme in sweat, saliva, and tears that is eapable of 
destroying eertain kinds of baeteria. 

Macromolecules Large, complex molecules eontaining from 100 to over 
10,000 subunits. 

Maerophage (mak'ro-fàj") Proteetive eell type eommon in eonneetive 
tissue, lymphoid tissue, and many body organs; phagoeytizes tissue eells, 
baeteria, and other foreign debris; presents antigens to T eells in the im- 
mune response. 

Macula (mak'u-lah) (1) Reeeptor for linear aeeeleration, deeeleration, 
and gravity, loeated within the vestibule of the inner ear; (2) a eolored 
area or spot. 
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Malignant (muh-lig'nent) Life threatening; pertains to neoplasms that 
spread and lead to death, such as eaneer. 

Malignant melanoma (mer'ah-no'mah) Cancer of the melanoeytes; ean 
begin wherever there is pigment. 

Mammary glands (mam'mer-e) Milk-producing glands of the breast. 

Mandible (man'dí-bl) Lower jawbone; U shaped, largest bone of the 
faee. 

Mass number Sum of the number of protons and neutrons in the 
nucleus of an atom. 

Mast eells Immune eells that hmetion to deteet foreign substances in 
the tissue spaees and initiate loeal inflammatory responses against them; 
typieally found clustered deep to an epithelium or along blood vessels. 

Mastieation (mas"tí-ka'shun) Chewing. 

Meatus (me-a'tus) External opening of a eanal. 

Meehanieal advantage (power lever) Condition that occurs when the 
load is elose to the fulcrum and the effort is applied far from the fulcrum; 
allows a small effort exerted over a relatively large distanee to move a 
large load over a small distanee. 

Meehanieal disadvantage (speed lever) Condition that occurs when the 
load is far from the fulcrum and the effort is applied near the fulcrum; 
the effort applied must be greater than the load to be moved. 

Meehanieal energy The energy direetly involved in moving matter; e.g., 
in bieyele riding, the legs provide the meehanieal energy that moves the 
pedals. 

Meehanoreeeptor (meh"ké-no-re-sep'tor) Reeeptor sensitive to me- 
ehanieal pressure such as touch, sound, or exerted by muscle eontraetion. 

Medial (me'de-ahl) Toward the midline of the body. 

Median (midsagittal) plane Speeifie sagittal plane that lies exactly in the 
midline. 

Mediastinum (me"de-ah-sti'num) The medial eavity of the thorax eon- 
taining the heart, great vessels, and traehea. 

Medulla (mé-dul'ah) Central portion of eertain organs. 

Medulla oblongata (mé-dul'ah ob"long-gah'tah) Inferiormost part of 
the brain stem. 

Medullary eavity Central eavity of a long bone. Contains yellow or red 
(bone) marrow. 

Meiosis (mi-o'sis) Nuclear division proeess that reduces the ehromo- 
somal number by half and results in the formation of four haploid ( n ) 
eells; occurs only in eertain reproductive organs. 

Melanin (mel'ah-nin) Dark pigment formed by eells ealled melanoeytes; 
imparts eolor to skin and hair. 

Melatonin (mel"ah-to'nin) A hormone seereted by the pineal gland; 
seeretion peaks at night and helps set sleep-wake eyeles; also a powerful 
antioxidant. 

Membrane potential Voltage aeross the plasma membrane. 

Membrane reeeptors A large, diverse group of integral proteins and gly- 
eoproteins that serve as binding sites for signaling molecules. 

Memory eells Members of T eell and B eell elones that provide for im- 
immologieal memory. 

Menarehe (mé-nar'ke) Establishment of menstmal hmetion; the first 
menstmal period. 

Meninges (mé-nin'jéz) Proteetive eoverings of the eentral nervous sys- 
tem; from the most external to the most internal, the dura mater, araeh- 
noid mater, and pia mater. 

Meningitis (mé-nin-ji'tis) Inflammation of the meninges. 


Menopause Period of life when, prompted by hormonal ehanges, ovula- 
tion and menstmation eease. 

Menstruation (men"stroo-a'shun) The periodie, eyelie diseharge of 
blood, seeretions, tissue, and mucus from the mature female uterus in the 
absenee of pregnaney. 

Meroerine glands (mer'o-krin) Glands that produce seeretions inter- 
mittently; seeretions do not accumulate in the gland. 

Meseneephalon (mes"en-sef'ah-lon) One of the three primary vesieles 
of the developing brain; beeomes the midbrain. 

Mesenehyme (meh'zin-klm) Common embryonie tissue from which all 
eonneetive tissues arise. 

Mesenteries (mes"en-ter'éz) Double-layered extensions of the perito- 
neum that support most organs in the abdominal eavity. 

Mesoderm (mez'o-derm) Primary germ layer that forms the skeleton 
and muscles of the body. 

Mesothelium (mez"o-the'le-um) The epithelmm found in serous mem- 
branes lining the ventral body eavity and eovering its organs. 

Messenger RNA (mRNA) Long nucleotide strands that refleet the exact 
nucleotide sequences of the genetieally aetive DNA and earry the DNA’s 
message. 

Metabolie rate (mét"ah-bol'ik) Energy expended by the body per unit 
time. 

Metabolie water (water of oxidation) Water produced from cellular 
metabolism (about 10% of our body’s water). 

Metabolism (mé-tab'o-lizm) Sum total of the ehemieal reaetions occur- 
ring in the body eells. 

Metaphase Seeond stage of mitosis. 

Metastasis (mé-tas'tah-sis) The spread of eaneer from one body part or 
organ into another not direetly eonneeted to it. 

Meteneephalon (afterbrain) A seeondary brain vesiele; anterior portion 
of the rhombeneephalon of the developing brain; beeomes the pons and 
the cerebellum. 

MHC (major histoeompatibility complex) proteins Molecules on the 
outer surface of the plasma membrane of all eells; help the immune sys- 
tem distinguish self from nonself. T eells reeognize antigens only when 
eombined with these proteins. 

Mieroíìlaments (mi"kro-fil'ah-ments) Thin strands of the eontraetile 
protein aetin. 

Mieroglial eells (mi-kro'gle-al) A type of CNS supporting eell; ean 
transform into phagoeytes in areas of neural damage or inflammation. 

Microtubules (mi"kro-tu'bulz) One of three types of rods in the eyto- 
skeleton of a eell; hollow tubes made of spherieal protein that determine 
the eell shape as well as the distribution of eelhilar organelles. 

Mierovilli (mi"kro-vil'i) Tiny projeetions on the free surfaces of some 
epithelial eells; inerease surface area for absorption. 

Micturition (mik"tu-rish'un) Urination, or voiding; emptying the bladder. 

Midbrain (meseneephalon) Region of the brain stem between the dien- 
eephalon and the pons. 

Midsagittal (median) plane Speeifie sagittal plane that lies exactly in the 
midline. 

Milliequivalents per liter (mEq/L) The units used to measure eleetro- 
lyte eoneentrations of body fluids; a measure of the number of eleetrieal 
eharges in 1 liter of solution. 

Mineraloeortieoid (min"er-al"ò-kor'tih-koyd) Steroid hormone of the 
adrenal cortex that regulates Na + and K + metabolism and fluid balanee. 
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Minerals Inorganie ehemieal compounds found in nature; salts. 

Mitoehondria (mi"to-kon'dre-ah) Cytoplasmic organelles responsible 
for ATP generation for cellular aetivities. 

Mitosis Proeess during which the ehromosomes are redistributed to two 
daughter nuclei; nuclear division. Consists of prophase, metaphase, ana- 
phase, and telophase. 

Mitotie (M) phase One of two major periods in the eell life eyele; in- 
volves the division of the nucleus (mitosis) and the division of the eyto- 
plasm (eytokinesis). 

Mitral (bicuspid) valve (mi'tral) The leít atrioventricular valve. 

Mixed nerves Nerves eontaining the proeesses of motor and sensory 
neurons; their impulses travel to and from the eentral nervous system. 

Molar (mo'lar) (1) A solution eoneentration determined by mass of 
solute—1 liter of sohition eontains an amount of solute equal to its 
molecular weight in grams. (2) Broad baek teeth that grind and crush. 

Molarity (mo-lar'í-te) A way to express the eoneentration of a sohition; 
moles per liter of solution. 

Mole (mòl) A mole of any element or compound is equal to its atomie 
weight or its molecular weight (sum of atomie weights) measured in grams. 

Molecule Partiele eonsisting of two or more atoms joined together by 
ehemieal bonds. 

Monoelonal antibodies (mon"o-klo'nal) Pure preparations of identieal 
antibodies that exhibit speeifieity for a single antigen. 

Monoeyte (mon'o-sit) Large single-nucleus white blood eell; agranular 
leukocyte. 

Monosaeeharide (mon"o-sak'ah-rid) Literally, one sugar; building bloek 
of earbohydrates; e.g., glucose. 

Mornla (mor'u-lah) The mulberry-like solid mass of blastomeres result- 
ing from eleavage in the early conceptus. 

Motor areas Functional areas in the eerebral cortex that eontrol volun- 
tary motor fimetions. 

Motor (eíferent) nerves Nerves that earry impulses leaving the brain 
and spinal eord, and destined for effeetors. 

Motor unit A motor neuron and all the muscle eells it stimulates. 

Mucous membranes (mucosae) Membranes that form the linings of 
body eavities open to the exterior (digestive, respiratory, urinary, and 
r ep r o ductive tr aets). 

Mucus (myoo'kus) A stieky, thiek fluid seereted by mucous glands and 
mucous membranes; keeps the free surface of membranes moist. 

Multinucleate eell (mul"tí-nu'kle-àt) Cell with more than one nucleus, 
e.g., skeletal muscle eells, osteoelasts. 

Multiple selerosis (MS) Demyelinating disorder of the CNS; causes 
hardened patehes (selerosis) in the brain and spinal eord. 

Multipolar neurons Neurons with three or more proeesses; most eom- 
mon neuron type in the CNS. 

Muscarinic reeeptors (mus"kah-rin'ik) Aeetyleholine-binding reeeptors 
of the autonomic nervous system’s target organs; named for aetivation by 
the mushroom poison muscarine. 

Muscle fiber A muscle eell. 

Muscle spindle Encapsulated reeeptor found in skeletal muscle that is 
sensitive to streteh. 

Muscle tension The foree exerted by a eontraeting muscle on some 
objeet. 

Muscle tone Low levels of eontraetile aetivity in relaxed muscle; keeps 
the muscle healthy and ready to aet. 


Muscle twitch The response of a muscle to a single brief threshold 
stimulus. 

Muscular dystrophy A group of inherited muscle-destroying diseases. 

Muscular system The organ system eonsisting of the skeletal muscles of 
the body and their eonneetive tissue attaehments. 

Myeleneephalon (spinal brain) A seeondary brain vesiele; lower part of 
the developing hindbrain, espeeially the medulla oblongata. 

Myelin sheath (mi'é-lin) Fatty insulating sheath that surrounds all but 
the smallest nerve fibers. 

Myoblasts Embryonie mesoderm eells from which all muscle fibers 
develop. 

Myoeardial infaretion (MI) (mi"o-kar'de-al in-fark'shun) Condition 
eharaeterized by dead tissue areas in the myocardium; caused by inter- 
mption of blood supply to the area. Commonly ealled heart attaek. 

Myocardium (mi"o-kar'de-um) Layer of the heart wall eomposed of 
eardiae muscle. 

Myofibril (mi"o-fi'bril) Rodlike bundle of eontraetile filaments (myofila- 
ments) found in nmsele fibers (eells). 

Myofìlament (mi"o-fil'ah-ment) Filament that constitutes myofibrils. Of 
two types: aetin and myosin. 

Myoglobin (mi"o-glo'bin) Oxygen-binding pigment in nrnsele. 

Myogram A graphie reeording of meehanieal eontraetile aetivity pro- 
duced by an apparatus that measures muscle eontraetion. 

Myometrium (mi"o-me'tre-um) Thiek uterine musculature. 

Myopia (mi-o'pe-ah) A eondition in which visual images are focused in 
front of rather than on the retina; nearsightedness. 

Myosin (mi'o-sin) One of the prineipal eontraetile proteins found in 
muscle. 

Myxedema (mik"sé-de'mah) Condition resulting from underactive thy- 
roid gland. 

Nares (na'rez) Nostrils. 

Natural killer (NK) eell Defensive eell (a type of lymphoeyte) that ean 
kill eaneer eells and virus-infected body eells before the adaptive immune 
system is aetivated. 

Neerosis (né-kro'sis) Death or disintegration of a eell or tissues caused 
by disease or injury. 

Negative feedbaek meehanisms The most eommon homeostatie eon- 
trol meehanism. The net effeet is that the output of the system shuts off 
the original stimulus or reduces its intensity. 

Neonatal period The four-week period immediately after birth. 

Neoplasm (ne'o-plazm) An abnormal mass of proliferating eells. Benign 
neoplasms remain loealized; malignant neoplasms are eaneers, which ean 
spread to other organs. 

Nephron (nef'ron) Structural and fimetional unit of the kidney; eonsists 
of the renal corpuscle and renal tubule. 

Nerve A bundle of axons in the peripheral nervous system. 

Nerve fiber Axon of a neuron. 

Nerve growth faetor (NGF) Protein that promotes survival and develop- 
ment of neurons; seereted by their target eells and many other eell types. 

Nerve impulse A self-propagating wave of depolarization; also ealled an 
aetion potential. 

Nerve plexuses interlaeing nerve networks that occur in the eervieal, 
braehial, lumbar, and saeral regions and primarily serve the limbs. 

Nervous system Fast-aeting eontrol system that triggers muscle eontrae- 
tion or gland seeretion. 
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Neural tube Fetal structure that gives rise to the brain, spinal eord, and 
assoeiated neural structures; formed from eetoderm by day 23 of embry- 
onie development. 

Neuroglia (nu-rog'le-ah) Nonexcitable eells of neural tissue that sup- 
port, proteet, and insulate the neurons; glial eells. 

Neurohypophysis (nu"ro-hi-pof'i-sis) Posterior pituitary plus infun- 
dibulum; portion of the pituitary gland derived from the brain. 

Neuromuscular junction Region where a motor neuron eomes into 
elose eontaet with a skeletal muscle eell. 

Neuron (nerve eell) (nu'ron) Cell of the nervous system speeialized to 
generate and transmit eleetrieal signals (aetion potentials and graded 
potentials). 

Neuron eell body The biosynthetie eenter of a neuron; also ealled the 
perikaryon, or soma. 

Neuronal pools Functional groups of neurons that proeess and integrate 
information. 

Neuropeptides (nu"ro-pep'tids) A elass of neurotransmitters including 
beta endorphins and enkephalins (which aet as euphorics and reduce 
pereeption of pain) and gut-brain peptides. 

Neurotransmitter Chemical messenger released by neurons that may, 
upon binding to reeeptors of neurons or effeetor eells, stimulate or in- 
hibit those neurons or effeetor eells. 

Neutral fats Consist of fatty aeid ehains and glyeerol; also ealled triglye- 
erides or triaeylglyeerols. Commonly known as oils when liquid. 

Neutralization reaetion Displaeement reaetion in which mixing an aeid 
and a base forms water and a salt. 

Neutron (mi'tron) Uncharged subatomic partiele; found in the atomie 
nucleus. 

Neutrophil (nu'tro-fil) Most abundant type of white blood eell. 

Nieotinie reeeptors (nik"o-tin'ik) Aeetyleholine-binding reeeptors of all 
autonomic ganglionie neurons and skeletal muscle neuromuscular junc- 
tions; named for aetivation by nieotine. 

Nitrie oxide (NO) A gaseous ehemieal messenger; diverse fimetions 
include partieipation in memory formation in the brain, and causing va- 
sodilation throughout the body. 

Noeieeptor (no"se-sep'tor) Reeeptor sensitive to potentially damaging 
stimuli that result in pain. 

Nondisjunction Failure of sister ehromatids to separate during mitosis 
or failure of homologous pairs to separate during meiosis; results in ab- 
normal numbers of ehromosomes in the resulting daughter eells. 

Nonmyelinated fibers (non-mi'é-lí-nàt"ed) Axons laeking a myelin 
sheath and therefore conducting impulses quite slowly. 

Nonpolar molecules Eleetrieally balaneed molecules. 

Nonvolatile (fixed) aeid Aeid generated by cellular metabolism that 
must be eliminated by the kidneys. 

Norepinephrine (NE) (nor"ep-í-nef'rin) A eateeholamine neurotrans- 
mitter and adrenal medullary hormone, assoeiated with sympathetie 
nervous system aetivation. 

Nuclear envelope The double membrane barrier of a eell nucleus. 

Nucleic aeid (nu-kle'ik) Class of organie moleailes that includes DNA 
and RNA. 

Nucleoli (nu-kle'o-li) Dense spherieal bodies in the eell nucleus involved 
with ribosomal RNA (rRNA) synthesis and ribosomal subunit assembly. 

Nucleosome (nu'kle-o-sòm) Fundamental unit of ehromatin; eonsists of 
a strand of DNA wound around a ehister of eight histone proteins. 


Nucleotide (nu'kle-o-tìd) Building bloek of mieleie aeids; eonsists of a 
sugar, a nitrogen-eontaining base, and a phosphate group. 

Nucleus (nu'kle-is) (1) Control eenter of a eell; eontains genetie mate- 
rial; (2) ehisters of nerve eell bodies in the CNS. 

Nutrients Chemical substances taken in via the diet that are used for 
energy and eell building. 

Oblique seetion A cut made diagonally between the horizontal and ver- 
tieal plane of the body or an organ. 

Occlusion (ah-kloo'zhun) Closure or obstmetion. 

Oetet rule (rule of eights) (ok-tet') The tendeney of atoms to interaet in 
such a way that they have eight eleetrons in their valenee shell. 

Olfaetion (ol-fak'shun) Smell. 

Oligodendroeyte (ol"ì-go-den'dro-sìt) A type of CNS supporting eell 
that eomposes myelin sheaths. 

Ooeyte (o'o-slt) Immature female gamete. 

Oogenesis (o"o-jen'é-sis) Proeess of ovum (female gamete) formation. 
Ophthalmie (of-thal'mik) Pertaining to the eye. 

Optie (op'tik) Pertaining to the eye or vision. 

Optie ehiasma (op'tik ki-az'muh) The partial erossover of fibers of the 
optie nerves. 

Organ A part of the body formed of two or more tissues and adapted to 
earry out a speeifie fimetion; e.g., the stomaeh. 

Organ system A group of organs that work together to perform a vital 
body fimetion; e.g., the nervous system. 

Organelles (or"gah-nelz') Small cellular structures (ribosomes, mito- 
ehondria, and others) that perform speeifie metabolie fimetions for the 
eell as a whole. 

Organie compound Any compound eomposed of atoms (some of which 
are earbon) held together by eovalent (shared eleetron) bonds. 

Organie Pertaining to earbon-eontaining moleoiles, such as proteins, 
fats, and earbohydrates. 

Organism The living animal (or plant), which represents the sum total of 
all its organ systems working together to maintain life. 

Origin Attaehment of a muscle that remains relatively fixed during mus- 
cular eontraetion. 

Osmolality The number of solute partieles dissolved in 1 kilogram 
(1000 g) of water; refleets the solution’s ability to cause osmosis. 

Osmolarity (oz"mo-lar'ì-te) The mimber of solute partieles present in 
1 liter of a sohition. 

Osmoreeeptor (oz"mo-re-sep'tor) Structure sensitive to osmotie pres- 
sure or eoneentration of a solution. 

Osmosis (oz-mo'sis) Difiiision of a solvent through a membrane from a 
dilute solution into a more eoneentrated one. 

Osmotie pressure A measure of the tendeney of water to move into a 
more eoneentrated solution. 

Ossieles See Auditory ossieles. 

Ossifieation (os"i-fi-ka'shun) See Osteogenesis. 

Osteoblasts (os'te-o-blasts) Bone-forming eells. 

Osteoelasts (os'te-o-klasts) Large eells that resorb or break down bone 
matrix. 

Osteoeyte (os'te-o-slt) Mature bone eell. 

Osteogenesis (os"te-o-jen'e-sis) The proeess of bone formation; also 
ealled ossifieation. 
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Osteoid (os'te-oid) Unmineralized bone matrix. 

Osteomalaeia (os"te-o-mah-la'she-ah) Disorder in which bones are in- 
adequately mineralized; soít bones. 

Osteon (os'te-on) System of intereonneeting eanals in the mieroseopie 
structure of adult eompaet bone; unit of bone; also ealled Haversian system. 

Osteoporosis (os"te-o-po-ro'sis) Deereased density and strength of bone 
resulting from a gradual deerease in rate of bone formation. 

Ovarian eyele (o-vayr'e-an) Monthly eyele of folliele development, ovu- 
lation, and corpus luteum formation in an ovary. 

Ovary (o'var-e) Female reproductive organ in which ova (eggs) are pro- 
duced; female gonad. 

Ovulation (ov"u-la'shun) Ejeetion of an immature egg (ooeyte) from the 
ovary. 

Ovum (o'vum) Female gamete; egg. 

Oxidases Enzymes that eatalyze the transfer of oxygen in oxidation- 
reduction reaetions. 

Oxidation (oks'ì-da"shun) Proeess of substances eombining with oxy- 
gen or the removal of hydrogen. 

Oxidation-reduction (redox) reaetion A reaetion that couples the 
oxidation (loss of eleetrons) of one substance with the reduction (gain of 
eleetrons) of another substance. 

Oxidative phosphorylation (ok'sí-da"tivfos"for-í-la'shun) Proeess of 
ATP synthesis during which an inorganie phosphate group is attaehed to 
ADP; occurs via the eleetron transport ehain within the mitoehondria. 

Oxyhemoglobin (ok"sí-he"mo-glo'bin) Oxygen-bound form of 
hemoglobin. 

Oxytocin (ok"si-to'sin) Hormone synthesized in the hypothalarmis and 
seereted by the posterior pituitary; stimulates eontraetion of the uterus 
during ehildbirth and the ejeetion of milk during nursing. 

Paget’s disease (paj'ets) Disorder eharaeterized by excessive bone break- 
down and abnormal bone formation. 

Palate (pal'at) Roof of the mouth. 

Panereas (pan'kre-us) Gland loeated behind the stomaeh, between the 
spleen and the duodenum; produces both endoerine and exocrine seeretions. 

Panereatie juice (pan"kre-at'ik) Biearbonate-rieh seeretion of the pan- 
ereas eontaining enzymes for digestion of all food eategories. 

Papilla (pah-pil'ah) Small, nipple-like projeetion; e.g., dermal papillae 
are projeetions of dermal tissue into the epidermis. 

Paraerine (par'ah-krin) A ehemieal messenger that aets loeally within 
the same tissue and is rapidly destroyed. Examples are prostaglandins 
and nitrie oxide. 

Parasagittal planes All sagittal planes offset from the midline. 

Parasympathetie division The division of the autonomic nervous sys- 
tem that oversees digestion, elimination, and glandular hmetion; the rest- 
ing and digesting subdivision. 

Parasympathetie tone Normal (background) level of parasympathetie 
output; sustains normal gastrointestinal and urinary traet aetivity, lowers 
heart rate. 

Parathyroid glands (par"ah-thi'roid) Small endoerine glands loeated on 
the posterior aspeet of the thyroid gland. 

Parathyroid hormone (PTH) Hormone released by the parathyroid 
glands that regulates blood calcium level. 

Parietal (pah-ri'é-tal) Pertaining to the walls of a eavity. 

Parietal serosa The part of the double-layered membrane that lines the 
walls of the ventral body eavity. 


Parkinson’s disease Neurodegenerative disorder of the basal nuclei due 
to insufficient seeretion of the neurotransmitter dopamine; symptoms 
ineffide tremor and rigid movement. 

Partial pressure The pressure exerted by a single eomponent of a mix- 
ture of gases. 

Parturition (par"tu-rish'un) Culmination of pregnaney; giving birth. 

Passive immunity Short-lived immunity resulting from the introduc- 
tion of “borrowed antibodies” obtained from an immune animal or hu- 
man donor; immunological memory is not established. 

Passive (transport) proeesses Membrane transport proeesses that do 
not require eelffilar energy (ATP), e.g., diffiusion, which is driven by ki- 
netie energy. 

Pathogen (path'o-jen) Disease-causing organism. 

Peetoral (pek'tor-al) Pertaining to the ehest. 

Peetoral (shoulder) girdle Bones that attaeh the upper limbs to the axial 
skeleton; ineffides the elaviele and scapula. 

Pedigree Traees a particular genetie trait through several generations 
and helps prediet the genotype of future offspring. 

Pelvie girdle (hip girdle) Consists of the paired coxal bones and saemrn 
that attaeh the lower limbs to the axial skeleton. 

Pelvis (pel'vis) (1) Basin-shaped bony structure eomposed of the pelvie 
girdle, saemrn, and coccyx; (2) ffinnel-shaped tube within the kidney 
continuous with the ureter. 

Penis (pe'nis) Male organ of copulation and urination. 

Pepsin Enzyme eapable of digesting proteins in an aeid pH. 

Peptide bond (pep'tìd) Bond joining the amine group of one amino aeid 
to the aeid carboxyl group of a seeond amino aeid with the loss of a water 
molecule. 

Perforating eanals Canals that mn at right angles to the long axis of the 
bone, eonneeting the vascular and nerve supplies of the periosteum to 
those of the eentral eanals and medullary eavity; also ealled Volkmann’s 
eanals. 

Perieardmm (per"ì-kar'de-um) Double-layered sae enelosing the heart 
and forming its superficial layer; has fibrous and serous layers. 

Perichondrium (per"ì-kon'dre-um) Fibrous, connective-tissue mem- 
brane eovering the external surface of cartilaginous structures. 

Perimysmm (per"ì-mis'e-um) Connective tissue that bundles muscle 
fibers into faseieles. 

Perineum (per"ì-ne'um) That region of the body spanning the region 
between the isehial tuberosities and extending from the pubic areh to the 
coccyx. 

Periosteum (per"e-os'te-um) Double-layered eonneetive tissue that eov- 
ers and nourishes the bone. 

Peripheral eongestion Condition caused by faiffire of the right side of 
the heart; resffits in edema in the extremities. 

Peripheral nervous system (PNS) Portion of the nervous system eon- 
sisting of nerves and ganglia that lie outside of the brain and spinal eord. 

Peripheral resistanee A measure of the amount of frietion encountered 
by blood as it flows through the blood vessels. 

Peristalsis (per"i-stal'sis) Progressive, wavelike eontraetions that move 
foodstuffs through the alimentary tube organs (or that move other sub- 
stanees through other hollow body organs). 

Peritoneum (per"ì-to-ne'um) Serous membrane lining the interior of 
the abdominal eavity and eovering the surfaces of abdominal organs. 

Peritonitis (per"ì-to-ni'tis) Inflammation of the peritoneum. 
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Permeability That property of membranes that permits passage of mol- 
ecules and ions. 

Peroxisomes (pé-roks'í-sómz) Membranous saes in eytoplasm eontain- 
ing powerful oxidase enzymes that use molecular oxygen to detoxify 
harmful or toxic substances, such as free radieals. 

Peyer’s patehes (pi'erz) Lymphoid organs loeated in the small intestine; 
also ealled aggregated lymphoid nodules. 

pH unit (pe-áeh) The measure of the relative aeidity or alkalinity of a 
solution. 

Phagoeytosis (fag"o-si-to'sis) Engulfing of foreign solids by (phagoeytie) 
eells. 

Phagosome (fag'o-sòm) Vesiele formed as a result of phagoeytosis. 

Pharmaeologieal dose A drug dose that is dramatieally higher than nor- 
mal levels of that substance (e.g., hormone) in the body. 

Pharyngotympanie tube Tube that eonneets the middle ear and the 
pharynx. Also ealled auditory tube, eustachian tube. 

Pharynx (fayr'inks) Muscular tube extending from the region posterior 
to the nasal eavities to the esophagus. 

Phenotype (fe'no-tìp) Observable expression of the genotype. 

Phospholipid (fos"fo-lip'id) Modified lipid, eontains phosphoms. 

Phosphorylation A ehemieal reaetion in which a phosphate molecule is 
added to a moleaile; for example, phosphorylation of ADP yields ATP. 

Photoreeeptor (fo"to-re-sep'tor) Speeialized reeeptor eells that respond 
to light energy; rods and eones. 

Physiologieal aeidosis (as"ì-do'sis) Arterial pH lower than 7.35 result- 
ing from any cause. 

Physiologieal dose A drug dose that replieates normal levels of that sub- 
stanee (e.g., hormone) in the body. (Compare with Pharmaeologieal dose.) 

Physiology (fiz"e-ol'o-je) Study of the fimetion of living organisms. 

Pineal gland (body) (pin'e-al) A hormone-seereting part of the dien- 
eephalon of the brain thought to be involved in setting the biologieal 
eloek and influencing reproductive fimetion. 

Pinoeytosis (pe"no-si-to'sis) Engulfing of extracellular fluid by eells. 

Pituitary gland (pi-tu'ih-tayr"e) Neuroendocrine gland loeated beneath 
the brain that serves a variety of fimetions including regulation of go- 
nads, thyroid, adrenal cortex, laetation, and water balanee. 

Plaeenta (plah-sen'tah) Temporary organ formed from both fetal and 
maternal tissues that provides nutrients and oxygen to the developing 
fetus, earries away fetal metabolie wastes, and produces the hormones of 
pregnaney. 

Plasma (plaz'mah) The nonliving fluid eomponent of blood within which 
formed elements and various solutes are suspended and circulated. 

Plasma eells Members of a B eell elone; effeetor B eells speeialized to 
produce and release antibodies. 

Plasma membrane Membrane, eomposed of phospholipids, eholesterol, 
and proteins, that eneloses eell eontents; outer limiting eell membrane. 

Platelet (plàt'let) Cell fragment found in blood; involved in elotting. 

Pleurae (ploo're) Two layers of serous membrane that line the thoraeie 
eavity and eover the external surface of the lung. 

Pleural eavity (ploo'ral) A potential spaee between the two layers of 
pleura; eontains a thin film of serous fluid. 

Plexus (plek'sus) A network of eonverging and diverging nerve fibers, 
blood vessels, or lymphaties. 

Polar moleoiles Nonsymmetrieal molecules that eontain eleetrieally 
unbalanced atoms. 


Polarized State of a plasma membrane of an unstimulated neuron or 
muscle eell in which the inside of the eell is relatively negative in eom- 
parison to the outside; the resting state. 

Polyeythemia (pol"e-si-the'me-ah) An abnormally high number of 
erythroeytes. 

Polymer A substance of high molecular weight with long, ehainlike mol- 
ecules eonsisting of many similar (repeated) units. 

Polypeptide (pol"e-pep'tid) A ehain of amino aeids. 

Polyps Benign mucosal tumors. 

Polysaeeharide (pol"e-sak'ah-rid) Literally, many sugars, a polymer of 
linked monosaeeharides; e.g., stareh, glyeogen. 

Pons (1) Any bridgelike structure or part; (2) the part of the brain stem 
eonneeting the medulla with the midbrain, providing linkage between 
upper and lower levels of the eentral nervous system. 

Pore Tfie surface opening of the duct of a sweat gland. 

Positive feedbaek meehanisms Feedbaek that tends to cause the level of 
a variable to ehange in the same direetion as an initial ehange. 

Posterior pituitary Neural part of pituitary gland; part of the neurohy- 
pophysis. 

Postganglionie neuron (post"gan"gle-ah'nik) Autonomic motor neuron 
that has its eell body in a peripheral ganglion and projeets its axon to an 
effeetor. 

Potential energy Stored or inaetive energy. 

Preganglionie neuron Autonomic motor neuron that has its eell body 
in the eentral nervous system and projeets its axon to a peripheral 
ganglion. 

Presbyopia (pres"be-o'pe-ah) A eondition that results in the loss of near 
focusing ability; typieal onset is around age 40. 

Pressure gradient Differenee in pressure (hydrostatie or osmotie) that 
drives movement of fluid. 

Primary aetive transport A type of aetive transport in which the energy 
needed to drive the transport proeess is provided direetly by hydrolysis 
ofATP. 

Prime mover Muscle that bears the major responsibility for effeeting a 
particular movement; an agonist. 

Proeess (1) Prominenee or projeetion; (2) series of aetions for a speeifie 
purpose. 

Progesterone (pro-jes'ter-òn) Hormone partly responsible for preparing 
the uterus for the fertilized ovum. 

Prolaetin (PRL) (pro-lak'tin) Adenohypophyseal hormone that stimu- 
lates the breasts to produce milk. 

Pronation (pro-na'shun) Inward rotation of the forearm causing the 
radius to eross diagonally over the ulna—palms faee posteriorly. 

Prophase The first stage of mitosis, eonsisting of eoiling of the ehromo- 
somes aeeompanied by migration of the two daughter eentrioles toward 
the poles of the eell, and nuclear membrane breakdown. 

Proprioeeptor (pro"pre-o-sep'tor) Reeeptor loeated in a joint, muscle, 
or tendon; eoneerned with loeomotion, posture, and muscle tone. 

Prostaglandin (pros"tah-glan'din) A lipid-based ehemieal messenger 
synthesized by most tissue eells; aets loeally as a paraerine. 

Prostate Aeeessory reproductive gland; produces one-third of semen 
volume, including fluids that aetivate sperm. 

Protein (pro'tén) Organie compound eomposed of earbon, oxygen, 
hydrogen, and nitrogen; types include enzymes, structural eomponents; 
10-30% of eell mass. 
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Prothrombin time Diagnostie test to determine status of hemostasis 
system. 

Proton (pro'ton) Subatomic partiele that bears a positive eharge; loeated 
in the atomie nucleus. 

Proton aeeeptor A substance that takes up hydrogen ions in deteetable 
amounts. Commonly referred to as a base. 

Proton donor A substance that releases hydrogen ions in deteetable 
amounts; an aeid. 

Proximal (prok'si-mul) Toward the attaehed end of a limb or the origin 
of a structure. 

Pseudounipolar neuron (soo"do-u"ni-po'lar) Another term for unipo- 
lar neuron. 

Puberty Period of life when reproductive maturity is aehieved. 

Pulmonary (pul'muh-nayr-e) Pertaining to the lungs. 

Pulmonary arteries V essels that deliver blood to the lungs to be oxygenated. 

Pulmonary circuit System of blood vessels that serves gas exchange in 
the lungs; i.e., pulmonary arteries, eapillaries, and veins. 

Pulmonary edema (é-de'muh) Leakage of fluid into the air saes and tis- 
sue of the hrngs. 

Pulmonary veins Vessels that deliver freshly oxygenated blood from the 
respiratory zones of the hmgs to the heart. 

Pulmonary ventilation Breathing; eonsists of inspiration and expiration. 

Pulse Rhythmie expansion and reeoil of arteries resulting from heart 
eontraetion; ean be felt from outside the body. 

Pupil Opening in the eenter of the iris through which light enters 
the eye. 

Pus Fluid product of inflammation eomposed of white blood eells, the 
debris of dead eells, and a thin fluid. 

Pylorie sphineter (pi-lor'ik sfink'ter) Valve of the distal end of the 
stomaeh that eontrols food entry into the duodenum. 

Pyramidal (eortieospinal) traets Major motor pathways eoneerned 
with vohmtary movement; deseend from pyramidal eells in the frontal 
lobes of eaeh eerebral hemisphere. 

Pyruvic aeid An intermediate compound in the metabolism of earbohy- 
drates. 

Radioaetivity The proeess of spontaneous deeay seen in some of the 
heavier isotopes, during which partieles or energy is emitted from the 
atomie nucleus; results in the atom beeoming more stable. 

Radioisotope (ra"de-o-i'so-tòp) Isotope that exhibits radioaetive 
behavior. 

Ramus (ra'mus) Braneh of a nerve, artery, vein, or bone. 

Rapid eye movement (REM) sleep Stage of sleep in which rapid eye 
movements, an alert EEG pattern, and dreaming occur. 

Reaetant A substance taking part in a ehemieal reaetion. 

Reeeptor (re-sep'tor) (1) A eell or nerve ending of a sensory neuron spe- 
eialized to respond to particular types of stimuli; (2) protein that binds 
speeifieally with other molecules, e.g., neurotransmitters, hormones, 
paraerines, antigens. 

Reeeptor-mediated endoeytosis The type of endoeytosis in which en- 
gulfed partieles attaeh to reeeptors before endoeytosis occurs. 

Reeeptor potential A graded potential that occurs at a sensory reeeptor 
membrane. 

Reeessive traits A trait due to a particular allele that does not manifest 
itself in the presenee of other alleles that generate traits dominant to it; 
must be present in double dose to be expressed. 


Reduction Chemical reaetion in which eleetrons and energy are gained by a 
moleeiile (often aeeompanied by gain of hydrogen ions) or oxygen is lost. 

Referred pain Pain felt at a site other than the area of origin. 

Reflex Automatic reaetion to stimuli. 

Refraetion The bending of a light ray when it meets a different surface at 
an oblique rather than right angle. 

Regeneration Replaeement of destroyed tissue with the same kind of tissue. 

Regulatory T eells (T Reg eells) Population of T eells (usually expressing 
CD4) that suppress the immune response. 

Relative refraetory period Follows the absolute refraetory period; interval 
when a threshold for aetion potential stimulation is markedly elevated. 

Renal (re'nal) Pertaining to the kidney. 

Renal autoregulation Proeess the kidney uses to maintain a nearly eonstant 
glomemlar filtration rate despite fluctuations in systemie blood pressure. 

Renal elearanee The volume of plasma from which a particular sub- 
stanee is eompletely removed in a given time, usually 1 minute; provides 
information about renal fimetion. 

Renin (re'nin) Enzyme released by the kidneys that raises blood pressure 
by initiating the renin-angiotensin-aldosterone meehanism. 

Rennin Stomaeh-seereted enzyme that aets on milk protein; not pro- 
duced in adults. 

Repolarization Movement of the membrane potential to the initial rest- 
ing (polarized) state. 

Reproductive system Organ system that fimetions to produce offspring. 

Resistanee exercise High-intensity exercise in which the muscles are pit- 
ted against high resistanee or immovable forees and, as a result, muscle 
eells inerease in size. 

Respiration The proeesses involved in supplying the body with oxygen 
and disposing of earbon dioxide. 

Respiratory system Organ system that earries out gas exchange; in- 
cludes the nose, pharynx, larynx, traehea, bronehi, lungs. 

Resting membrane potential The voltage that exists aeross the plasma 
membrane during the resting state of an excitable eell; ranges from —90 
to —20 millivolts depending on eell type. 

Reticular aetivating system (RAS) (re-tik'u-lar) Diffiise brain stem 
neural network that reeeives a wide variety of sensory input and main- 
tains wakefulness of the eerebral cortex. 

Reticular eonneetive tissue Connective tissue with a fine network of reticu- 
lar fibers that form the internal supporting framework of lymphoid organs. 

Reticular formation Functional system that spans the brain stem; in- 
volved in regulating sensory input to the eerebral cortex, eortieal arousal, 
and eontrol of motor behavior. 

Reticular lamina A layer of extracellular material eontaining a fine 
network of eollagen protein fibers; together with the basal lamina it is a 
major eomponent of the basement membrane. 

Reticulocyte (ré-tik'u-lo-sìt) Immature erythroeyte. 

Retina (ret'ì-nah) Inner layer of the eyeball; eontains photoreeeptors 
(rods, eones). 

Rhombeneephalon (hindbrain) (romb"en-sef'ah-lon) Caudal portion 
of the developing brain; eonstriets to form the meteneephalon and myel- 
eneephalon; includes the pons, cerebellum, and medulla oblongata. 

Ribosomal RNA (rRNA) A constituent of ribosome; exists within the 
ribosomes of eytoplasm and assists in protein synthesis. 

Ribosomes (ri'bo-sòmz) Cytoplasmic organelles at which proteins are 
synthesized. 
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RNA (ribonucleic aeid) (ri'bo-nu-kle'ik) Nucleic aeid that eontains 
ribose and the bases A, G, C, and U. Carries out DNA’s instmetions for 
protein synthesis. 

Rods One of the two types of photosensitive eells in the retina. 

Rotation The turning of a bone around its own long axis. 

Rugae (m'ge) Elevations or ridges, as in stomaeh mucosa. 

Rule of nines Method of computing the extent of burns by dividing 
the body into a nrnnber of areas, eaeh accounting for 9% (or a multiple 
thereof) of the total body area. 

S (synthetie) phase The part of the interphase period of the eell eyele in 
which DNA replieates itself, ensuring that the two future eells will reeeive 
identieal eopies of genetie material. 

Sagittal plane (saj'ì-tal) A longitudinal (vertieal) plane that divides the 
body or any of its parts into right and left portions. 

Saliva Seeretion of the salivary glands; eleanses and moistens the mouth 
and begins ehemieal digestion of starehy foods. 

Saltatory conduction Transmission of an aetion potential along a my- 
elinated fiber in which the nerve impulse appears to leap from gap to gap. 

Sareolemma The plasma membrane of a muscle fiber. 

Sareomere (sar'ko-mér) The smallest eontraetile unit of muscle; extends 
from one Z dise to the next. 

Sareoplasm The nonfibrillar eytoplasm of a muscle fiber. 

Sareoplasmie reticulum (SR) (sar"ko-plaz'mik ré-tik'u-lum) Speeial- 
ized endoplasmie reticulum of muscle eells. 

Schwann eell A type of supporting eell in the PNS; forms myelin sheaths 
and is vital to peripheral nerve fiber regeneration. 

Selera (skle'rah) White opaque portion of the fibrous layer of the eyeball. 

Scrotum (skro'tum) External sae enelosing the testes. 

Sebaceous glands (oil glands) (se-ba'shus) Epidermal glands that pro- 
duce an oily seeretion ealled sebum. 

Sebum (se'bum) Oily seeretion of sebaceous glands. 

Seeond-degree burn A burn in which the epidermis and the upper re- 
gion of the dermis are damaged. 

Seeond messenger Intracellular molecule generated by the binding of a 
ehemieal (hormone or neurotransmitter) to a reeeptor protein; mediates 
intracellular responses to the ehemieal messenger. 

Seeondary sex eharaeteristies Anatomieal features, not direetly in- 
volved in the reproductive proeess, that develop under the influence of 
sex hormones, e.g., male or female pattern of muscle development, bone 
growth, body hair distribution. 

Seeretion (se-kre'shun) (1) The passage of material formed by a eell to 
its exterior; (2) eell product that is transported to the exterior of a eell. 

Seeretory vesieles (granules) Vesieles that migrate to the plasma mem- 
brane of a eell and diseharge their eontents from the eell by exocytosis. 

Seetion A cut through the body (or an organ) that is made along a par- 
ticular plane; a thin sliee of tissue prepared for mieroseopie study. 

Segregation During meiosis, the distribution of the members of the al- 
lele pair to different gametes. 

Seleetively permeable membrane A membrane that allows eertain 
substances to pass while restrieting the movement of others; also ealled 
differentially permeable membrane. 

Semen (se'men) Fluid mixture eontaining sperm and seeretions of the 
male aeeessory reproductive glands. 

Semilunar valves (sé"me-loo'ner) Valves that prevent blood return to 
the ventrieles after eontraetion; aortie and pulmonary valves. 


Seminiferous tubules (sem"í-nif'er-us) Highly convoluted tubes within 
the testes; form sperm. 

Sense organs Loealized eolleetions of many types of eells working to- 
gether to aeeomplish a speeifie reeeptive proeess. 

Sensory (afferent) nerves Nerves that eontain proeesses of sensory neu- 
rons and earry impulses to the eentral nervous system. 

Sensory areas Functional areas of the eerebral cortex that provide for 
conscious awareness of sensation. 

Sensory reeeptor A eell or part of a eell (e.g., reeeptive endings of sen- 
sory neurons) speeialized to respond to a stimulus. 

Serosa (serous membrane) (se-ro'sah) The moist membrane found in 
elosed ventral body eavities. 

Serous fluid (sér'us) Clear, watery fluid seereted by eells of a serous 
membrane. 

Serum (sér'um) Amber-eolored fluid that exudes from elotted blood as 
the elot shrinks; plasma without elotting faetors. 

Sesamoid bones (ses'ah-moid) Short bones embedded in tendons, vari- 
able in size and nrnnber, many of which influence the aetion of muscles; 
largest is the patella (kneeeap). 

Severe eombined immunodeficiency syndromes (SCIDs) Congenital 
eonditions resulting in little or no proteetion against disease-causing or- 
ganisms of any type. 

Sex ehromosomes The ehromosomes, X and Y, that determine genetie 
sex (XX = female; XY = male); the 23rd pair of ehromosomes. 

Sex-linked inheritanee Inherited traits determined by genes on the sex 
ehromosomes, e.g., X-linked genes are passed from mother to son, Y- 
linked genes are passed from father to son. 

Sexually transmitted infeetion (STI) Any infectious disease spread 
through sexual eontaet. 

Signal sequence A short peptide segment present in a protein being syn- 
thesized that causes the assoeiated ribosome to attaeh to the membrane 
of rough ER. 

Simple diffusion The unassisted transport aeross a plasma membrane of 
a lipid-soluble or very small partiele. 

Sinoatrial (SA) node (si"no-a'tre-al) Speeialized myoeardial eells in the 
wall of the right atrirnn; paeemaker of the heart. 

Sinus (si'nus) (1) Mucous-membrane-lined, air-filled eavity in eertain 
eranial bones; (2) dilated ehannel for the passage of blood or lymph. 

Skeletal muscle Muscle eomposed of eylindrieal multinucleate eells with 
obvious striations; the muscle(s) attaehed to the body’s skeleton; volun- 
tary muscle. 

Skeletal system System of proteetion and support eomposed primarily 
of bone and eartilage. 

Skull Bony proteetive eneasement of the brain and the organs of hearing 
and equilibrium; includes eranial and faeial bones. 

Small intestine Convoluted tube extending from the pylorie sphineter to 
the ileoeeeal valve where it joins the large intestine; the site where diges- 
tion is eompleted and virtually all absorption occurs. 

Smooth muscle Spindle-shaped eells with one eentrally loeated nucleus 
and no externally visible striations (bands). Found mainly in the walls of 
hollow organs. 

Sodium-potassium (Na + -K + ) pump A primary aetive transport system 
that simultaneously drives Na + out of the eell against a steep gradient 
and prnnps K + baek in. Also ealled Na + -K + ATPase. 

Sol-gel transformation Reversible ehange of a eolloid from a flrnd (sol) 
to a more solid (gel) state. 
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Solute (sol'yoot) The substance that is dissolved in a solution. 

Solute pump Enzyme-like protein earrier that mediates aetive transport 
of solutes such as amino aeids and ions uphill against their eoneentration 
gradients. 

Somatie nervous system (so-mà'tik) Division of the peripheral nervous 
system that provides the motor innervation of skeletal muscles; also 
ealled the vohmtary nervous system. 

Somatie reflexes Reflexes that aetivate skeletal muscle. 

Somatosensory system That part of the sensory system dealing with 
reeeption in the body wall and limbs; reeeives inputs from exteroceptors, 
proprioeeptors, and interoeeptors. 

Somite (so'mìt) A mesodermal segment of the body of an embryo that 
contributes to the formation of skeletal muscles, vertebrae, and dermis of 
skin. 

Spatial diserimination The ability of neurons to identify the site or pat- 
tern of stimulation. 

Speeial senses The senses of taste, smell, vision, hearing, and equilib- 
rium. 

Speeifie gravity Term used to eompare the weight of a substance to the 
weight of an equal volume of distilled water. 

Sperm (spermatozoon) Male gamete. 

Spermatogenesis (sper"mah-to-jen'é-sis) The proeess of sperm (male 
gamete) formation; involves meiosis. 

Sphineter (sfink'ter) A circular muscle surrounding an opening; aets as 
a valve. 

Spinal eord The bundle of nervous tissue that runs from the brain to the 
first to third himbar vertebrae and provides a conduction pathway to and 
from the brain. 

Spinal nerves The 31 nerve pairs that arise from the spinal eord. 

Splanehnie circulation (splangk'nik) The blood vessels serving the di- 
gestive system. 

Spleen Largest lymphoid organ; provides for lymphoeyte proliferation, 
immune surveillance and response, and blood-eleansing fimetions. 

Spongy bone Internal layer of skeletal bone. Also ealled cancellous bone. 

Sprain Ligaments reinforeing a joint are stretehed or torn. 

Statie equilibrium Sense of head position in spaee with respeet to gravity. 

Stenosis (sté-no'sis) Abnormal eonstrietion or narrowing. 

Steroids (sté'roidz) Group of ehemieal substances including eertain hor- 
mones and eholesterol; they are fat soluble and eontain little oxygen. 

Stimulus (stim'u-lus) An excitant or irritant; a ehange in the environ- 
ment that evokes a response. 

Stomaeh Temporary reservoir in the gastrointestinal traet where ehemi- 
eal breakdown of proteins begins and food is eonverted into ehyme. 

Stressor Any stimulus that direetly or indireetly causes the hypothalamus to 
initiate stress-reducing responses, such as the fight-or-flight response. 

Stroke See Cerebrovascular aeeident. 

Stroke volume (SV) Amount of blood pumped out of a ventriele during 
one eontraetion. 

Stroma (stro'mah) The basie internal structural framework of an organ. 

Structural (fibrous) proteins Oonsist of extended, strandlike polypep- 
tide ehains forming a strong, ropelike structure that is linear, insoluble in 
water, and very stable; e.g., eollagen. 

Subcutaneous (sub"kyu-ta'ne-us) Beneath the skin. 

Subendocardial conducting network Modified ventricular muscle fi- 
bers of the conduction system of the heart. Also ealled Purkinje fibers. 


Substrate A reaetant on which an enzyme aets to cause a ehemieal aetion 
to proeeed. 

Sudoriferous gland (su"do-rif'er-us) Epidermal gland that produces 
sweat. 

Sulcus (sul'kus) A furrow on the brain, less deep than a fissure. 

Summation Accumulation of effeets, espeeially those of muscular, sen- 
sory, or mental stimuli. 

Superficial Loeated elose to or on the body smfaee. 

Superior Toward the head or upper body regions. 

Superior vena eava Vein that returns blood from body regions superior 
to the diaphragm. 

Supination (soo"pì-na'shun) The outward rotation of the forearm caus- 
ing palms to faee anteriorly. 

Surfactant (ser-fak'tant) Seeretion produced by eertain eells of the al- 
veoli that reduces the surface tension of water molecules, thus preventing 
the eollapse of the alveoli after eaeh expiration. 

Suspension Heterogeneous mixtures with large, often visible solutes that 
tend to settle out. 

Suture (soo'eher) An immovable fibrous joint; with one exception, all 
bones of the skull are united by sutures. 

Sweat gland See Sudoriferous gland. 

Sympathetie division The division of the autonomic nervous system 
that prepares the body for aetivity or to eope with some stressor (danger, 
excitement, ete.); the fight, fright, and flight subdivision. 

Sympathetie (vasomotor) tone State of partial vasoeonstrietion of the 
blood vessels maintained by sympathetie fibers. 

Symphysis (sim'fih-sis) A joint in which the bones are eonneeted by 
fibroeartilage. 

Synapse (sin'aps) Lunctional junction or point of elose eontaet between 
two neurons or between a neuron and an effeetor eell. 

Synapsis (sí-nap'sis) Pairing of homologous ehromosomes during the 
first meiotie division. 

Synaptie eleft (sí-nap'tik) Lluid-filled spaee at a synapse. 

Synaptie delay Time required for a signal to eross a synapse between 
two neurons. 

Synaptie vesieles Small membranous saes eontaining neurotransmitter. 

Synarthrosis (sin"ar-thro'sis) Immovable joint. 

Synehondrosis (sin"kon-dro'sis) A joint in which the bones are united 
by hyaline eartilage. 

Syndesmosis (sin"des-mo'sis) A joint in which the bones are united by a 
ligament or a sheet of fibrous tissue. 

Synergist (sin'er-jist) (1) Muscle that aids the aetion of a prime mover 
by effeeting the same movement or by stabilizing joints aeross which the 
prime mover aets, preventing undesirable movements. (2) Hormone that 
amplifies the effeet of another hormone at a target eell. 

Synostosis (sin"os-to'sis) A eompletely ossified joint; a fused joint. 

Synovial fluid Lluid seereted by the synovial membrane; lubricates joint 
surfaces and nourishes articular eartilages. 

Synovial joint Lreely movable joint exhibiting a joint eavity; also ealled 
a diarthrosis. 

Synthesis (eombination) reaetion A ehemieal reaetion in which larger, 
more complex atoms or moleailes are formed from simpler ones. 

Systemie (sis-tem'ik) Pertaining to the whole body. 

Systemie circuit System of blood vessels that serves gas exchange in the 
body tissues. 
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Systole (sis'to-le) Period when either the ventrieles or the atria are 
eontraeting. 

Systolie pressure (sis-tah'lik) Pressure exerted by blood on the blood 
vessel walls during ventricular eontraetions. 

T eells Lymphoeytes that mediate cellular immunity; include helper, ey- 
totoxic, regulatory, and memory eells. Also ealled T lymphoeytes. 

T tubule (transverse tubule) Extension of the muscle eell plasma mem- 
brane (sareolemma) that protmdes deeply into the muscle eell. 

Taehyeardia (tak"e-kar'de-ah) A heart rate over 100 beats per minute. 

Taste buds Sensory reeeptor organs that house gustatory eells, which 
respond to dissolved food ehemieals. 

Teleneephalon (endbrain) (tel"en-seh'fuh-lon) Anterior subdivision of 
the primary forebrain that develops into olfaetory lobes, eerebral cortex, 
and basal nuclei. 

Telophase The final phase of mitosis; begins when migration of ehro- 
mosomes to the poles of the eell has been eompleted and ends with the 
formation of two daughter nuclei. 

Tendon (ten'dun) Cord of dense fibrous tissue attaehing muscle to bone. 

Tendon organ Proprioeeptor loeated in tendon; monitors muscle ten- 
sion to prevent tearing and help smooth onset and termination of muscle 
eontraetion. 

Tendonitis Inflammation of tendon sheaths, typieally caused by ovemse. 

Terminal branehes Branehing ends of an axon that allow it to form 
many axon terminals; terminal arborization. 

Testis (tes'tis) Male primary reproductive organ that produces sperm; 
male gonad. 

Testosterone (tes-tos'té-ròn) Male sex hormone produced by the testes; 
during puberty promotes virilization, and is neeessary for normal sperm 
production. 

Tetanus (tet'ah-nus) (1) A smooth, sustained muscle eontraetion result- 
ing from high-frequency stimulation; (2) an infectious disease caused by 
an anaerobie bacterium. 

Thalamus (thal'ah-mus) A mass of gray matter in the dieneephalon of 
the brain. 

Thermogenesis (ther"mo-jen'é-sis) Heat production. 

Thermoreeeptor (ther"mo-re-sep'ter) Reeeptor sensitive to temperature 
ehanges. 

Third-degree burn A burn that involves the entire thiekness of the skin; 
also ealled a full-thickness burn. Usually requires skin graíting. 

Thoraeie eage (bony thorax) Bones and eostal eartilages that form the 
framework of the thorax; includes sternum, ribs, and thoraeie vertebrae. 

Thoraeie duct Large duct that reeeives lymph drained from the entire 
lower body, the leít upper extremity, and the leít side of the head and 
thorax. 

Thoraeie vertebrae The 12 vertebrae that are in the middle part of the 
vertebral column and articulate with the ribs. 

Thorax (tho'raks) That portion of the body trunk above the diaphragm 
and below the neek. 

Threshold stimulus Weakest stimulus eapable of producing a response 
in an excitable tissue. 

Thrombin (throm'bin) Enzyme that induces elotting by eonverting fi- 
brinogen to fibrin. 

Thromboeyte (throm'bo-sìt) Platelet; eell fragment that partieipates in 
blood coagulation. 

Thromboeytopenia (throm"bo-si"to-pe'ne-ah) A reduction in the num- 
ber of platelets circulating in the blood. 


Thrombus (throm'bus) A elot that develops and persists in an unbroken 
blood vessel. 

Thymine (T) (thi'mén) Single-ring base (a pyrimidine) in DNA. 

Thymus (thi'mus) Lymphoid organ and endoerine gland aetive in im- 
mune response; site of maturation of T lymphoeytes. 

Thyroid gland (thi'roid) One of the largest of the body’s endoerine 
glands; straddles the anterior traehea. 

Thyroid hormone (TH) The major hormone seereted by thyroid fol- 
lieles; stimulates enzymes eoneerned with glucose oxidation. 

Thyroid-stimulating hormone (TSH) Anterior pituitary hormone that 
regulates seeretion of thyroid hormones. 

Thyroxine (T 4 ) (thi-rok'sin) iodine-eontaining hormone seereted by the 
thyroid gland; aeeelerates cellular metabolie rate in most body tissues. 

Tight junction Area where plasma membranes of adjaeent eells are 
tightly bound together, forming an impermeable barrier. 

Tissue A group of similar eells and their intercellular substance speeial- 
ized to perform a speeifie fimetion; primary tissue types of the body are 
epithelial, eonneetive, muscle, and nervous tissue. 

Tissue perfusion Blood flow through body tissues or organs. 

Tonieity (to-nis'í-te) A measure of the ability of a sohition to cause a 
ehange in eell shape or tone by promoting osmotie flows of water. 

Tonsils A ring of lymphoid tissue around the entranee to the pharynx. 
See also Adenoids. 

Trabecula (trah-bek'u-lah) (1) Any of the fibrous bands extending from 
the capsule into the interior of an organ; (2) strut or thin plate of bone in 
spongy bone. 

Traehea (tra'ke-ah) Windpipe; eartilage-reinforeed tube extending from 
larynx to bronehi. 

Traet A eolleetion of axons in the eentral nervous system having the 
same origin, termination, and fimetion. 

Transeription One of the two major steps in the transfer of genetie eode 
information from a DNA base sequence to the eomplementary base se- 
quence of an mRNA molecule. 

Transduction (trans-duk'shun) The eonversion of the energy of a stim- 
ulus into an eleetrieal event. 

Transepithelial transport (trans-ep"ì-the'le-al) Movement of sub- 
stanees through, rather than between, adjaeent epithelial eells eonneeted 
by tight junctions, such as absorption of nutrients in the small intestine. 

Transfer RNA (tRNA) Short-ehain RNA molecules that transfer amino 
aeids to the ribosome. 

Transfusion reaetion Agglutination and destmetion of red blood eells 
following transfiision of ineompatible blood. 

Translation One of the two major steps in the transfer of genetie eode 
information, in which the information earried by mRNA is deeoded and 
used to assemble polypeptides. 

Transverse (horizontal) plane A plane mnning from right to left, divid- 
ing the body or an organ into superior and inferior parts. 

Tricuspid valve (tri-kus'pid) The right atrioventricular valve. 

Triglyeerides (tri-glis'er-ìdz) Fats and oils eomposed of fatty aeids and 
glyeerol; are the body’s most eoneentrated source of energy fiiel; also 
known as neutral fats. 

Triiodothyronine (T 3 ) (tri"i-o"do-thi'ro-nén) Thyroid hormone; seere- 
tion and fimetion similar to those of thyroxine (T 4 ). 

Trophoblast (tro'fo-blast) Outer sphere of eells of the blastoeyst. 

Tropie hormone (tropin) (tròp'ik) A hormone that regulates the seere- 
tory aetion of another endoerine organ. 
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Trypsin Proteolytie enzyme seereted by the panereas. 

Tubular reabsorption The movement of filtrate eomponents from the 
renal tubules into the blood. 

Tubular seeretion The movement of substances (such as dmgs, urea, 
excess ions) from blood into filtrate. 

Tumor An abnormal growth of eells; a swelling; may be cancerous. 
Tunica (too'ni-kah) A eovering or tissue eoat; membrane layer. 
Tympanie membrane (tim-pan'ik) Eardmm. 

Ulcer (ul'ser) Lesion or erosion of the mucous membrane, such as gas- 
trie ulcer of stomaeh. 

Umbilical eord (um-bì'lí-kul) Structure bearing arteries and veins eon- 
neeting the plaeenta and the fetus. 

Umbilicus (um-bí'lí-kus) Navel; marks site where umbilical eord was 
attaehed in fetal stage. 

Unipolar neuron Neuron in which embryologieal fusion of the two pro- 
eesses leaves only one proeess extending from the eell body. 

Uracil (U) (u'rah-sil) A smaller, single-ring base (a pyrimidine) found 
in RNA. 

Urea (u-re'ah) Main nitrogen-eontaining waste excreted in urine. 

Ureter (u-re'ter) Tube that earries urine from kidney to bladder. 

Urethra (u-re'thrah) Canal through which urine passes from the bladder 
to outside the body. 

Uric aeid The nitrogenous waste product of nucleic aeid metabolism; 
eomponent of urine. 

Urinary bladder A smooth, eollapsible, muscular sae that stores urine 
temporarily. 

Urinary system System primarily responsible for water, eleetrolyte, and 
aeid-base balanee and removal of nitrogenous wastes. 

Uterine tube (u'ter-in) Tube through which the ovum is transported to 
the uterus. Also ealled fallopian tube. 

Uterus (u'ter-us) Hollow, thick-walled organ that reeeives, retains, and 
nourishes fertilized egg; site where embryo/fetus develops. 

Uvula (u'vu-lah) Tissue tag hanging from soft palate. 

Vaeeine Preparation that provides artifieially acquired aetive immunity. 

Vagina Thin-walled tube extending from the cervix to the body exterior; 
often ealled the birth eanal. 

Valenee shell (va'lens) Outermost eleetron shell (energy level) of an 
atom that eontains eleetrons. 

Varieosities Knoblike swellings of eertain autonomic axons eontaining 
mitoehondria and synaptie vesieles. 

Vas (vaz') A duct; vessel. 

Vasa reeta (va'sah rek'tah) Capillary branehes that supply nephron 
loops in the medulla region of the kidney. 

Vascular Pertaining to blood vessels or riehly supplied with blood vessels. 

Vascular spasm Immediate response to blood vessel injury; results in 
eonstrietion. 

Vasoeonstrietion (vas"o-kon-strik'shun) Narrowing of blood vessels. 

Vasodilation (vas"o-di-la'shun) Relaxation of the smooth muscles of the 
blood vessels, producing dilation. 

Vasomotion (vas"o-mo'shun) Intermittent eontraetion or relaxation of 
the preeapillary sphineters, resulting in a staggered blood flow when tis- 
sue needs are not extreme. 

Vasomotor eenter (vas"o-mo'ter) Brain area eoneerned with regulation 
of blood vessel resistanee. 


Vasomotor fibers Sympathetie nerve fibers that cause the eontraetion 
of smooth muscle in the walls of blood vessels, thereby regulating blood 
vessel diameter. 

Veins (vànz") Blood vessels that return blood toward the heart from the 
circulation. 

Ventral Pertaining to the front; anterior. 

Ventrieles (1) Paired, inferiorly loeated heart ehambers that fimetion as 
the major blood pumps; (2) eavities in the brain. 

Venule (ven'fil) A small vein. 

Vertebral eohimn (spine) (ver'té-bml) Formed of a nrnnber of indi- 
vidual bones ealled vertebrae and two eomposite bones (saemrn and 
coccyx). 

Vesiele (vé'si-kul) A small liquid-filled sae or bladder. 

Vesicular transport Transport of large partieles and macromolecules into 
or out of a eell or between its eompartments in membrane-bound saes. 

Vesicular folliele Mature ovarian folliele. 

Vestibule An enlarged area at the beginning of a eanal, i.e., inner ear, 
nose, larynx. 

Villus (vil'us) One of the fingerlike projeetions of the small intestinal 
mucosa that tremendously inerease its surface area for absorption. 

Viseeral (vis'er-al) Pertaining to an internal organ of the body or the in- 
ner part of a structure. 

Viseeral muscle Type of smooth muscle; its eells eontraet as a unit and 
rhythmieally, are eleetrieally coupled by gap junctions, and often exhibit 
spontaneous aetion potentials. Also ealled unitary smooth muscle. 

Viseeral organs (viseera) A group of internal organs housed in the ven- 
tral body eavity. 

Viseeral serosa (se-ro'sah) The part of the double-layered membrane 
that lines the outer surfaces of organs within the ventral body eavity. 

Viseosity (vis'kos'ì-te) A measurement of thiekness (stiekiness) of a fluid. 

Visual field The field of view seen when the head is still. 

Vital eapaeity (VC) Ihe volume of air that ean be expelled from the 
lungs by foreible expiration after the deepest inspiration; total exchange- 
able air. 

Vital signs Includes pulse, blood pressure, respiratory rate, and body 
temperature measurements. 

Vitamins Organie compounds required by the body in minute amounts. 

Voeal folds Mucosal folds that fimetion in voiee production (speeeh); 
also ealled the true voeal eords. 

Volatile aeid An aeid that ean be eliminated by the lungs; earbonie aeid 
is eonverted to CO,, which difínses into the alveoli. 

Volkmann’s eanals See Perforating eanals. 

Voluntary muscle Muscle under striet nervous eontrol; skeletal muscle. 
Voluntary nervous system The somatie nervous system. 

Vulva (vul'vuh) Female external genitalia. 

Wallerian degeneration (wal-er'é-an) A proeess of disintegration of an 
axon that occurs when it is emshed or severed and eannot reeeive nutri- 
ents from the eell body. 

White matter White substance of the eentral nervous system; myelin- 
ated nerve fibers. 

Xenograft Tissue graíf taken from another animal speeies. 

Yolk sae (yòk) One of the extraembryonic membranes; involved in early 
blood eell formation. 

Zygote (zi'gòt) Fertilized egg. 
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and photography by Winston Charles Poulton 
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Gainesville/Pearson Seienee. Table 13.2.8: William 
Thompson, Pearson Seienee. 
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Riehard Tauber, Pearson Seienee. 15.4b: From 
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L Bassett. 15.6c: Lisa Lee, Pearson Seienee. 15.7: Dr. 
Charles Klettke, Pearson Seienee. 15.9: SPL/Photo 
Researehers. 15.11: Keith Leighton/Alamy. 15.19b: 
Stephen Speetor/Pearson Seienee. 15.22c: PAL 3.0, 
Pearson Seienee. 15.27d: P. Motta/Department of 
Anatomy/LJniversity “La Sapienza,” Rome/Seienee 
Photo Library/Photo Researehers. 15.31: Seienee 
Vol. 279 Mareh 1998, p. 1870, Karen P. Steele. 

15.35b: I. M. Hunter-Duvar, Department of Otolar- 
yngology, The Hospital for Siek Children, Toronto. 
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Alamy. 16.7: Getty Images. 16.9b: Miehael Wiley - 
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John Paul Kay/Photolibrary. 16.1 lb: Photo Researeh- 
ers. 16.12b: PAL 3.0, Pearson Seienee 16.14b: Lisa 
Lee, Pearson Seienee. 16.16a: Charles B. Wilson, 
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Castellucci/Science Photo Library/Photo Researehers. 
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Photo Researehers. 27.9b: Juergen Berger/Photo 
Researehers. 27.13: Lisa Lee, Pearson Seienee. 

27.15a: PAL 3.0, Pearson Seienee. 27.18b, e: Leonard 
Lessin/Photolibrary. 27.20.l-3a: Seienee Pictures 
Ltd./Photo Researehers. 27.20.3.b: Biophoto 
Assoeiates/Photo Researehers. 27.20.4: Ed Resehke/ 
Photolibrary. 27.20.5: C. Edelman/La Vilette/Photo 
Researehers. 27.20.6: Lester V. Bergman/Corbis. 
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Human Embryology and Teratology. This material 
is reproduced with permission of Wiley-Liss, ine., a 
subsidiary of John Wiley & Sons, ine. 28.5d: Allen C. 
Enders, University of California, Davis/Carnegie 
Collection. 28.15a: From A Stereoseopie Atlas 
ofHuman Anatomy by David L. Bassett. 28.15b, 
e: From Lennart Nilsson/Albert Bonniers Forlag. 
28.19: Comstock Images/Getty Images. 
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Researehers. 29.5: Andrew Syred/Photo Researehers. 
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A agglutinins, 651, 652 1 
A agglutinogens, 651, 652 1 
A bands, 281 

in eardiae muscle, 671, 672/ 
in skeletal muscle, 280/, 281, 284/, 
285, 285/ 

ABCD/ABCD(E) mle, for melanoma 

reeognition, 165 
Abdomen 

arteries of, 730-733/, 730-732Í 
muscles of, 326/, 342f, 343/ 
sympathetie pathways to, 531, 
532/ 

veins of, 742-743/, 742f 
Abdominal aorta, 724/, 724í, 725/, 

730-733/, 730í 
branehes of, 724/, 730-733/, 
730-732Í 

Abdominal aortie plexus, 529, 531 
Abdominal eavity, 18, 18/ 

Abdominal hernia, 384 
Abdominal organs, perfusion (blood 

flow) of, 712, 712/ 

Abdominal reflexes, 519 
Abdominal wall 

innervation of, 509 
muscles of, 342 1, 343/ 
Abdominopelvie eavity, 14-18, 18/ 
regions/quadrants of, 19, 19/, 20/ 
Abdominopelvie organs 

homeostatie imbalanee and, 18 
muscles eompressing, 342 1, 343/ 
nmseles supporting, 344í, 345/ 
Abducens nerve (eranial nerve VI), 

444/, 445, 493, 493/, 497f 
extrinsic eye muscles supplied by, 
497í, 547, 547/ 
paralysis of, 49 7t 

Abduction (body movement), 257/, 

258, 321/ 

of lower limb, 3636 3806 381/ 
of upper limb, 3586 359/ 
Abductor digiti minimi muscle 

of foot, 3766 377/ 
of hand, 3606 361/ 

Abductor halhieis muscle, 3766 377/ 
Abductor muscles, of thigh, 363 1 
Abductor pollieis brevis muscle, 3606 

361/ 

Abductor pollieis longus muscle, 

3566 357/, 3586 359/ 

ABO blood groups, 651, 6526 653/ 


multiple-allele inheritanee and, 
1100, 11006 

transplantation and, 790 
Abortion, 1094 

Abseess, 771 

Absenee (petit mal) seizures, 452-453 
Absohite refraetory period, 405,405/ 
in eardiae muscle, 671-672, 673/ 
Absorption (food/nutrient), 850, 

851/852, 8856 895-898, 

895/, 897/ 

in large intestine, 885 1 
in small intestine, 876-877, 876/, 
8856 893/, 895-896 
Absorptive eells, of small intestine, 

876/, 877, 877/ 

Absorptive (fed) state, 931, 931-933, 

931/932/ 

Abstinenee methods, of 

eontraeeption, 1090 b 
Aeeeleration 

erista ampullaris response to, 581, 
582/ 

maeiilar response to, 580-581, 
581/ 

Aeeessory digestive organs, 850/, 851. 

See also speeife structure 
Aeeessory hemiazygos vein, 740- 

741/, 741/ 

Aeeessory nerve (eranial nerve XI), 

444/, 445/, 493/, 500, 5006 
503/ 

Aeeessory oailomotor (Edinger- 

Westphal) nuclei, 528 
Aeeessory panereatie duct, 882 
Aeeessory reproductive ducts. See 

Reproductive duct system 
Aeeessory reproductive organs/ 

glands, 1018 

in male, 1019, 1019/, 1023/, 
1024-1026 

Aeelimatization, 838-839 
Aeeommodation, 556 
gastrie, 873 
ocular, 556 

Aeeommodation pupillary reflex, 556 
ACE. See Angiotensin eonverting 

enzyme 

Acetabular labmm, 266, 267/ 
Acetabulum, 234, 235/, 236/, 2376 

266 

Aeetie aeid, 39, 919, 926, 926/ 


Aeetyleholine (ACh), 286,414,4156 

511,525, 533, 534í 
in autonomic versus somatie 
nervous system, 525, 526/, 
533, 5346 537 

in hydroehlorie aeid seeretion 
eontrol, 870 

memory circuits affeeted by, 457/, 
458 

in muscle eontraetion, 286, 286/, 
287/, 288,288/ 
excitation-contraction 
coupling and, 290/ 
in neuromuscular junction, 286, 
286/287/288, 288/511 
Aeetyleholine (ACh) reeeptors, 286, 

287/, 534, 534í 

Aeetyleholinesterase (AChE), 286, 

287/414,511 

Aeetyleholinesterase (AChE) 

inhibitors, autonomic aetivity 
and, 535, 5356 

Aeetyl eoenzyme A (aeetyl CoA), 

914,914/ 

in glucose metabolism, 919, 920/ 
in lipid metabolism, 926, 926/, 
927, 927/ 

ACh. See Aeetyleholine 
Aehalasia, 904 

AChE. See Aeetyleholinesterase 
Aehilles (ealeaneal) tendon, 242, 

327/ 

rupture of, 384 
Aehondroplasia, 197 
Aeid(s), 39 

amino aeid as, 47 
nonvolatile (fixed), 1006 
pH of, 40,40/ 
strong, 41, 1004, 1005/ 
volatile, 1006 
weak, 41, 1004, 1005/ 

Aeid-base balanee, 41,1004-1012 
abnormalities of, 1009-1012, 
10106 1011 b. See also 
Aeidosis; Alkalosis 
respiratory and renal 
eompensations and, 
1010-1012, 1011 
ehemieal buffer systems in, 41, 
1004-1006, 1005/ 
developmental aspeets of, 1012 
potassmm and, 1001 


renal regulation of, 972, 973 f 
1006-1009, 1007/, 1008/, 1009/ 
eompensations for 

abnormalities and, 1011, 
1012 

respiratory regulation of, 832, 

836, 836/, 837, 1006 
eompensations for 
abnormalities and, 
1011-1012, 1011 

Aeidemia, 1004. See also Aeidosis 
Aeid group, amino aeid, 47,48/ 

Aeid hydrolases, 86 
Aeidie solution, 40,40/ 

Aeid mantle 

of skin, 162, 765, 770t 
ofvagina, 7706 1040 
Aeidosis, 60,1004 

blood values in evaluation of, 
lOllfl 

in diabetes, 620, 6216 933 
effeets of, 1010 
metabolie, 927,1010, 10106 

1011 b 

newborn’s first breath and, 1087 

physiologie, 1004 

renal eompensations and, 1011 , 

1012 

renal tubular, 1017 
respiratory (hypoventilation), 

839, 1006,1009, 10106 1011 b 

respiratory eompensations and, 
1011-1012, 1011 

Aeinar (alveolar) glands, 124, 126/ 
Aeini/aeinar eells, panereatie, 618, 

618/, 882, 882/ 

Acinus (seeretory unit), of 

multicellular exocrine gland, 
124,126/ 

Aene, 162, 167 
Acoustic meatus 

external (external auditory/ear 
eanal), 204/, 206/, 208, 208/, 
2166 570-572, 571/ 
internal, 205/, 207/, 208,497f 
Acoustic nerve. See Vestibulocochlear 

nerve 

Acquired immune defieieney 

syndrome (AIDS), 793-794 
Acquired imrmmodefieieneies, 793 
Acquired (learned) reflex, 513 
Aeromegaly, 6026 604 


M 


1-2 


lndex 


Aeromial end of elaviele, 227/, 228 
Acromioclavicular joint, 22 7f 228, 

254/ 

Aeromion, 228 , 229/, 265/ 

Aerosomal reaetion, 1066 , 1069/ 
Aerosome, 1029-1032, 1032/ 

ACTH. See Adrenoeortieotropie 

hormone 

Aetin, 51f, 87-88, 88/, 281 , 282/, 31 lf 
elot retraetion and, 649 
eross bridge aetivity and, 289, 

292/ 

in excitation-contraction 
coupling, 291/ 

in sliding filament model, 285 
Aetin (thin) filaments, 87-88, 88/, 

136, 281 

in eardiae muscle, 31 1/, 671 
eross bridge eyeling and, 289, 292/ 
in eytokinesis, 98,101/ 
in mierovilli, 91, 91/ 
in skeletal muscle, 280/, 281 , 282/, 
283f,311f 

in sliding filament model, 285 
in smooth muscle, 307, 308/ 
Aetion potential, 285 , 395, 399, 400 
in muscle fiber eontraetion, 285 
eardiae muscle, 672, 673, 673/, 
674-675, 674/, 675-676, 
675/ 

skeletal miisele, 285-286, 
286-289,286/, 287/ 288/, 
289/ 

in neuron, 391, 395, 399,400- 
407, 402-403/, 404/, 405/, 

406/, 412-413f 
graded potential eompared 
with, 412-413f 
information transfer at 
ehemieal synapse and, 

408,409/ 

Aetivated maerophages, 777 
Aetivation energy, 52 , 52/, 918 
Aetivation gate, aetion potential and, 

400,403/ 

Aetive humoral immunity, 780 , 780/ 
Aetive (exercise) hyperemia, 713 
Aetive proeesses/transport, 68, 72- 

79, 74/, 75/, 76/, 77/, 78/ 
in absorption, 896 
aetive transport, 73 , 74/, 75/, 78 1 
eleetroehemieal gradient/ 

membrane potentials and, 80 
in tubular reabsorption of 

nutrients/water/ions, 969, 970/ 
in tubular reabsorption of 
sodmm, 969, 970/ 
vesicular transport, 73-78, 76/, 

77/, 78t 

Aetive sites, 50 , 52-53, 53/ 

Aetive tubular reabsorption, 968 
Acute (immediate/type I) 

hypersensitivity, 795 , 795/ 
Acute glomerulonephritis, 988 . See 

also Glomeralonephritis 
Acute hypotension, 711 
Acute leukemia, 645 
Acute mountain siekness, 838 
Aeyelovir, 1054 
AD. See Alzheimer’s disease 
Adam’s apple (laryngeal 

prominenee), 807 , 807/ 


Adaptation, 488 

dark and light, 563 
olfaetory, 567 

Adaptive immune system/defenses, 

765, 765/, 773-796, 791/, 792 1 
antigens, 773-774, 774/ 
eells of, 774-778, 775/, 776/, 777/, 
77% 792/ 

eelhilar immune response, 77% 
784-790, 785/, 786/, 787/, 788/, 
789/, 790/, 791/ 

humoral immune response, 765/, 
773 , 778-784, 779/, 779/, 780/, 
781/, 782/, 783/, 791/ 

Addison’s disease, 614 , 616/, 997, 

1000 

skin eolor in, 157 

Adduction (body movement), 257/, 

258, 321/ 

of lower limb, 363/, 380/, 381/ 
of upper limb, 358/, 359/ 
Adductor(s)/adductor muscles, of 

thigh, 326/, 327/, 363/, 364/, 
365/, 381/ 

Adductor brevis muscle, 364/, 365 /, 

380/ 

Adductor halhieis muscle, 378 /, 379/ 
Adductor hiatus, 734-735/, 734/ 
Adductor longus muscle, 326/, 364/, 

365 /, 380/ 

Adductor magnus muscle, 327/, 364/, 

365 /, 380/ 

Adductor pollieis muscle, 360/, 361/ 
Adductor tubercle, 238,239/ 

A delta fibers, 489 
Adenine (A), 53 , 54/ 
Adenoeareinoma, of hing, 841 
Adenohypophysis, 598 . See also 

Anterior pituitary gland 
Adenoideetomy 

(adenotonsilleetomy), 847 
Adenoids, 759, 806. See also 

Pharyngeal tonsils 
Adenoma, 149 
Adenosine, 416/, 417 

glomeralar filtration rate 
regulation and, 968 
Adenosine deaminase (ADA) 

enzyme, defeetive, 793 
Adenosine diphosphate. See ADP 
Adenosine monophosphate. See 

AMP 

Adenosine triphosphate. See ATP 
Adenotonsilleetomy 

(adenoideetomy), 847 
Adenoviras infeetion, obesity and, 942 b 
Adenylate eyelase, 594 

in hormone meehanism of aetion, 
594 , 594/ 

ADH. See Antidiuretic hormone 
Adherenee, in phagoeytosis, 766, 767/ 
Adhesions, 144 

Adipoeytes (adipose/fat eells), 128 , 

128/, 129/, 130 , 131/ 
Adiponeetin, 621, 622/ 

Adipose (fat) tissue, 128 , 128/, 129/, 

130 , 131/, 151, 151/936 
autonomic innervation/effeets 
and, 536/ 
brown, 130 , 947 

hormones produced by, 621, 622/ 
lipid transport to, 936 


lipolysis in, 933, 934/ 
in postabsorptive state, 933, 934, 
934/, 935, 935/ 

Adluminal eompartment, of 

seminiferous tubule, 1031/, 
1032 

ADP (adenosine diphosphate), 

55-56, 55/, 646 

phosphorylation of, 916-917, 916/ 
ATP for muscle aetivity and, 
298, 299/, 300/ 
platelet aggregation and, 646 
Adrenal cortex, 612-615, 612 , 612/, 

613/616/ 

Adrenal (suprarenal) gland(s), 592/, 

611 - 616,612/613/615/ 

616/, 955. See also Adrenal 
cortex; Adrenal medulla 

aging affeeting, 623 
arteries of, 730/, 732/, 732/ 
autonomic innervation/effeets 
and, 527/ 

in stress response, 616, 617/ 
veins of, 736/, 742-743/, 742 / 
Adrenaline. See Epinephrine 
Adrenal insuíficiency, 614, 616/ 
Adrenal medulla, 612 , 612/, 615-616, 

616/, 617/ 

autonomic pathways with synapses 
in/autonomic innervation and, 
532/ 533,536/, 537 
blood pressure eontrol and, 707, 
707/ 

Adrenergie fibers, 534 
Adrenergie reeeptors, 534-535, 534/ 
Adrenoeortieal hormones, 46/, 47, 

612- 615,612/613/616/ 
Adrenoeortieotropie hormone 

(ACTH/corticotropin), 601/, 
603/, 605 

aldosterone regulation and, 613/, 
614 

eortisol regulation and, 614 
in stress response, 614, 617/ 
Adrenogenital syndrome, 615, 616/ 
Adult respiratory distress syndrome 

(ARDS), 847 
Adventitia, 855 

of esophagus, 855 , 862/, 863 
traeheal, 809 , 810/ 
of ureter, 979, 980/ 
vaginal, 1040 

Aerobie cellular respiration, 83, 299. 

See also Cellular respiration; 
Krebs eyele 

Aerobie endurance, 300 
Aerobie exercise, 304 . See also 

Exercise 

Aerobie pathways, 919 
Affeetive brain, 449. See also Limbie 

system 

Afferent arteriole, glomeralar, 961/, 

962 

Afferent (sensory) division of 

peripheral nervous system, 

387 , 388/ 

Afferent lymphatie vessels, 755 , 756/ 
Afferent nerves/neurons/tracts. 

See Sensory (afferent) 
nerves; Sensory (afferent) 
neurons; Sensory (aseending) 
pathways/tracts 


Afferent pathway, in homeostasis, 

9,9/ 

Affinity 

hemoglobin, for oxygen, 828 
altitude affeeting, 839 
hormone-reeeptor, 595 
Afterbirth, 1087 

After-diseharge circuit, parallel, 422/ 
Afterload, 683 
Ag. See Antigen(s) 

Age-related macular degeneration 

(ARMD), 590 
Ageusia, 590 
Agglutination, 782 

by antibodies, 782, 782/ 
transfusion reaetion causing, 
652-653, 653/, 782 
Agghitinins, 651 , 652/ 

Agglutinogens, 651 , 652/ 

Aggregated lymphoid nodules 

(Peyer’s patehes), 755, 756/, 
759 , 760/ 

Aging. See also speeifie structure or 

system 
eelfidar, 111 
theories of, 111 

Aging pigment (lipofiisein), 390 
Agonist (muscle), 320 
Agouti-related peptides, in food 

intake regulation, 939, 940/ 
Agranulocytes, 640, 641/, 642, 643/, 

644/ 

Agrin, 312 

AIDS (acquired immune defieieney 

syndrome), 793-794 
Air blood barrier (respiratory 

membrane). See Respiratory 
membrane 

Air eells, mastoid, 209 , 572 
Air flow, resistanee to. See Airway 

resistanee 

Air movements, nonrespiratory, 823, 

824/ 

Airway resistanee, 820, 820/ 
asthma and, 820, 840 
Ala(e) 

of ilium, 234, 236/ 
of nose, 803, 803/ 
of saeram, 224,224/ 

Alar eartilages, 803, 803/ 

Alar plate, 475 
Albinism, 171 , 1100 
Albumin, 51/, 633 , 633/ 

Albuminuria, 980/ 

Aleohol 

antidiuretic hormone and, 600, 
976 

skin permeability and, 163 
teratogenie effeets of (fetal aleohol 
syndrome), 1083 
Aldosterone, 612-614, 612/, 613/, 

616/, 709, 972, 999 
blood pressure/volume and, 613/, 
707/, 708/, 709-710, 972, 999- 
1000 , 1000 /, 1001 /, 1002 / 
eleetrolyte balanee and, 999-1000, 
1000 / 

potassmm and, 613/, 614, 999, 
1000/, 1003 

sodium regulation and, 972, 
999-1000, 999/, 1000/, 1001/, 
1002 / 
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tubular reabsorption and, 972, 
973/, 999-1000, 1000/ 
Aldosteronism (hyperaldosteronism/ 

Conn’s disease), 614, 616í, 

1017 

Alertness, 453 

Alimentary eanal (gastrointestinal 

traet), 850, 850/ See also 
speeifie structure and 
Gastrointestinal (GI) traet 
Alkalemia, 1004. See also Alkalosis 
Alkaline phosphatase, in bone 

remodeling, 187 

Alkaline reserve, 832, 1005, 1007 
Alkaline solution, 40. See also Base(s) 
Alkaline tide, 871, 872/ 

Alkalosis, 60,1004 

blood values in evaluation of, 

1011 b 

eífeets of, 1010 

metabolie, 1010, lOlOt, 1011 b 
renal eompensations and, 1011, 

1012 

respiratory (hyperventilation), 
836, 1006,1009,1010Í, 1011^ 
respiratory eompensations and, 
1011-1012, 1011 
Allantois, 1073/, 1075 
Allele(s), 1096-1097 

multiple-allele inheritanee and, 
1100, llOOf 

segregation and, 1097-1098, 
1097/ 

Allergen, 795, 795/ 

Allergie asthma, 840 
Allergie eontaet dermatitis, 796 
Allergies, 795, 795/ 

protein absorption and, 896 
Allografts, 790 

All-or-none phenomenon, 401-404 
All-or-none mle (amino aeid), 910 
All-írans-retinal, 559, 560/ 

Alopeeia, 159 

Alopeeia areata, 160 

Alpha (a) adrenergie reeeptors, 

534-535, 534f 
Alpha-bloeking dmgs, 536 
Alpha (a) eells, panereatie, 618, 618/ 
Alpha (a) efferent fibers, 514, 514/, 

515/ 

a-y eoaetivation, 514, 515/ 

Alpha (a) globin ehains, 635, 635/ 
Alpha globulin, 633 1 
Alpha (a)-helix, 48,49/ 

Alpha (a) interferon, 770í, 771, 790t 
Alpha (a) motor neurons, 514, 515/ 
Alpha (a) partieles, 28 
Alpha waves, 452, 453/, 454/ 
Alternative pathway, of eomplement 

aetivation, 772, 772/ 

Altitude 

partial pressure affeeted by, 824 
respiratory adjustments and, 
838-839 
Alveolar eells 

type I, 811, 813/ 
type II, 811, 813/ 

Alveolar dead spaee, 823 
Alveolar ducts, 811, 812/ 

Alveolar gas, eomposition of, 825, 

825 1 

Alveolar (aeinar) glands, 124, 126/ 


Alveolar maerophages, 812, 813/ 
Alveolar pores, 812, 812/, 813/ 
Alveolar proeesses, 204/, 205/, 211, 

211/212,214/ 

Alveolar sacs/saccules, 811, 812/ 
Alveolar surface tension, 820-821 
Alveolar ventilation rate, 823, 823 1 
blood pH and, 1006 
Alveoli 

dental (tooth soekets), 211, 217f, 
859 

articulation of tooth with 
(gomphosis), 250/, 251, 

861 

of mammary glands, 1041 
respiratory/lung, 805 1, 811, 812/, 
813/ 

developmental aspeets of, 842 
gas partial pressures in, 825, 

825f 

Alzheimer’s disease, 458,463-464 
Amaerine eells, in retina, 550/ 
Amaerine granule eells, in olfaetory 

bulb, 567 

Amenorrhea, 1051 
Amine group, amino aeid, 47,48/ 
Amino aeid(s), 47, 48/, 893/, 894, 894/ 
absorption of, 893/, 894/, 896 
in absorptive state, 931/, 932 
essential, 910, 911/ 
in food intake regulation, 940, 

940/ 

as neurotransmitters, 415-416Í, 
417 

oxidation of, 928-929, 928/, 929 1 
in postabsorptive state, 935, 935/ 
protein synthesis/metabolism 
and, 99, 104, 104/, 893 f 894, 
894/, 928-929, 928/, 929, 929f 
supply of (amino aeid pool), 930, 
930/ 

translation in synthesis of, 104- 
105, 104/, 106-107/, 108/, 109/ 
transport of, 896 

Amino aeid-based hormones, 593. 

See also Hormone(s) 
meehanism of aetion of, 593-595, 
594/ 

Amino aeid pool, 930, 930/ 
Aminoaeyl-tRNA, 104, 105, 106/ 
y-Aminobutyric aeid (GABA), 415/, 

417 

Aminopeptidase, 894/, 895 
Amitotie eells, neurons as, 390 
Ammonia, 40, 928/, 929 
Ammonium ion, 40 

excretion of in aeid-base balanee, 
1008,1009/ 

Amnesia, 458 

Amnioeentesis, 1103, 1104/ 

Amnion, 1073/, 1074, 1074/, 1075/, 

1076/, 1078/ 

Amniotie eavity, 1073/, 1078/ 
Amniotie fhiid, 1074 

testing (amnioeentesis), 1103, 
1104/ 

Amoeboid motion, 75,640 
AMP (adenosine monophosphate), 

55/, 56 

eyelie. See Cyclic AMP 
Amphiarthroses, 250 
Amphoterie molecules, 1005 


Amplitude, sound wave, 575/, 576, 

576/ 

Ampulla, 1024 

of ductus deferens, 1019/, 1023/, 

1024 

hepatopanereatie, 875, 875/ 
of semicircular duct, 573, 573/ 
of uterine tube, 1037, 1037/ 
Ampullary cupula, 581, 582/ 
Amygdaloid body/amydala, 41 Sb, 

449, 449/ 

Amylase, 883 

panereatie, 883, 892, 893/ 
salivary, 51/, 859, 885/, 892, 893/ 
Amyloid precursor protein (APP), in 

Alzheimer’s disease, 463-464 
Amyotrophie lateral selerosis (ALS/ 

Lou Gehrig’s disease), 474 
Anabolie hormones/steroids, 312, 

313^,910 

Anabolism, 5, 36, 913-914, 914/ 
absorptive state and, 931-933, 

931 f 932/ 

synthesis reaetions and, 36 
Anaerobie glyeolysis, 298-299, 914, 

914/, 916-917, 917/, 918-919, 
918/, 924/, 929/ 
muscle aetivity and, 298-299, 
299/300/311/ 

Anaerobie threshold, 300 
Anal eanal, 850/, 887, 888, 888/ 

Anal eohimns, 888 , 888/ 

Analgesia, 523 
Anal sinuses, 888 , 888/ 

Anal sphineters, 887, 888/ 

external, 344/, 345/, 887, 888/ 
internal, 887, 888/ 

Anal veins, variees of (hemorrhoids), 

699, 890 

Anandamide, 416/ 

Anaphase 

in meiosis, 1029, 1030/ 
in mitosis, 97/, 98, 101/ 
Anaphylaetie shoek, 717, 795 
Anaplasia, 115 

Anastomoses (vascular), 695/, 699 
portal-eaval, 881 
Anatomieal dead spaee, 822-823 
Anatomieal direetion/direetional 

terms, 12/, 13, 13/ 

Anatomieal neek, of humerus, 228, 

230/ 

Anatomieal position, 11-13, 12/, 13/ 
Anatomy, 2 

eomplementarity prineiple and, 

3, 62 

terminology used in, 2, 11-20 
variability/variations in, 14 
Anehoring junctions, 66-67, 67/ See 

also Desmosomes 
Anconeus muscle, 351/, 353/, 357/, 

358/ 

Androgen(s), 615. See also 

Testosterone 

adrenal, 612/, 615, 616/, 1035 
apoerine glands and, 161 
interstitial endoerine (Leydig) eell 
production of, 1021-1022 
sebum seeretion affeeted by, 162 
terminal hair growth affeeted 
by, 159 

Androgen-binding protein, 1033,1034/ 


Andropause, 1058 
Androstenedione, 615 
Anemia(s), 638-640. See also speeifie 

type 

Anemie hypoxia, 829 
Aneneephaly, 476 
Anergy, 786 
Aneurysm, 750 
Angelman syndrome, 1103 
Angina peetoris, 671 
Angiogenesis, 713 
Angiogram/angiography, 750 
eerebral, 475 

digital subtraction (DSA), 16 b, 17/ 
Angioplasty, balloon, 701 b 
Angiotensin I, 708/, 709 
Angiotensin II, 613/, 614, 707, 709 
blood pressure/glomerular 

filtration and, 707, 707/, 708/, 
709/, 999-1000, 1000/, 1002/ 
sodium regulation and, 999-1000, 
999/, 1000/, 1001/, 1002/ 
Angiotensin eonverting enzyme, 

708/, 709, 816 

Angiotensinogen, 614, 708/, 709 
Angular body movements, 256-258, 

256-257/ 

Anion(s), 32 

aeids releasing, 39 
balanee of, regulation of, 1004 
protein, in plasma/interstitial fluid/ 
intracellular fluid, 992,992/ 
resting membrane potential and, 
397 

Ankle joint, 255/ 

muscles eontrolling movements 
of, 370-373/, 371/, 372/, 
374-375/, 380/, 381/ 
Ankyloglossia, 857 
Ankylosing spondylitis, 275 
Ankylosis, in rheumatoid arthritis, 

272, 272/ 

Anmilar (eommon tendinous) ring, 

547, 547/ 

Anopsias, 494/ 

Anosmias, 494/, 570 
ANP. See Atrial natriuretic peptide 
ANS. See Autonomic nervous system 
Ansa eerviealis, 503/, 503/ 

Antaeid, 1017 
Antagonism, hormone, 598 
Antagonist (muscle), 320 
Antebraehial vein, median, 740-741f, 

740/ 

Antebrachium, 231. See also Forearm 
Anterior (term), 12/. See also under 

Ventral 

Anterior areh, 221, 221/ 

Anterior assoeiation area (prefrontal 

cortex), 434/, 437. See also 
Prefrontal cortex 

Anterior border, of tibia, 240/, 241 
Anterior eardiae veins, 663/, 670, 670/ 
Anterior eerebral artery, 726f, 726/, 

727/ 

Anterior ehamber, 552, 552/ 

Anterior circumflex humeral artery, 

728/, 728/, 729/ 

Anterior commissure, 437,440/, 442/, 

449/ 

Anterior communicating artery, 726/ 

726 1 , 121 f 
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Anterior eranial fossa, 201, 201/, 202, 

207/ 

Anterior emeiate ligament, 262-263/, 

263-264, 264/ 

Anterior cutaneous braneh of 

intereostal nerve, 502/ 

Anterior division, braehial plexus, 505 
Anterior extensor eompartment of 

leg, muscles of, 370t 
Anterior femoral cutaneous nerve, 507/ 
Anterior flexor eompartment of 

forearm, 351-352/, 353/, 
354-3556 355/, 3586 359/ 
Anterior fontanelle, 244, 244/ 
Anterior forearm muscles, 351-352/, 

3536 354-3566 355/, 358/ 

Anterior fornix, 1035/, 1040 
Anterior (ventral) funiculi, 467/, 468 
Anterior gluteal line, 235,236/ 
Anterior (ventral) horns, 431/, 439/, 

466, 467/, 468/ 

Anterior inferior iliae spine, 234, 

235/, 236/ 

Anterior intereostal arteries, 728/, 

729/, 729/ 

Anterior interventricular artery (left 

anterior deseending artery), 
663/, 668, 670/ 

Anterior interventricular sulcus, 662 
Anterior lobe, of cerebellum, 447, 

448/ 

Anterior longitudinal ligament, 219, 

219/ 

Anterior (ventral) median fissure, 

466, 467/ 

Anterior muscles/muscle 

eompartment 

of hip and thigh, 364/, 365-3666 
3806 381/ 

of leg, 3706 3716 3806 381/ 

Anterior nasal spine, 211/, 212, 214/ 
Anterior pituitary gland 

(adenohypophysis), 598, 601/ 
aging affeeting, 623 
hormones of, 601-606, 602-603Í 
hypothalamus relationship and, 
601/, 1033, 1034/ 

Anterior pole of eye, 548/, 549 
Anterior saeral foramina, 224, 224/ 
Anterior sealene muscle, 3366 337/ 
Anterior segment of eye, 548/, 549, 

552, 552/ 

Anterior semicircular eanal, 573, 573/ 
Anterior (ventral) spinothalamie 

traets, 469, 469/, 47 lt 
Anterior superior iliae spine, 234- 

235, 234, 235/, 236/ 

Anterior thalamie nuclei, limbie 

system and, 449,449/ 

Anterior tibial artery, 725/, 734-735/, 

734/ 

Anterior tibial vein, 737/, 744/, 744í 
Anterior vagal tmnk, 529 
Anterograde amnesia, 458 
Anterograde movement, 392 
Anteverted uterus, 1038 
Anti-A antibodies, 651, 652/ 

Anti-B antibodies, 651, 652/ 
Antibodies, 50,516 642,754,773,780- 

784, 781/ 782/ 7836 791/ 7926 
See also Humoral (antibody- 
mediated) immunity 


in breast milk/eolostmm, 780, 
780/, 1088 

in eomplement aetivation, 772, 
772/ 

diversity and, 777 
in humoral immune response, 

773, 778/, 780-784, 791/, 792/ 
monoelonal, 783 
self (autoantibodies), 794 
Antibody diversity, generation of, 777 
Antibody-mediated (humoral) 

immunity. See Humoral 

(antibody-mediated) 

immunity 

Antibody monomer, 781, 781/ 
Antibody titer, 779 
Antieaneer dmgs (ehemotherapy), 1466 
Anticoagulants, 648-649, 650 
Antieodon(s), 104, 106-107/, 109/ 
Antidmretie hormone (ADH/ 

vasopressin), 599-601, 600, 
600/, 6026 707, 972, 995, 996/ 
blood pressure/volume and, 707, 
7076 708/, 709/, 995, 996/, 
1002 / 

syndrome of inappropriate 
seeretion of (SIADH), 601, 
6026 1017 

tubular reabsorption and, 972, 
995, 996/ 

urea reeyeling and, 976, 977/ 
urine eoneentration and, 976, 

977/, 995, 996/ 

in water balanee regulation, 442, 
599, 6026 995, 996/, 9996 
1002/ 

Antigen(s), 651, 754, 773-774, 774/, 

791/, 7926 See also Immunity/ 
immune response 
autoimmune disease and, 794 
endogenous, 784 
exogenous, 784 

naive lymphoeyte encountering, 
776-777 

presentation of, 163, 774, 777- 
778, 777/, 791/, 792/ 

MHC proteins and, 784-786, 
785/, 786/ 

T eell aetivation and, 777, 

777/, 791/ 

reeeptors for, diversity and, 777 
red blood eell, blood groups and, 
651 

transplantation and, 790 
self, 774, 786 

autoimmune disease and, 794 
development of toleranee to, 
776, 776/ 

MHC proteins and, 784 
T eell-dependent, 788 
T eell-independent, 788 
transplantation and, 790 
Antigen-antibody (immune) 

complexes, 781, 782/ 
hypersensitivity reaetions and, 

796 

Antigen binding, T eell aetivation 

and, 786, 787/ 

Antigen-binding site, 781, 781/ 
Antigenie determinants, 774, 774/ 
Antigen-presenting eells, 774, 777- 

778, 777/, 791/, 792/ 


MHC proteins and, 784-786, 

785/, 786/ 

Antihemophilie faetor (AHF/faetor 

VIII), 647/, 650 
defieieney of, hemophilia A 
caused by, 650 

Anti-insulin effeet, of growth 

hormone, 603 

Antimierobial proteins, 770/, 771- 

773, 771/ 772/ 

Anti-oneogenes (tumor suppressor 

genes), 14 5b 

UV radiation affeeting, 164 
Antioxidants, 111, 912-913 
Antiport system, 73 
Antiraehitie faetor. See Vitamin D 
Anti-Rh antibodies, 652 
Antisense RNAs, 105 
Antithrombin III, 649 
Antitoxin, passive immunity and, 780 
Antivenom, passive immunity and, 

780 

Antral (tertiary/vesicular) follieles, 

1036, 1036/ 1044/ 1045-1047, 
1046/ 1047, 1050/ 

Antral phase, of ovarian eyele, 1045, 

1046/ 

Antmrn 

mastoid, 572 

ovarian folliele, 1036, 1036/, 

1046/, 1047 
pylorie, 866 
Anucleate eells, 91, 634 
Anular ligament, 266, 266/ 
Anulospiral (primary sensory) 

endings, 514, 514/ 

Anulus fibrosus, 219, 219/, 220/ 
Anuria, 968 

Anus, 850/, 887, 888/. See also imder 

Anal 

development of, 898, 899/ 

Anvil (incus), 571/, 572, 572/, 577/ 
Aorta, 662, 669/, 724/, 724/, 725/ 
abdominal, 724/, 724/, 725/, 
730-733/, 730/ 
branehes of, 724/, 730-733/, 
730-732/ 

aseending, 724/, 724/, 725/ 
blood flow veloeity and, 712, 712/ 
blood pressure in, 703/ 
eoaretation of, 686, 687/ 
deseending, 724/ 
thoraeie, 724/, 728/, 729/ 

Aortie areh, 663/, 724/, 724/, 725/, 

728/ 

baroreeeptors in, 706, 706/ 

Aortie bodies, 707,836, 836/, 837/ 
Aortie reflex, 707 
Aortie sinus, 724/ 

Aortie valve (aortie semilunar valve), 

665/, 666/, 667 

APCs. See Antigen-presenting eells 
Apex 

of heart, 659, 660/, 663/ 
of lung, 814/815 
of nose, 803, 803/ 

Apgar seore, 1087 
Aphasia, 455 

Apieal-basal polarity, epithelial, 118 
Apieal foramen, of root eanal, 860/, 

861 

Apieal impulse, 659, 660/ 


Apieal membrane, in tubular reabsorp- 

tion, 968,969,969/ 970/ 

Apieal surface, epithelial, 118, 119/ 
Aplastie anemia, 639 
Apnea, 836 

sleep, 455, 842 
Apneustic breathing, 834 
Apoerine glands, 125 
Apoerine sweat glands, 161 
Apoenzyme, 52 
Aponeuroses, 132, 279 
Apoptosis, 110 

natural killer eells and, 766 
neuronal development and, 423 
T eell development and, 776, 

776/, 787 

APP. See Amyloid precursor protein 
Appendages 

body. See Lower limbs; Upper 
limbs 

epiploie, 887, 888/ 
skin, 151/, 157-162, 158/, 160/, 
161/. See also speeifie structure 
Appendieitis, 887 
Appendiailar region, 13, 13/ 
Appendicular skeleton, 174, 175/, 

200/, 227-243, 243/. See also 
speeifie region and speeifie 
bone 

eongenital abnormalities of, 245 
lower limbs, 200/, 238-243,239/, 
240/, 241/, 242/, 243/ 
peetoral (shoulder) girdle, 200/, 
227-228, 227/, 233/ 
pelvie (hip) girdle, 200/, 234-238, 
235/, 236/, 237/, 243/ 
upper limbs, 200/, 228-234, 230/, 
231/ 232/, 233/ 

Appendix, 756/, 759, 850/, 887, 888/ 
Appetite, 953 
Appositional growth 
of bone, 186,186/ 
of eartilage, 174 
Aquaporins (AQPs), 69/, 70 
Aqueous humor, 548/, 552, 552/ 
in glaucoma, 553 
Araehidonie aeid, 47 
2-Arachidonoylglycerol, 416/ 
Araehnoid mater 

of brain, 459, 459/, 460/ 
spinal, 464, 465/, 467/ 

Araehnoid villi, 459, 459/ 

Arbor vitae, 440/, 447,448/ 

Arehes of foot, 242, 242/ 

muscles supporting, 376-377/, 
377/, 379/ 

Arcuate arteries 

of foot, 725/, 734-735/, 734/ 
of kidney, 957, 958/, 961/ 
ofuterus, 1039, 1039/ 

Arcuate line, 235, 236/ 

Arcuate nucleus, 442/ 

food intake regulation and, 939, 
940, 940/ 

Arcuate popliteal ligament, 262/, 263 
Arcuate veins, 957, 958/, 961/ 

ARDS (adult respiratory distress 

syndrome), 847 
Areola, 1041, 1042/ 

Areolar eonneetive tissue, 127, 128/, 

129/, 130, 131/. See also 
Connective tissue 
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Arm 

bones of, 228-230, 230/ 
deep artery of, 728/, 7281, 729/ 
muscles of/muscles eontrolling 
movement of, 326/, 327/, 
346-348Í, 347-349/, 350-3521, 
351-352/ 3586 359/ 

Arreetor pili muscle(s), 151/ 158/ 159 
autonomic innervation/effeets 
and, 532/, 536f 
Arrestlines (growth), 183 
Arrhythmias, 676, 679/ 

Arterial anastomoses, 699 
Arterial blood pressure, 703, 703/, 

709/ See also Blood pressure 
Arterial pulse, 703, 710 
monitoring, 710, 710/ 

Arteries, 693-696, 693, 694/, 695/ See 

also speeifie structure supplied 
or speeifie named artery 
blood flow veloeity and, 712, 712/ 
blood pressure in, 703, 703/ See 
also Blood pressure 
blood volrnne in, 699/ 
pulmonary, 722/, 722-7236 814 f 
815 

structure of, 694/, 695, 696, 69 6t 
systemie, 721, 724-725/, 7241 
Arteriolar vasodilation, in blood 

pressure regulation, 706, 706/, 
713 

Arterioles, 693, 695/, 696, 6961 
blood flow veloeity and, 712/ 
blood pressure in, 703/, 705 
blood volrnne in, 699/ 
glomemlar, 961/, 962 
oxygen partial pressures affeeting, 
826, 827, 827/ 
terminal, 695 f 698, 698/ 
Arterioselerosis, 700 b. See also 

Atheroselerosis 

Arteriovenous anastomoses, 695 f 

699 

Arthritis, 270-272 
gouty, 272 
Lyme, 272 
osteoarthritis, 270 
rheumatoid (RA), 270-272, 272/, 
794 

Arthrology, 275 

Arthroplasty, 275 

Arthroseopie surgery, for eartilage 

tear, 269, 269/ 

Articular (joint) capsule, 252, 252/ 
of elbow joint, 266, 266/ 
ofhipjoint, 266-267, 267/ 
of knee joint, 262/, 263 
of shoulder joint, 265/ 

Articular eartilage, 134, 174, 175/, 

178/, 252, 252/ 

after endoehondral ossifieation, 
184, 184/ 

in symphyses, 251, 251/ 
in synovial joints, 252, 252/ 
Articular (joint) eavity, 20, 252, 

252/ See also Joint (artiailar/ 
synovial) eavities 
Articular dises (menisei), 253 
of knee, 262-263, 262-263/ 

injuries of, 264, 264/, 269, 269/ 
of temporomandibular joint, 267, 
268/ 


Artiailar proeesses, 219/, 220-221, 

220/, 222/, 2231 
of saeram, 222, 224/ 

Articular surfaces, synovial joint 

stability and, 255 
Articular tubercle, 267, 268/ 
Articulations, 249-275. See also 

Joint(s) 

Artifaets, in mieroseopy, 118 
Artifieial joints, 271 b 
Artifieially acquired immunity 
aetive, 780, 780/ 
passive, 780, 780/ 

Artifieial skin, for burn injury, 166 
Arytenoid eartilage, 807/, 808 
Aseending aorta, 724/, 7241, 725/ 
Aseending eolon, 850/, 887, 888/ 
Aseending limb of nephron loop, 

959/, 960, 961/ 

as countercurrent multiplier, 973, 
974-975/, 976 

reabsorptive eapability of, 971- 
972, 9711 

Aseending lrnnbar veins, 741/, 

742-743/ 

left, 7411, 742-743/ 
right, 7401, 742/ 

Aseending (sensory) pathways/tracts, 

468,468-469,469/, 470/, 4711 
Aseites, 904 

Aseorbie aeid (vitamin C), 912, 9121 
defieieney of (scurvy), 149, 9121 
A site, 105, 106/, 107/ 

Aspartate, 417 
Aspartie aeid, 48/ 

Aspiration, 847-848 
Aspiration pneumonia, eleft lip/ 

palate and, 244 
Aspirin, 650 

in atheroselerosis prevention, 

701 ^7 

Assisted reproductive teehnology, 

1089 

Assoeiation areas, 432,434/ 
auditory, 434/, 436 
limbie, 437 

multimodal, 434/, 436-437 
somatosensory, 434/, 436 
visual, 434/, 565 
Assoeiation cortex 
language and, 455 
memory and, 457/, 458 
Assoeiation fibers, 437,438/ 
Assoeiation neurons. See 

Interneurons 
Asters, 100/ 

Asthma, 795, 820, 840 
Astigmatism, 556 
Astroeytes, 389, 389/ 

Asystole, 690 
Ateleetasis, 817 
Atheroma(s), 700 b 
Atheroselerosis, 685, 687, 700-70 lh 

745 

blood flow affeeted by, 695 
eholesterol levels and, 700b, 
937-938 

Atheroselerotie (fibrous) plaques, 

700 b 

Athlete(s), earbohydrate needs and, 

925 

Atlantoaxial joint, 2541 


Atlanto-oeeipital joint, 2541 
Atlas (e/, 221, 221/, 222/ 
Atmospherie pressure, 8, 816 
appropriate, as survival need, 8 
partial pressures and, 824 
respiratory pressures and, 816- 
817,817/ 

Atom(s), 3,4/, 25-28, 25/, 27/ 

Atomie mass number, 27 

Atomie mass unit, 25 

Atomie number, 27 

Atomie symbols, 25 

Atomie weight, 28 

Atonie bladder, 543 

Atopie dermatitis, 800 

ATP (adenosine triphosphate), 5,24, 

55-56, 55/, 56/, 906 
in aetive transport, 56/ 73,74/ 781 
ehemieal energy in form of, 24, 55 
in exchange reaetions, 36, 36/ 
mitoehondrial supply of, 83 
for muscle eontraetion, 56/, 
298-300, 299/, 300/ 
eross bridge eyeling and, 289, 
292/, 293 

smooth muscle and, 308 
as neurotransmitter, 4161,417 
synthesis of, 914, 914/, 916-917, 
916/, 917/, 918-924, 918/, 920/, 
921/, 923/, 924/ 
fat metabolism in, 914/, 926, 
927/ 

glucose metabolism in, 36, 36/, 
37, 43,55, 56,914/917/ 
918-924,918/920/921/, 
923/, 924/ 

ATPase, myosin, 3031, 307, 308/ 

ATP synthases, 917,922-923, 923/ 
Atria of heart, 659, 662, 663-665/, 

669/ 

development of, 685, 686/ 
hormones produced by, 621, 6221. 
See also Atrial natriuretic 
peptide 

Atrial natriuretic peptide (ANP), 

613/, 614, 621, 6221, 707, 972, 

1000 , 1001 / 

blood pressure/volume and, 614, 
707, 7071, 709/, 1000,1001/ 
in sodium regulation, 614, 9991, 
1000 , 1001 / 

tubular reabsorption and, 972, 

1000 , 1001 / 

Atrial (Bainbridge) reflex, 684 
Atrial systole, 680/, 681 
Atrial taehyeardia, paroxysmal, 691 
Atrioventricular (AV) bundle 

(bundle of His), 675, 675/ 
Atrioventricular groove (eoronary 

sulcus), 662 

Atrioventricular (AV) node, 675, 675/ 
Atrioventricular (AV) valves, 662-667, 

666/ 667/ See also Mitral 
(bicuspid) valve; Tricuspid valve 
Atrium. See Atria 
Atrophy, 110 
disuse, 305 

Atropine, autonomic aetivity and, 535 
Attenuated pathogens, for vaeeines, 

780 

Auditory areas, 434/, 436 
Auditory assoeiation area, 434/, 436 


Auditory cortex, primary, 434 f 436, 

579, 579/ 

Auditory (acoustic) canal/meatus, 

external, 204/, 206/, 208,208/, 
2161, 570-572, 571/ 

Auditory ossieles, 571/ 572, 572f, 

577, 577/ 

Auditory pathway, 579, 579/ 
Auditory proeessing, 579 
Auditory (pharyngotympanie) tube, 

571/, 572, 572/, 804/, 806 
Auras, 453 

olfaetory, 570 
preseizure, 453 

Auricle (atrial), 662, 663-664/ 

Auricle (pinna), 570, 571/ 

Auricular nerve, greater, 503/, 5031 
Auricular surface 
of ilium, 235, 236/ 
of saeram, 222, 224/ 

Auricular vein, posterior, 738-739/ 
Auscultation, 2 

Auscultatory method, for blood 

pressure measurement, 710 
Autism, 482 
Autoantibodies, 794 
Autocrines, 592 
Autografts, 790 

for burn injury, 166 
Autoimmune diseases, 794 

rheumatoid arthritis as, 270, 794 
Autoimmunity, 794 
Autologous ehondroeyte 

implantation, 271 b 
Autologous transfusions, 653 
Autolysis, 87 

Automaticity (autorhythmicity) 
of eardiae muscle, 671, 674. 

See also Cardiac paeemaker 
eells 

aetion potential initiation 
and, 672 

respiratory rhythm and, 835 
Autonomic dysreflexia, 539 
Autonomic ganglia, 525, 526/ 
Autonomic (viseeral) motor (VM) 

neurons, 468,468/. See also 
Motor (efferent) neurons 
Autonomic nervous system, 387, 

388/, 524-543, 525/, 527/. 

See also Parasympathetie 
(eraniosaeral) division of 
autonomic nervous system; 
Sympathetie (thoracolumbar) 
division of autonomic nervous 
system 

anatomy of, 427/, 527-533, 528/, 
5291 

biofeedbaek in regulation of, 538 
blood pressure and, 536, 539 
ease study and, 543 b 
eontrol of, 538, 538/ 
developmental aspeets of, 539 
digestion/digestive system and, 
528/, 532/, 5361, 540 b, 852, 
853/, 900 b 

divisions of, 526-527, 527/, 5291. 
interaetions of, 535-537, 5361 
parasympathetie 

(eraniosaeral), 387, 388/, 
525/, 526, 526/, 527-529, 
527/, 528/, 5291 
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Autonomic nervous system, (eontd.) 

sympathetie (thoracolumbar), 
387, 388/, 525/, 526-527, 
526/, 527/, 529-533, 529 1, 
530/, 532/ 

dmg effeets and, 535, 535 1 
dual innervation and, 526, 536í 
heart regulation and, 527/, 528/, 
532/, 536f, 540ff 676-677, 

677/, 682/, 683, 684, 705/ 
homeostatie imbalanees of, 537, 
539 

homeostatie relationships of, 540è> 
hypothalamus in eontrol of, 442, 
538, 538/ 

physiology of, 529í, 533-539, 

534í, 535í, 536í, 538/ 
smooth muscle innervated by, 

306, 306/, 308, 31 \t 
somatie nervous system 

eompared with, 525-526, 526/ 
Autonomic neuropathy, 537 
Autonomic (viseeral) reflex, 513, 

533, 533/ 

Autophagosomes, 109 
Autophagy, 109 
Autopsy, 149 
Autoregulation 

blood flow, 712-713,714/ 
eerebral, 714-715 
renal, 966-967, 967/ 
in ventilation-perfusion coupling, 
826-827, 827/ 

Autorhythmicity. See Automaticity 
Autosome(s), 1054,1096 
Avascularity 

ofeartilage, 132 
of epithelial tissue, 118 
Avogadro’s number, 30 
AV valves. See Atrioventricular (AV) 

valves 

Axial region, 13, 13/ 

Axial skeleton, 174,175/, 199-227, 

200, 200/. See also speeifie 
region and speeifie bone 
skull, 200/, 201-215, 201/ 202/, 
203/, 204-205/, 206/, 207/, 
216-217Í 

thoraeie eage, 200/, 224-227, 225/, 
226/ 

vertebral column (spine), 200/, 
218-224, 218/, 219/, 220/, 

221/ 222/, 223 f, 224/ 

Axial tomography. See Computed 

tomography 

Axillary artery, 725/, 727/, 728/, 728 1, 

729/ 

Axillary (lateral) border of scapula, 228 
Axillary lymph nodes, 753/ 

Axillary nerve, 504/, 505f, 506 
Axillary vein, 736-737/, 740-741/, 

740 1 

Axis (C 2 ), 221 , 221/ 222/ 

Axoaxonal synapses, 407,408/ 
Axodendritic synapses, 407,408/ 
Axolemma, 391 
Axon(s), 140, 391, 391/, 394í 

aetion potential generated in, 400 
conduction veloeity of aetion 
potential and, 405,406/ 
ffinetional eharaeteristies of, 
391-392 


of motor neurons, 286,293, 294/ 
in motor unit, 293,294/ 
myelinated, 392, 392/ See also 
Myelin sheath(s) 
conduction veloeity and, 405, 
406/ 

nonmyelinated, 392, 393 

conduction veloeity and, 405, 
406/ 

olfaetory, 566, 566/, 567 
regeneration of, 491-492,492/ 
transport along, 392 
Axon eollaterals, 391 
Axon hilloek, 391, 391/ 

Axon terminals, 391, 391/ 

in ehemieal synapses, 407,409/ 
at neuromuscular junction, 286, 
287/288/293, 294/511 
Axosomatic synapses, 407,408/ 
Azygos system, 736/, 740-74lí, 740£ 
Azygos vein, 740-741/, 740£ 

B7 proteins, in co-stimulation, 786 

Babinski’s sign, 519 

Baby teeth (deciduous/primary 

dentition), 859, 860/ 

Baek 

innervation of, 509 
intrinsie (deep) muscles of, 336- 
338£, 339/ 

Baeterial flora, in digestion, 890 
Baeterieidal aetion, of sebum, 162 
B agglutinins, 651, 652£ 

B agghitinogens, 651, 652£ 

Bainbridge (atrial) reflex, 684 
Balanee. See Equilibrium/orientation 
Baldness (tme/frank), 159, 167 
male pattern, 159 
Ball-and-soeket joints, 258, 261/ 
Balloon angioplasty, 701fr 
Band eells, 642, 643/ 

Bare area of liver, 878, 879/ 
Baroreeeptors/baroreeeptor reflexes, 

684, 706-707, 706/, 1000 
blood pressure and, 705, 706-707, 
706/, 708, 708/, 709/, 995, 

1000, 1002/ 

sodium regulation and, 999£, 

1000, 1002/ 

Barrett’s esophagus, 904 
Barrier methods, for eontraeeption, 

1090 b 

Basal bodies, 90, 90/. See also 

Centrioles 

Basal eell eareinoma, of skin, 164,164/ 
Basal eompartment, of seminiferous 

tubule, 1031/, 1032 
Basal epithelial eells, taste bud, 568, 

568/ 

Basal ganglia. See Basal nuclei 

Basallamina, 118 

Basal layer (stratum basalis) of 

endometrium, 1039, 1039/ 
Basal metabolie rate, 941-942 
thyroid hormone/thyroxine 
affeeting, 607, 607£, 941 
Basal nuclei (basal ganglia), 431,438/, 

439-441, 439/, 450£ 
in memory, 457/, 458 
in motor eontrol, 512-513, 512/ 
in Parkinson’s disease, 444 


Basal plate, 475 

Basal surface, epithelial, 118,119/ 
Base 

of bone, of metaearpals, 232/, 234 
of heart, 659, 660/ 
of lung, 814/815 
Base(s) (ehemieal), 39-40 
amino aeids as, 47 
pH of, 40,40/ 
strong, 41, 1004 
weak, 41, 1004 
Base(s) (mieleotide), 53, 54/ 

DNA, 54, 54/ 

RNA, 55 

Basement membrane, 118 
eaneer and, 118 
glomeralar, 964/, 965 
Base pairing, DNA, 54, 54/ 

Basie eleetrieal rhythm, of stomaeh, 

873 

Basilar artery, 726/, 727/, 727£ 

Basilar membrane, 574/, 575, 577/ 
resonanee of, 577/, 578 
Basilie vein, 737/, 740-741 fi 740£ 
Basolateral membrane, in tubular 

reabsorption, 968, 969, 969f 
970/ 

Basophilie erythroblasts, 636, 636/ 
Basophils, 641/, 642, 643/, 644£ 
in immediate hypersensitivity, 
795,795/ 

B eells. See B lymphoeytes 
BDNF (brain-derived neurotrophic 

faetor), in memory, 458 
Beau’s lines, 160 
Bedsores (decubitus ulcers), 171 
Behavioral methods, for 

eontraeeption, 1090 b 
Bell’s palsy, 497£ 

Benign neoplasm, 145 b 

Benign prostatie hyperplasia (BPH), 

1025 

Beriberi, 912£ 

Bernard, Claude, 990 

Beta ((3) adrenergie reeeptors, 534- 

535,534£ 

Beta-amyloid peptide, in Alzheimer’s 

disease, 463-464 
Beta-earotene, 911 
Beta ((3) eells, panereatie, 618, 618/, 

624 b 

Beta (P)-defensins. See also Defensins 
Beta endorphin, 416£, 417 
Beta (P) globin ehains, 635, 635/ 

Beta globulin, 633 £ 

Beta ((3) interferon, 770£, 771, 790£ 
Beta oxidation, 926, 926/, 929£ 

Beta ((3) partieles, 28 

Beta ((3)-pleated sheet, 48,49/ 

Beta waves, 452,453/ 

Biaxial movement, 256, 261/ 
Biearbonate/biearbonate ion, 40, 829 
in aeid-base balanee, 41, 832, 
1005, 1010, lOlOf, lOllff See 
also Biearbonate/earbonie 
aeid-biearbonate buffer 
system 

renal eompensations and, 
1006-1009,1007/, 1008/, 
1009/, 1012 

in aeidosis/alkalosis, 1010, 1010£, 

1011 b 


earbon dioxide transport as, 
829-832, 833/ 
in rmieosal barrier, 867 
normal levels of, 1011 b 
in panereatie juice, 883, 884 
in plasma/interstitial fluid/ 
intraeelMar fluid, 992/ 
regeneration of, 1007-1008, 

1008/, 1009/ 

tubular reabsorption and, 973/, 
1007,1007/ 

tubular seeretion and, 1009 
Biearbonate/earbonie aeid- 

biearbonate buffer system, 41, 

832,1005 

biearbonate reabsorption and, 
1007,1007/ 

biearbonate regeneration and, 
1007-1008, 1008/, 1009/ 
Bieeps braehii muscle, 326/, 350£, 

351-352/, 353£,358£, 359/ 
tendon of long head of, 264, 265/ 
Bieeps femoris muscle, 327/, 367/, 

369£, 380£ 

Bieipital groove (intertubercular 

sulcus), 228-230, 230/ 
Bicuspid (mitral) valve, 662, 665/, 

666 / 

Bicuspids (premolars), 860, 860/ 
Bilayer, plasma membrane, 63, 64/ 
Bile/bile salts, 46£, 878, 881-882, 893/ 

895, 895/, 896 

homeostatie imbalanees and, 156 
regulation of seeretion of, 883- 
884, 884/ 
in urine, 980£ 

Bile canaliculi, 880/, 881 
Bile duct, 875/, 878, 879/, 880/ 
bloekage of, 882 
Biliary calculi (gallstones), 882 
Biliopanereatie diversion (BPD), for 

obesity, 943b 

Bilirabin, 156, 638, 638/, 881-882 
Bilirubinuria, 980£ 

Binucleate eells, 101/ 

Bioehemistry, 38-56 

inorganie compounds in, 38-41, 
38 

organie compounds in, 38,41-56 
Biofeedbaek/biofeedbaek training, 

538 

Biogenie amines, 414-417,415£ 
Biologieal eolloids, 38 
Biology, molecular, 2 
Biopsy, in eaneer diagnosis, 145 b 
Biotin, 912£ 

Biotransformation, liver in, 9371 
Bipennate faseiele pattern/muscles, 

322/, 323 

Bipolar eells, retinal, 550/, 551 
Bipolar neurons, 393, 394-395£ 

Birth, 1085-1087,1085/, 1086/ 
adjustment to extrauterine life 
after, 1087 

bone development at, 193 
digestive system after, 899 
heart after, 686-687, 1080/, 1087 
heart before, 685-686, 686/, 1079, 
1080/ 

oxytocin in labor and, 11, 599, 

602£, 1085, 1085/ 

Birth eanal, 1040. See also Vagina 
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Birth eontrol, 1090-109 ìb 
Birth eontrol pill, 1090fi 
2,3-Bisphosphoglyeerate (BPG), 

hemoglobin saturation 
affeeted by, 828-829 
Bisphosphonates, for osteoporosis, 

193 

Bitter taste, 569 
Black-and-blue marks, 157 
Blaekhead, 162 

Blaek patients, siekle-eell anemia in, 

639 

Bladder. See IJrinary bladder 
Bladder eaneer, 988 
Blanehing, 156 

Blast eells, 128,129f. See also speeifie 

type 

Blastoeyst, 1067, 1071/ 
formation of, 1067, 1071/ 
implantation of, 1067-1071, 

1071/, 1072/ 

Blastomeres, 1067 

Bleaehing of the pigment, 560-561, 

560/, 563 

Bleeding disorders, 650-651, 650 
anemia and, 638 
Blepharitis, 590 
Blindness, 436, 565 
eolor, 559 
hmetional, 436 
night, 563, 912 1 

optie nerve damage causing, 494 1 
traehoma causing, 590 
Blind spot (optie dise), 548/, 551, 551/ 
Blinking, 546 
Blister(s), 155, 166,166/ 

Blood, 129f, 136, 137/, 631-656. See 

also Blood eells; Plasma 
ease study and, 65 Ib 
eomponents of, 632, 632/ 
developmental aspeets of, 654 
distribution functions of, 632 
formed elements of, 632, 632/, 
634-636, 634/, 641/, 644í. See 
also Blood eells 

gas transport by, 635, 716, 716/, 
802, 828-832, 830-831/, 832/, 
833/ 

hemostasis and, 646-651, 646/, 

64 7t, 648/, 649/ 

pH of, 40/, 41, 632, 1004. See also 
Aeid-base balanee; pH, of 
blood 

physieal eharaeteristies of, 632 
proteetive hmetions of, 633 
regulatory functions of, 632-633 
transfusion/replaeement of, 
651-653 

blood groups and, 651-652, 
652 1, 653/ 

Blood air barrier (respiratory 

membrane) See Respiratory 
membrane 

Blood brain barrier, 462, 697 
Blood buffers, aeid-base balanee and, 

41. See also Buffers 
Blood eells, 136, 137/, 632, 632/, 

634-636, 634/, 641/, 644 1 . See 
also speeifie type 
formation of (hematopoiesis/ 
hemopoiesis), 177, 636, 654. 
See also Hematopoiesis 


Blood ehemistry tests, 654, 657 
diagnostie, 653-654 
for genetie sereening, 1103 
Blood elot (fibrin mesh), 142, 143/, 

646/, 647, 648-649, 648/, 

649/. See also Fibrin mesh; 
Coagulation 
Blood doping, 640 
Blood flow (blood circulation), 701. 

See also speeifie organ 
autoregulation of, 712-713, 714/ 
distribution of, 712, 712/ 
pressure/resistance relationship 
and, 702 

through body tissues (tissue 
perfusion), 711-717, 712/, 

714/, 716/, 718-719/, 720/ 
veloeity of, 712, 712/ 

Blood fraetion, 657 
Blood glucose. See Glucose 
Blood groups, 651-652, 652/, 653/ 
multiple-allele inheritanee and, 
1100, 1100 / 

transplantation and, 790 
typing and, 653, 653/ 

Blood islands, 654, 745 

Bloodless MRI, 17 b 

Blood plasma, 129/, 136, 137/, 632, 

632/, 633, 633/, 991, 991/. See 
also Plasma 

Blood poisoning (septieemia), 657 
Blood pressure, 701-702 
age affeeting, 745 
aldosterone regulation and, 613/, 
707/, 708/, 709-710, 972, 
999-1000, 1000/, 1002/ 
arterial, 703, 703/ 
autonomic nervous system in 
regulation of, 536, 539 
eapillary, 703, 703/ 
flow/resistance relationship and, 
702, 704, 705-707, 705/, 706/, 
709/ 

glomemlar filtration rate and, 968 
homeostatie imbalanees in, 710- 
711. See also Hypertension; 
Hypotension 

hormonal eontrol of, 707,707/, 708/ 
measuring, 710 

neural eontrol of, 705-707, 705 f 
706/ 

normal, 703, 710 
pregnaney and, 1083, 1085 
regulation/maintenance of, 

704-711, 705/, 706/, 707/, 708/, 
709/, 1002/ 

long-term, 704, 708-710, 708/, 
709/ 

short-term, 704, 705-707, 

705/, 706/, 707/ 

renal regulation of, 708-710, 708/, 
709/, 1002/ 

systemie, 702-704, 703/, 704/ 
thirst meehanism and, 994-995, 
994/ 

thyroid hormone affeeting, 607 
venous, 703-704, 703/, 704/ 
varieose veins and, 699 
Blood pressure cuff, 710 
Blood reservoir 
skin as, 163 
veins as, 699, 699/ 


Blood sinusoids/sinusoidal 

eapillaries, 636, 695/, 697, 697/ 
endometrial, 1039,1039/ 
in liver, 878, 880/ 
in splenie pulp, 757/, 758 
Blood sugar. See Glucose 
Blood supply. See speeifie organ or 

system and Blood vessels; 
Circulation 

Blood testis barrier, 1032 
Blood tests. See Blood ehemistry tests 
Blood thymus barrier, 758 
Blood typing, 653, 653/ 

Blood vessels, 692-750, 694/, 695/, 

696/. See also speeifie type and 
Circulation 

anatomy of, 693, 694/, 695/, 696/ 
atheroselerosis affeeting, 700- 
701 b, 745 

autonomic innervation/effeets 
and, 526, 526/, 530/, 532/, 
536-537, 536/ 
ease study and, 746 b 
circulation physiology and, 
701-717,718-719/720/ 
circulatory pathways and, 

721-745 

elot in (thrombus), 650 
eongenital disorders of, 745 
eonstrietion of, 693, 714/. See also 
Vasoeonstrietion 
developmental aspeets of, 745 
diameter of, resistanee and, 702, 
709/ 

dilation of, 693, 714/ See also 
Vasodilation 

embolus/embolism and, 650 
pulmonary, 650, 848 
intereonneetions (anastomoses) 
of, 695/, 699 

length of, resistanee and, 702, 709/ 
structure of walls of, 693, 694/ 
tunics of, 693, 694/ 

Blood viseosity, 702 
Blood volume, 632 

aldosterone regulation and, 613/, 
972, 999-1000, 1000/, 1002/ 
blood pressure and, 704, 708-710, 
708/, 709/, 1002/ 
pregnaney and, 1083 
reduced, hypovolemie shoek and, 
717, 720/, 967 

thirst meehanism and, 994-995, 
994/ 

Blue eones, 554/, 559 
B lymphoeytes (B eells), 642, 643/, 

754, 775, 777, 779/, 791/, 792/ 
aetivation/differentiation of, 778, 
778/, 791/ 

helper T eells in, 788, 788/ 
antigen presentation by, 777 
elonal deletion and, 776 
elonal seleetion of, 778/, 779 
in humoral (antibody-mediated) 
imrrnme response, 765/, 

779/, 791/, 792/. See also 
Humoral (antibody-mediated) 
immmhty 

memory, 777, 778/, 791/ 

T eell interaetion and, 777 
B lymphoeyte precursor, 643/, 644 
BMI. See Body mass index 


BMR. See Basal metabolie rate 
Body 
ofbone 

of ilium, 234, 236/ 
of ischium, 235, 236/ 
of mandible, 211,211/ 
of pubis, 235, 236/ 
of sphenoid bone, 209, 209/ 
of sternum, 225,225/ 
of vertebra, 219/, 220 , 220/, 
223/ 

of elitoris, 1040/, 1041 
of epididymis, 1021/, 1024 
ofnail, 160, 160/ 
ofpenis, 1022, 1023/ 
of stomaeh, 865/, 866 
ofuterus, 1037/, 1038 
Body eavities, 14-20,18/, 19/, 20/ 
Body defenses. See also Immune 

system 

adaptive, 765, 765/, 773-796, 

791/, 792/ 

innate, 764, 765-773, 765/, 770/, 
791/. See also Innate defenses 
Body flmds, 110, 991-993, 991/, 992/, 

993/ 

Body mass index (BMI), 939 
Body movements, 9/, 256-258, 

256-257/ 

Body planes/seetions, 14,15/ 

Body position, rmiseles in 

maintenanee of, 277 
Body proportions, skeletal growth 

and, 244, 245/ 

Body regions, anatomieal terms 

deseribing, 13, 13/ 

Body surface area, basal metabolie 

rate and, 941 
Body temperature 

metabolie rate and, 941 
normal, 8, 944 

as survival need, 8 
regulation of, 9, 10/, 944-948, 
944/, 945/, 946/ 
energy eonversions and, 

24-25 

heat generation by muscles 
and, 278, 301,944 
hypothalamus in, 442 
skin in, 163, 715 
sympathetie nervous system 
and, 537 

thyroid hormone/thyroxine 
in, 607, 607/ 

Body tissues. See Tissue(s) 

Body water, 991, 991/ See also Water 

balanee 

developmental ehanges in, 1012 
pregnaney and, 1083 
Body weight. See also Obesity 
regulation of, 939-941, 940/, 
942-943 

Bohr effeet, 829, 832, 832/ 

Boils, 171 

Bolus (food), 857 

Bonds. See Chemical bonds 

Bone(s)/skeletal tissue, 129/, 136, 

137/, 173-198. See also speeifie 
named bone and Skeletal 
system; Skeleton 
aging affeeting, 193-194 
appositional growth of, 186, 186/ 
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Bone(s)/skeletal tissue, (eontd.) 
in ealemm regulation, 1003 
ease study and, 19 Sb, 24 Sb 
ehemieal eomposition of, 182-183 
elassifieation of, 174-176, 175/ 
eompaet, 129f, 177,177/, 178/ 
developmental aspeets of, 
183-187, 184/, 185/, 186/, 
193-194, 194/ 
flat, 176, 176/, 177, 177/ 
formation of, 183-187, 184/, 185/, 
186/ 

fracture of, 190í 

in osteoporosis, 245 
pathologie, 198 
repair and, 191-192, 191/ 
fimetions of, 176-177 
growth of 

hormonal regulation of, 
186-187 

postnatal, 185-187, 186/ 
homeostasis (remodeling/repair) 
of, 187-192, 188/, 191/ See 
also Bone remodeling; Bone 
repair 

homeostatie imbalanees of, 
192-193, 192/ 

homeostatie relationships and, 

195 b 

hormones produced by, 177, 622/, 
623 

irregular, 176, 176/, 177 
long, 175, 176/, 177-179, 178/ 
endoehondral ossifieation in, 
183,183-185, 184/ 
postnatal growth of, 185-187, 
186/ 

longitudinal growth of, 185-186, 
186/ 

meehanieal stress affeeting, 188, 
189/ 

membrane, 183 
muscle relationships and (lever 
systems), 323-324, 323-324/, 
325/ 

osteoporotie, 192-193,192/, 245 
Pagetie, 193 

parathyroid hormone affeeting, 
188, 188/611,611/ 
sesamoid, 175-176 
short, 175-176, 176/, 177 
spongy, 129/, 177, 177/, 178/ 
structure of, 177-183 

gross anatomy, 177-179, 177/, 
178/, 180/ 

mieroseopie anatomy, 179- 
182, 179/, 181/, 182/ 
surface markings of (bone 
markings), 179,180/ 
thyroid hormone affeeting, 607, 
607/ 

woven, 185/ 

Bone eells, 129/, 179-181, 179/ See 

also Osteoblasts; Osteoelasts; 
Osteoeytes 

Bone eollar, in endoehondral 

ossifieation, 183, 184/ 

Bone density 

aging/osteoporosis and, 192-193, 
192/, 194 

genetie faetors and, 193-194 
leptin affeeting, 188 


Bone deposit, 187 
in osteoporosis, 192 
Bone lining eells, 181 
Bone markings, 179, 180/ 

Bone marrow 

B eell maturation in, 776 
eaneer of (leukemia), 645 
hematopoiesis in, 177, 636, 654 
red, 179, 636 

stimulation of, in joint therapy, 
271b 

yellow, 178, 178/, 179 
Bone marrow biopsy, 657 
Bone mass, aging/osteoporosis 

affeeting, 192, 192/, 194, 245 
Bone matrix, 177,179, 181, 185/ 

Bone remodeling, 186/, 187-191, 

189/, 188/, 191/ 

in longitudinal bone growth, 185, 
186/ 

Bone repair, 191-192, 191/ 

Bone resorption, 187, 192 

Bone (osseous) tissue, 129/, 136, 137/ 

See also Bone(s) 

Bony ealfiis, in bone repair, 191, 191/ 
Bony (osseous) labyrinth, 573, 576/ 
Bony pelvis, 238 

Bony skeleton, formation of, 183- 

187,184/, 185/, 186/ 

Bony spur, 197 

Bony thorax (thoraeie eage), 200/, 

224-227, 225/, 226/ 

Booster shots, vaeeine, 780 
Boundary maintenanee, 5 
epithelia in, 118 
plasma membrane in, 5 
skin in, 5, 5/, 6/, 118, 162-163 
Bowman’s (glomemlar) capsule, 

958-960,958, 959/, 961/ 
Boyle’s law, 817 

BPG, hemoglobin saturation affeeted 

by, 828-829 

Braehial artery, 725/, 728/, 728/, 729/ 
pulse at, 710/, 728/ 

Braehialis muscle, 326/, 327/, 351- 

352/, 353/, 358/, 359/ 

Braehial plexus, 501/, 504/, 505-506, 

505/ 

Braehial vein, 737/, 740-741/, 740/ 
Braehioeephalie tmnk (artery), 663/, 

724/, 724/, 725/, 726/, 727/, 
728/, 729/ 

Braehioeephalie veins, 736-737/, 

736/, 738-739/, 740-741/, 

740/ 

Braehioradialis muscle, 326/, 327/, 

351/353/, 355/358/ 
Braehmm. See Arm 
Braehytherapy, for atheroselerosis, 

701^ 

Bradyeardia, 684-685 
Bradykinin, 715, 770/ 

Brain, 387, 388/, 429-452. See also 

speeifie part 

arterial supply of, 726/, 727/ 
degenerative disease of, 463-464 
developmental aspeets/ 

embryology of, 429-430,429/, 
430/, 475-477, 1077, 1078/ 
fimetional systems of, 449-451, 
450-451/ 

gray and white matter of, 393,430 


brain stem gray matter, 443 
brain stem white matter, 443 
eerebellar gray matter, 447. 

See also Cerebellar cortex 
eerebellar white matter, 447 
eerebral gray matter, 438/, 
450/. See also Cerebral 
cortex 

eerebral white matter, 431, 
437, 438/, 439/ 
higher mental fimetions and, 
452-458 

homeostatie imbalanees/ 
dysfimetion of, 462-464, 
474-475 

inflammation of (eneephalitis), 
460 

perfiision (blood flow) of, 712, 
712/714-715 
proteetion of, 458-462 
regeneration and, 492 
regions/organization of, 429/, 

430,430/ 

swelling of (eerebral edema), 463 
traumatic injury of, 462-463 
veins of, 721, 738-739/, 738/ 
ventrieles of, 429,429/, 430,431/ 
Brain death, 452,454 
Brain-derived neurotrophic faetor 

(BDNF), in memory, 458 
Brain stem, 429,430/, 443-447,443/, 

444-445/, 446/, 451/ 
autonomic regulation by, 538, 
538/ 

development of, 429,429/ 

Brain vesieles, 1077 
primary, 429, 429/ 
seeondary, 429,429/ 

Brain waves, 452-453,453/ 

Branehial groove (pharyngeal eleft), 

585 

Braxton Hieks eontraetions, 1085 
BRCA1/BRCA2 genes, 1042 
Breast(s) (mammary glands), 161, 

1041-1043, 1042/, 1043/ See 
also Mammary glands 
Breast eaneer, 1042-1043 
Breast feeding. See Laetation 
Breast milk, benefits of, 1088 
Breathing, 802, 816, 817-820, 818/, 

819/ See also Respiration 
altitude affeeting, 838-839 
apneustic, 834 
eessation of. See Apnea 
Cheyne-Stokes, 848 
exercise affeeting, 838 
expiration and, 802, 818/819- 
820, 819/ 

immediately after birth, 841-842 
inspiration and, 802, 818-819, 
818/819/ 

meehanies of, 816-823, 817/, 818/, 
819/, 820/, 823/, 823/ 
muscles of, 340/, 341/, 818/819 
neural eontrol of, 834-835, 834/, 
835/ 

physieal faetors influencing, 
820-821,820/ 
rate and depth of, faetors 

affeeting, 835-838, 835/, 836/, 
837/ 

Breeeh presentation, 1086 


Bridge of nose, 212, 803, 803/ 

Brittle bone disease (osteogenesis 

imperfeeta), 149,198 
Broad ligament, 1036,1037/ 

Broea s area, 433-435,434/, 455 
language and, 455,456 
Bronehi/bronehial tree, 805/, 809- 

812,810,811/812/815/ 
airway resistanee in, 820, 820/ 
Bronehial arteries, 729/, 816 
Bronehial circulation, 816 
Bronehial veins, 741/, 816 
Bronehioles, 810 

earbon dkrnde partial pressures 
affeeting, 826, 827, 827/ 
respiratory, 811, 812/, 813/ 
terminal, 810, 812/, 813/ 
Bronehitis, ehronie, 839/, 840 
Bronehomediastinal tmnks, 753, 753/ 
Bronchopulmonary dysplasia, 821 
Bronchopulmonary segments, 815, 

815/ 

Bronehoseopy, 848 
Bronchus. See Bronehi 
Bronzing of skin, 157 
Brown fat (brown adipose tissue), 

130, 947 

Browning reaetions, 948 
Brows (eyebrows), 545, 545/ 

Bmises, 157 

Bmsh border, 118, 876/, 877, 877/. 

See also Mierovilli 
of proximal convoluted tubule, 
960, 960/ 

Bmsh border enzymes, 877, 893/, 

894/, 895 
Bruxism, 904 
Buboes, 756 

Buccal braneh of faeial nerve, 497/, 

498/ 

Buccal eavity, 856. See also Mouth 
Buccal glands (intrinsie salivary 

glands), 858 

Buccal phase of swallowing, 863, 

864/, 885/ 

Buccinator muscle, 330/, 331/, 332/, 

333/, 856 

Buffers, in aeid-base balanee, 41 
ehemieal, 41,1004-1006, 1005/ 
physiologieal, 41 
Buffy eoat, 632, 632/ 

Bulb(s) 

olfaetory, 566/, 567 
of penis, 1019/, 1023, 1023/ 
ofvestibule, 1040/, 1041 
Bulbar conjunctiva, 545/, 546 
Bulbospongiosus muscle, 344/, 345/ 
Bulbo-urethral glands, 1019, 1019/, 

1023/, 1026, 1056/ 

Bulbous corpuscles (Ruífini endings), 

486/, 487 

Bulbus eordis, 686, 686/ 

Bulimia, 904-905 
Bulkflow, 716-717, 718-719/ 

Bundle branehes, 675/, 676 
Bundle of His (atrioventricular 

bundle), 675, 675/ 

Bundles, eardiae muscle, 661, 661/ 
Burn(s), 165-167, 165/, 166/ 

Burn blister, 155, 166, 166/ 

Bursae, 153/, 253 
Bursitis, 270 
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C. See Carbon 
Ca. See Calcium 
Cadherins, 66, 67/, 80 
Café eoronary, 809 
Cajal, interstitial eells of, 873 
Calcaneal nerve, 509í 
Calcaneal (Aehilles) tendon, 242, 327/ 
rupture of, 384 

Calcaneal tuberosity, 241/, 242 
Calcaneus, 241/, 242, 243 1 
Calcarine sulcus, 434/, 436 
Calcification 
eartilage, 174 
metastatie, 611 
trigger for, 187 
Calcification front, 187 
Calcification zone (epiphyseal plate), 

185,186/ 

Calcitonin, 187, 607, 610 
Calcitriol, 623 

parathyroid hormone and, 611 
Calcium, 8, 261, 913, 915í 
absorption of, 898, 1003 
balanee of 

abnormalities of, 188, 998í. 

See also Hyperealeemia; 
Hypoealeemia 
developmental aspeets of, 

1012 

regulation of, 1003-1004 
in blood elotting, 647í, 648, 648/ 
in bone matrix/tissue, 136,183 
in bone remodeling, 187, 188, 

188/ 

ealeitonin and, 610 
eardiae fimetion affeeted by, 683, 
683/, 684 

eross bridge aetivity and, 289, 

292/ 

defieieney of, 915f 

osteomalaeia and riekets and, 
192 

dietary, 913, 915 1 
information transfer at ehemieal 
synapse and, 408-410,409/ 
in muscle eontraetion, 28 7f, 289, 

31 ìt 

eardiae muscle, 31 lí, 673, 673/ 
excitation-contraction 
coupling and, 286/, 289, 
291/, 307, 308/ 

smooth muscle, 307, 308/ 311 1 
for osteoporosis, 193 
parathyroid hormone relationship 
and, 188,188/, 596, 597/, 611, 
611/898,1003-1004 
in plasma/interstitial fhiid/ 
intracellular fluid, 992/ 
as seeond messenger, 81, 421 
in taste transduction, 569 
tubular reabsorption of, 1003- 
1004 

vitamin D in regulation of, 898 
Calcium ehannels 

in eardiae muscle eontraetion, 

673, 673/, 674/, 675 
information transfer at ehemieal 
synapse and, 408,409/ 
male infertility and, 1033 
in skeletal muscle eontraetion, 
287/, 289 

in smooth muscle eontraetion, 306 


Calculus (dental), 861 
Callus, 152 

in bone repair 
bony, 191, 191/ 
fibrocartilaginous, 191, 191/ 
Calmodulin, 307, 308/, 31 lí, 595 
Calories, 907 

protein synthesis and, 910 
Calorigenic effeet, of thyroid 

hormone, 607 
Calorimeter, 941 
Calvaria (eranial vault), 201 
Calyces (calyx), renal (major and 

minor), 956, 957/ 
eAMP. See Cyclic AMP 
eAMP response-element binding 

protein (CREB), in memory, 
458 

Canal(s), bone, 181,181/, 182/ 
Canaliculi 

bile, 880/, 881 
bone, 181, 182/ 
laerimal, 546, 546/ 

Cancellous bone. See Spongy bone 
Cancer, 145-146fi See also speeifie 

type or organ affeeted 
aging and, 146 

basement membrane ignored in, 
118 

glycocalyx ehanges in, 66 
sentinel nodes in, 763 
Cancer ehemotherapy, Ì46b 
Cancer vaeeine, I46b 
Canines (eyeteeth), 860, 860/ 
Cannabinoid reeeptors, 417 
Cannon, Walter, 8 
Canthi/canthus, medial and lateral, 

545, 545/ 

Capacitance vessels, veins as, 695/, 

699 

Capacitation, 1066 

Capillaries. See also speeifie organ or 

structure supplied 
blood, 693, 694/, 695/, 696-698, 
6961, 697/, 698/ 
blood flow through/capillary 
dynamies, 716-717, 716/, 
718-719/, 720/ 
blood flow veloeity and, 712, 
712/ 

blood pressure in, 703, 703/ 
blood vohime in, 699/ 
in tissue repair, 142 
tme, 698, 698/ 

lymphatie, 695/, 752-753, 752/ 
Capillary beds, 698, 698/ 
nephron, 961/, 962 
Capillary blood pressure, 703, 703/ 
Capillary eolloid osmotie pressure 

(OP/oncotic pressure), 717, 
718-719/ 

Capillary gas exchange, 716, 716/, 

811,813/ 

Capillary hydrostatie pressure (HP c ), 

716,718-719/ 

Capillary plexus, primary and 

seeondary, 599, 601/ 
Capillary pores (fenestrations), 697, 

697/ 

glomemlar, 958, 964/, 965 
Capitate, 232/, 2331, 234 
Capitulum, 230, 230/ 


Capsular ligaments, of synovial joints, 

252 

Capsular spaee, 960 

eolloid osmotie pressure in, 965 
hydrostatie pressure in, 965/, 966 
Capsule. See speeifiie type 
Capsule imaging, \7b 
Caput medusae, 881 
Carbaminohemoglobin, 635, 829, 

833/ 

Carbohydrate(s), 8,43,44/, 908, 9091 
absorption of, 893/, 896, 897/ 
in absorptive state, 931/, 932 
athletes and, 925 
digestion of, 892-894, 893/ 
intereonversion of, 930-931, 930/ 
metabolism of, 914/, 917-928, 
917/9291 

ghieoneogenesis in, 614, 618, 
925,9291 

ghieose oxidation in, 917/, 
918-924, 920/, 921/, 922/, 
923/, 924/ 
glyeogenesis and 

glyeogenolysis in, 924- 
925, 925/, 9291, 933, 934/ 
liver in, 933, 934/, 9371 
thyroid hormone affeeting, 
6071 

supply of (earbohydrate pool), 
930-931,930/ 

Carbohydrate pool, 930-931, 930/ 
Carbon, 25, 261 

as ehemieally reaetive element, 

31 / 

electroneutrality of, 42 
isotopes of, 28 

in organie compounds, 41-42 
Carbon dioxide, 34, 34/ 

aeid-base balanee/blood pH and, 
832, 1006, 1009, 10101, 1011^ 
respiratory eompensations 
and, 832, 837, 1006, 
1011-1012 

tubular seeretion of hydrogen 
and, 1007, 1007/ 
in blood, erythroeytes earrying, 
635, 829 

exchange of, 802, 811, 813/, 825- 
827, 826/, 827/ 

partial pressure of (Pco 2 ), 824, 

8251 

in aeidosis/alkalosis, 832, 

1006,1009,10101,1011 b 
alveolar, 825, 8251 
external respiration 

(pulmonary gas exchange) 
and, 826, 8261 
hemoglobin saturation 

affeeted by, 828-829, 832/ 
internal respiration and, 826/, 
827 

normal, 1011 b 

respiratory rate/depth affeeted 
by, 835-836, 836/, 837, 
1006 

transport and, 829, 832, 833/ 
ventilation affeeted by, 827, 
827/ 

sohibility of, 824 
transport of, 635, 829-832, 833/ 
Carbonic aeid, 39 


in aeid-base balanee, 1005, 1006, 
1007,1007/ 

Carbonic aeid-biearbonate buffer 

system, 41, 832,1005. See also 
Biearbonate/earbonie aeid- 
biearbonate buffer system 
Carbonic anhydrase, 829, 833 f, 1007, 

1007/ 

Carbon monoxide (CO), 4161, 417 
Carbon monoxide poisoning, 829 
Carboxypeptidase, 883, 883/, 893/, 

894/, 895 
Carbuncles, 171 

Carcinoembryonic antigen, in eaneer 

vaeeine, 14 6b 
Carcinogenesis, 145 b, 146 
Carcinoma, 149. See also Cancer 
Cardia (eardial region of stomaeh), 

865, 865/ 

Cardiac eatheterization, 690 
Cardiac eenter, medullary, 447, 538, 

676-677, 677/, 705 
Cardiac conduction system. See 

Conduction system of heart 
Cardiac eyele, 679-681, 680/ 

Cardiac impression, 814/ 

Cardiac muscle/cardiac muscle tissue, 

138, 139/277,310-3111, 
671-673, 672/, 673/ See also 
Heart 

aging affeeting, 687 
eontraetion of, 3111, 671-673, 
673/ 

eleetrieal events and, 674-678, 
674/, 675/, 677/, 678/, 679/ 
development of, 312-315 
energy requirements of, 673-674 
homeostatie imbalanee and, 674 
length-tension relationship in, 

682 

Cardiac muscle bundles, 661, 661/ 
Cardiac muscle eells/fibers, 138,139/, 

3101, 671-673, 672/, 673/ See 
also Cardiac muscle/cardiac 
muscle tissue 
Cardiac noteh, 814/815 
Cardiac output, 681-685, 682/, 683/, 

701,704, 705/ 

blood pressure and, 704, 705/, 

706, 706/, 709/ 

homeostatie imbalanee of, 685 
pregnaney and, 1083 
Cardiac paeemaker eells, 3111, 674 
aetion potential initiation and, 

674- 675, 674/ 
defeets in, 676 
sequence of excitation and, 

675- 676, 675/ 

Cardiac plexus, 528, 532/ 

Cardiac reserve, 682 

aging affeeting, 687 
Cardiac skeleton, 661, 666/, 671, 675 
Cardiac (gastroesophageal) sphineter, 

862 

Cardiac tamponade, 661 
Cardiac veins, 663-664/, 670, 670/, 

737/ 

Cardial orifiee, 862 

Cardial region of stomaeh (eardia), 

865, 865/ 

Cardinal (lateral eervieal) ligaments, 

1037/, 1038 
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Cardioacceleratory eenter, 676, 677/, 

704, 705, 706, 706/, 709/ 
Cardiogenic shoek, 717 
Cardioinhibitory eenter, 676-677, 

677/, 705, 706, 706/ 
Cardiomyopathy, 685,690 
Cardiovascular eenter, 447,705, 706, 

706/ 

Cardiovascular system, 5/, 6/ See 

also Blood; Blood vessels; 
Circulation; Heart 
autonomic nervous system and, 
540 b, 74 6b 

blood vessels, 692-750, 694/, 695/, 
696/ 

ease study and, 750 b 
digestive system and, 746b, 900 b 
endoerine system and, 62 6b, 74 6b 
fetal (fetal circulation), 745, 1074/, 
1079-1081,1080/ 
ehanges in at birth, 1080/, 

1087 

heart, 658-691, 659 
homeostatie relationships of, 5 f 
746b 

integumentary system and, 1 68b, 
146b 

lymphatie system and, 746b, 76lb 
muscular system and, 314b, 746b 
physiology/functions of, 2, 6/ 
pregnaney and, 1083 
reproductive system and, 746 b, 
105 % 

respiratory system and, 746fr, 

843 b 

skeletal system and, 195 b, 746b 
thyroid hormone affeeting, 607í 
urinary system and, 746b, 1013 b 
Caries, dental (eavities), 861 
Carina, 802/, 809 
Carotene, 156, 911 

Carotid arteries, 724/, 724t, 725/, 726/, 

727/ 

atheroselerosis affeeting, 700- 
701 b 

eommon, 724/, 724/, 725/, 726/, 
726/, 728/, 729/ 
pulse at, 710/ 

external, 725/, 726/, 726/, 727f 
internal, 725/, 726/, 726/, 727/ 
Carotid bodies, 707, 726/, 836, 836/, 

837/ 

Carotid eanal, 206/, 208, 216/ 

Carotid sinuses, 706, 706/, 726/ 
Carotid sinus reflex, 707 
Carpal bones/carpus (wrist), 200/, 

232-234, 232/, 233/ 
muscles of, 354-357/, 355/, 357/, 
358/, 359/ 

Carpal tunnel, 234 
Carpal tunnel syndrome, 234, 506 
Carpometacarpal joint 
of digits, 254/ 
of thumb, 254/ 

Carpus (wrist) 

bones of (earpals), 200/, 232-234, 
232/, 233/ 

muscles of, 354-357/, 355/, 357/, 
358/, 359/ 

Carrier-mediated faeilitated diffusion, 

69, 69/, 72/ 

Carriers (genetie), 1100, 1103, 1104/ 


Carriers (protein), 65, 66/, 69 
in aetive transport, 73 
in diffusion, 69, 69/, 72/ 

CART. See Cocaine- and 

amphetamine - r egulated 
transeript 

Cartilage(s), 129/, 132-134, 135-136/ 

See also speeifie type 
elastie, 129/, 134, 135/, 174, 175/ 
in endoehondral ossifieation, 183, 
184/ 

fibroeartilage, 129/, 136/ 143, 

174, 175/ 
growth of, 174 

hyaline, 129/, 134,135/, 174,175/ 
injury/repair of, 134, 269, 269/ 
in longitudinal bone growth, 185, 
186/ 

skeletal, 174, 175/ 

Cartilage (endoehondral) bones, 183 
Cartilage plates, bronehial, 811 
Cartilage tears, 269, 269/ 
Cartilaginous joints, 251-252, 251/, 

253/ 

Cascades, positive feedbaek 

meehanisms as, 10 
Case study 

autonomic nervous system, 543 b 
blood, 65 7b 

bones/skeletal tissue, 19%, 24% 
cardiovascular system 
blood vessels, 750 b 
heart, 691 b 

eentral nervous system, 482 b 
digestive system, 905 b 
endoerine system, 630 b 
heredity, 1107 b 
integumentary system, 172 b 
joints, 275 b 

lymphatie system/immunity, 761 b 
muscular system, 31%, 3S5b 
nervous system, 427b 
nutrition/metabolism, 953 b 
pregnaney, 1094fr 
reproductive system, 1063 b 
respiratory system, 84% 
speeial senses, 590 b 
urinary system, 989 b 
Caspases, in apoptosis, 110 
Catabolic-anabolic steady state, 

930-931,930/ 

Catabolism, 5, 36, 913-914, 914/ See 

also Digestion 

postabsorptive state and, 933- 
935, 934/, 935/ 

Catalase(s), 86 

Catalysts, 38, 50, 51-52, 52-53, 52/ 

See also Enzymes 
Catalytic reeeptor proteins, 81 
Cataplexy, 455 
Cataract, 553, 553/ 

Catecholamines, 414, 615, 616, 616/, 

617/ 

Cathelicidins, 162 
Catheter, urinary, 982 
Catheterization, eardiae, 690 
Cation(s), 32 

resting membrane potential and, 
397, 398/ 

Cauda equina, 465/, 466, 501/ 

Caudal (term), 12/. See also under 

Inferior 


Caudate lobe, of liver, 878, 879/ 
Caudate nucleus, 438/, 439,439/ 
Caveolae, 76, 78/, 306 

in smooth muscle, 306, 307/, 310/ 
Caveolin, 78/ 

Cavernous sinuses, 738-739/, 738/ 
Cavities (body), 14-20, 18/, 19/, 20/ 
Cavities (dental), 861 
C (parafolliailar) eells, 606/, 607,610 
CD4 eells, 784, 785/, 787/, 791/ See 

also Helper T eells 
HIV infeetion/AIDS and, 793 
MHC antigen presentation and, 
784-785, 785/, 791/ 

MHC restrietion and, 785-786 
CD8 eells, 784, 785/, 791/ See also 

Cytotoxic T eells 
helper T eells in aetivation of, 

788, 788/ 

MHC antigen presentation and, 
784, 785/, 791/ 

MHC restrietion and, 785-786 
Cdks (eyelin-dependent kinases), 99 
Cecum, 850/, 887, 888/ 

Celiac disease (gluten-sensitive 

enteropathy), 898 
Celiac ganglion/plexus, 528/, 529, 

531, 532/ 

Celiac tmnk, 725/, 730-733/, 731/ 
branehes of, 730/, 731/ 

Cell(s), 3,4/, 61-115, 62/, 63/, 94-96/. 

See also under Cellular 
aging of, 111 

in eonneetive tissue, 128-129, 
128/, 129/ 

eytoplasm of, 62, 64 f, 81-91, 

94- 95/ 

death of, programmed. See 
Apoptosis 

developmental aspeets of, 

110-111 

differentiation of, 110 
diversity/speeialization of, 62, 

62/ 

division of. See Cell division 
environmental interaetions with, 
80-81,82/ 

extracellular materials and, 110 
generalized/eomposite, 62, 63/ 
growth/reproduction of, 7, 8, 
96-110 

eell eyele and, 96-99, 97/, 98/, 
100 - 101 / 

miscellaneous DNA roles and, 
105-109 

organelle and eytosolie 
protein degradation and, 
109-110 

protein synthesis and, 99-105, 
102/, 103/, 104/, 106-107/, 
108/ 109/ 

membrane of, 62,63-81, 63/, 

64/, 94/. See also Plasma 
membrane 

nucleus of, 62, 63/, 91-96, 92/, 93/, 

95- 96/ 

polarity of, resting membrane 
potential and, 79, 397, 398/ 
Cell adhesion molecules (CAMs), 

127, 80, 640 
nerve eell, 423 

in phagoeyte mobilization, 769 


Cell body 

neuron, 390, 391/, 394/ 
rod and eone, 557, 558/ 

Cell-cell reeognition, glycocalyx in, 

66 , 66 / 

Cell eenter. See Centrosome 
Cell eyele, 96-99, 97/, 98/, 100-101/ 
eell division, 96, 97/, 98-99 
eytokinesis, 97/, 98, 101 f 1030/ 
DNA replieation, 97, 97/, 98/ 
interphase, 96, 96-97, 97/, 98/, 
100/, 1030/ 

mitosis, 97/ 98,100-101/ 1027, 
1028/ 

Cell death, programmed. See 

Apoptosis 

Cell differentiation glyeoproteins, 784 
Cell division, 96, 97/, 98-99. See also 

Cytokinesis; Mitosis 
in eaneer, 145 b 
eontrol of, 99 
modified rates of, 110 
reproduction/growth and, 7, 8, 

96, 97/, 98-99 

Cell junctions, 66-67, 67/, 118 
Cell lysis, in antibody meehanism of 

aetion, 782, 782/ 

Cell-mediated immunity. See Cellular 

(eell-mediated) immunity 
Cell membrane. See Plasma 

membrane 
Cell theory, 62 

Cellular extensions, 89-91,90/ 91/, 95/ 
Cellular (eell-mediated) immunity, 

765/, 773, 779/, 784-790, 785/, 
786/, 787/, 788/, 789/, 790/, 
791/, 792/ 

organ transplants/rejeetion 
prevention and, 790-792 
Cellular level, structural organization 

at, 3,4/ 

Cellular metabolism. See also 

Metabolism 

autonomic effeets and, 536/ 
Cellular organelles. See Organelles 
Cellular respiration, 5, 83, 299, 802, 

913,914,914/929/ 

ATP for muscle aetivity and, 
299-300, 299/300/311/ 
redox reaetions in, 37 
Cellular seeretions, 110 
Cellular trophoblast (eytotrophoblast), 

1070,1072/ 1073/ 

Cellulose, 43, 908 
Cement, 860/, 861 
Central artery 

of retina, 548/, 550/, 551, 551/ 
of spleen, 757/ 

Central (Haversian) eanal, 136, 137/, 

181, 182/ 

Central eanal of spinal eord, 429/, 

431/467/ 

Central ehemoreeeptors, 835, 835/, 

836, 836/, 837 

Central deafness, vestibulocochlear 

damage causing, 498/ 

Central nervous system, 387, 388/, 

428-482. See also Brain; 

Spinal eord 

autonomic nervous system 
regulated by, 538, 538/ 
brain, 429-464 
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ease study and, 482 b 
eongenital disorders and, 476 
developmental aspeets of, 
475-477, 475/, 476/ 
diagnostie procedures for 
dysfunction of, 474-475 
digestion/digestive system and, 
852, 853/ 

equilibrium and, 583, 583/ 
gender-speeifie differenees in, 475 
gray and white matter of, 393 
higher mental fimetions and, 
452-458 

homeostatie imbalanees of brain 
and,462-464 
myelination in, 393 
neuroglia (supporting eells) of, 
389-390, 389/ 

neuronal circuit types and, 421, 
422/ 

proteetion of brain and, 458-462 
regeneration and, 492 
spinal eord, 464-474 
Central pattern generators, 511-512, 

512/ 

Central proeess, 393, 394f 
Central sulcus, 431,432/, 434/ 

Central tendon of perineum, 344f, 

345/, 1041 

Central thermoreeeptors, 945 
Central vein 

of liver lobule, 878, 880/ 
of retina, 548/, 550/, 551, 551/ 
Centrioles, 63/, 89, 89/, 95/ 
in eell division, 89, 97, 100/ 
in eilia, 90, 90/ 

Centromere, 97, 100/ 
Centrosome/centrosome matrix, 63/, 

88, 89, 89/, 100/ 

Centrum (body) ofvertebra, 219/, 

220, 220/, 223f 

Cephalic (reflex) phase, of gastrie 

seeretion, 870, 871/ 

Cephalic vein, 737/, 740-741/, 740/ 
Cephalin, 4 6/ 

Cephalization, 428 
Cerebellar cortex, 447,448,448/ 
Cerebellar gray matter, 447 
Cerebellar hemispheres, 447 
Cerebellar peduncles, 444/, 445/, 447, 

448/ 

inferior, 444/, 445, 445/, 447, 448/ 
middle, 444/, 445,445/, 447,448/ 
superior, 443-445,444f, 445 f 
447, 448/ 

Cerebellar proeessing, 447-448 
Cerebellar white matter, 447 
Cerebellum, 429,430/, 447-449,448/, 

45 lf, 583 

development of, 429,429/, 430/ 
in equilibrium pathway, 583, 583/ 
in motor eontrol, 512, 512/ 
Cerebral angiogragraphy, 475 
Cerebral aqueduct, 429/, 430,431/, 

440/, 444 

Cerebral arterial eirele (eirele of 

Willis), 699, 726/, 727/, 727/ 
Cerebral arteries 

anterior, 726/, 726/, 727 f 
middle, 726/, 726f, 121 f 
posterior, 726/, 727/, 727 1 
stroke caused by bloekage of, 463 


Cerebral blood flow, 712, 712/, 

714-715 

Cerebral cortex, 431,431-437,433/, 

434/, 435/, 439/, 450/ 
assoeiation areas of, 432,434/ See 
also Assoeiation areas 
autonomic regulation by, 538, 
538/ 

lateralization and, 433,437 
motor areas of, 433-435,434 f 
435/ 

respiratory eontrol and, 835/, 837 
sensory areas of, 434/, 435-436, 
435/ 

sensory integration in, 487, 
488-489,488/ 

Cerebral dominanee, 437 
Cerebral edema, 463, 715 
Cerebral fissures, 431,432/ 

Cerebral gray matter, 438/, 450í. See 

also Cerebral cortex 
Cerebral hemispheres (eerebmm), 

429, 430-441, 430/, 431, 432/, 
450f 

development of, 429-430,429, 
429/, 430/ 

Cerebral palsy, 476 

Cerebral peduncles, 443,444/, 446/ 

Cerebral white matter, 431,437,438f, 

439/ 

Cerebrospinal fluid (CSF), 460-462, 

461/, 462/, 464 

Cerebrovascular aeeidents (strokes), 

463 

diagnosis of, 474-475 
Cerebrum (eerebral hemispheres), 

429, 430-441,430/, 431,432/, 
450/ 

development of, 429-430,429, 
429/, 430/ 

Cerumen (earwax), 161, 572 
Ceruminous glands, 161, 572 
Cervical braneh of faeial nerve, 497f, 

498í 

Cervical eanal, 1037/, 1038 
Cervical eaneer, 1038 
Cervical eap, for eontraeeption, 

1090 b 

Cervical curvature of spine, 218, 218/, 

244 

Cervical enlargement, 465/, 466, 

501/ 

Cervical flexure, 429,430/ 

Cervical ganglia, superior/middle/ 

inferior, 531, 532/ 

Cervical glands, 1038 

Cervical ligaments, lateral (eardinal), 

1037/, 1038 

Cervical lymph nodes, 753/ 

Cervical mucus, 1038, 1049, 1051 
Cervical nerves, 465/, 501, 501/, 

503-505, 503/, 503/ 

Cervical plexus, 501/, 503-505, 503/, 

503/ 

Cervical plug, 1051 

Cervical vertebrae, 218, 218/, 221, 

221/, 222/, 223/ 

Cervix, 1035/, 1037/, 1038 
eaneer of, 1038 

dilation of in labor, 1086, 1086/ 
Cesarean seetion (C-section), 1086 
C fibers, 489 


CFTR (eystie fibrosis transmembrane 

conductance regulator) 
protein, 842 
eGMP. See Cyclic GMP 
Chadwick’s sign, 1082 
Chain ganglia (sympathetie trunk/ 

paravertebral ganglia), 529- 
531,530/ 532/ 

Chalazion, 546 
Chancre, syphilitie, 1053 
Channel-linked (inotropie) reeeptors, 

420, 420/ 

Channel-mediated faeilitated 

difffision, 69, 69/, 12t 
Channels (protein), 65,69, 396-397, 

396/. See also speeifie type 
aetion potential and, 400-401, 
402-403/ 

ehannel-linked (inotropie) 
reeeptors and, 420,420/ 
difffision and, 69, 69/, 12t 
gated, 69,81,396-397, 396/ 
information transfer at ehemieal 
synapse and, 408,409/, 410 
leakage (nongated), 69, 396 
meehanieally gated, 396 
muscle eontraetion and, 287/, 288, 
288/, 289, 289/ 
eardiae muscle, 672-673, 

673/ 

Charley horse, 384 
Charnley, John, 21 ìb 
Checkpoints, in eell division, 97/, 99 
Cheekbones. See Zygomatie bones 
Cheeks, 856-857 
Chemical barriers, skin, 162, 765 
Chemical bonds, 30-35, 31, 31/, 32/, 

33/, 34/, 35/ See also speeifie 
type 

ehemieal reaetions and, 35, 36, 

36/, 37 

energy stored in, 24 
saerifieial, in bone, 183 
Chemical buffer systems, in aeid-base 

balanee, 41,1004-1006, 1005/ 
biearbonate/earbonie aeid- 

biearbonate buffer system, 41, 
832,1005 

biearbonate reabsorption and, 
1007,1007/ 

biearbonate regeneration and, 
1007-1008, 1008/, 1009/ 
phosphate buffer system, 1005, 
1008 

protein buffer system, 1005-1006 
Chemical digestion. See Digestion 
Chemical energy, 24 
Chemical equations, 35-36 
Chemical equilibrium, 37 
Chemical level, structural 

organization at, 3,4/ 
Chemically-gated (ligand-gated) 

ehannel(s), 396, 396/ 
muscle eontraetion and, 287/, 288, 
288/, 289 

Chemically gated ehannel-linked 

reeeptors, 81 

Chemical mediators, inflammatory, 

767, 768/, 770/ 

Chemical reaetions, 35-38, 36/ 
enzymes affeeting, 38, 51-52, 
52-53, 52/ 


Giemieal senses, 565-570, 584-585. 

See also Smell; Taste 
development of, 584-585 
homeostatie imbalanees of, 570 
Chemical signaling, 81, 82/ 
eell division eontrol and, 99 
Chemical synapses, 407-410,409/ 

See also Neurotransmitter(s) 
ehemieal (nonshivering) 

thermogenesis, 947 
ehemiosmotie proeesses/ 

ehemiosmosis, 917, 921/ 
metabolie poisons and, 923 
Chemistry, 23-38 

bonds and, 30-35, 31, 31/, 32/, 

33/, 34/, 35/ 

ehemieal reaetions and, 35-38, 36/ 
energy and, 24-25 
matter and, 24 

in eombination (molecules/ 
mixtures), 28-30, 29/ 
eomposition of, 25-28, 25/, 
26/, 27/ 

living matter. See 
Bioehemistry 
Chemobrain, Ì46b 
Chemoreceptors, 484,485/, 565,707, 

835 

in blood pressure eontrol, 705, 
707, 709/ 

in respiratory rate/rhythm eontrol, 
835-837,835/ 836/ 1006 
in salivation eontrol, 859 
for taste and smell, 565 
Chemotactic agents, 769 
Chemotaxis, 768/, 769, 769/ 
positive, 640, 769 
Chemotherapy, 14 6b 
Chewing (mastieation), 851, 851/, 

859,863,885/ 
muscles of, 332/, 333/ 
Cheyne-Stokes breathing, 848 
Chiasmata (erossovers), 1028/, 1029, 

1030/, 1098, 1098/ 

Chief eells, 866, 867/ 

Childbirth. See Birth 
Chimeric immune system, 792 
Chiropractic, 248 
Chlamydia, 1053 

STIs caused by, 1053-1054 
traehoma caused by, 590,1053 
ehlamydia traehomatis, 1053 
ehlamydophila pneumoniae, 

atheroselerosis and, 700fr 
Chloasma, 1082 
Chloride 

absorption of, 897 
balanee of 

abnormalities of, 998/ 
regulation of, 1004 
in plasma/interstitial fluid/ 
intracellular fluid, 992, 992/ 
Chloride shift, 832, 833/ 

Chlorine, 26/, 915/ 

sodium ehloride formation and, 
32, 32/ 

Choanae, nasal (posterior nasal 

apertures), 803, 804/ 
Chocolate eysts, 1063 
Choking (traeheal obstmetion), 809 
Cholecalciferol, 622/, 623 
Cholecystitis, 899 
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Cholecystokinin, 416í, 417, 622 t, 

868 t, 872, 883-884, 884/ 
in food intake regulation, 940, 

940/ 

Cholesterol, 45/, 4 6t, 47, 908, 909í, 

910, 927,935 
bile in excretion of, 882 
blood levels of 

atheroselerosis and, 700 b, 
937-938 

faetors regulating, 938 
reeommended, 937 
in membranes, 63, 64/, 65 
metabolism of, 935-937, 936/ 
transport of, 936-937, 936/ 
Cholesterol4owering drugs, 701 b, 938 
Choline aeetyltransferase, 414 
eholinergie fibers, 533 
Cholinergic reeeptors, 534, 534 t 
Chondroblasts, 128, 129f, 134 
Chondrocytes, 129 t, 134, 135/, 136/, 

174 

autologous, implantation of in 
joint therapy, 271 b 
Chondroitin sulfate, 127,132 
ehondromalaeia patellae, 275 
Chordae tendinae, 665/ 666/ 667, 667/ 
Chorda tympani, in gustatory 

pathway, 569 

Chorea, in Huntington’s disease, 464 
Chorion, 172, 1070, 1072, 1073/, 

1074/, 1075 

Chorionic gonadotropin, human 

(hCG), 1070-1071, 1072/ 
Chorionic somatomammotropin, 

human (hCS/human plaeental 
laetogen), 1074, 1083 
Chorionic villi, 1072, 1073/, 1074/ 
Chorionic villus sampling, 

1103-1104, 1104/ 

Choroid, 548/, 549, 550/ 

Choroid plexus, 440/, 445/, 448/, 460, 

461/ 

ehromaffin eells, medullary, 615, 616 
Chromatids, sister, 93/, 100/, 1028/, 

1029,1030/ 

ehromatin, 63/, 93-96, 93/, 9 6t 
in eell division, 96, 97, 100/ 
ehromatophilie substance (Nissl 

bodies), 390, 391/ 

Chromium, 26t, 915 1 
ehromosomal number 
diploid (2 n), 1027, 1096 
haploid («), 1027, 1029 
Chromosome(s), 93/, 96, 100/ See 

also Heredity 
during eell division, 100/ 
homologous (homologues), 1027, 
1029,1096 
maternal, 1027 
paternal, 1027 
reeombinant, 1098, 1098/ 
segregation of, independent 
assortment and, 1097-1098, 
1097/ 

sex, 1054,1096, 1100-1101,1101/ 
Chromosome territories, 96 
Chronic bronehitis, 839/, 840 
Chronic hypotension, 711 
Chronic leukemia, 645 
Chronic obstmetive pulmonary 

diseases (COPD), 839-840,839/ 


Chronic renal disease, 978 
Chronotropic faetors, positive and 

negative, 684 

Churning food (stomaeh), 851-852, 

851/ 

Chyle, 753 

ehylomierons, 895/, 896, 936, 936/ 
Chyme, 864, 869 

entry of into small intestine, 873, 
883, 884-886, 884/ 
Chymotrypsin, 883, 883/, 893/, 894/, 

895 

Chymotrypsinogen, 883, 883/ 
Cigarette smoking. See Smoking 
Cilia, 90-91, 90/, 91/, 95f, 118 
in body defense, 770 1 
epithelial, 118 
nasal, 805 

olfaetory, 566, 566/ 
primary, 91 
in traehea, 809, 810/ 
smoking affeeting, 809 
Ciliary body, 548/, 549, 552/ 

Oiliary ganglia, 528, 528/ 

Ciliary glands, 546 
Ciliary muscles, 549, 552/ 

autonomic innervation/effeets 
and, 53 6t, 555, 555/, 556 
in light focusing, 555, 555/, 556 
Ciliary proeesses, 548/, 549, 552/ 
Ciliary zonule (suspensory ligament), 

548/, 549, 552/ 

in light focusing, 555, 555/, 556 
Oiliated pseudostratified columnar 

epithelium, 122,122/ 

Cingulate gyrus, 434/, 437, 449, 449/ 
Circadian pigment (melanopsin), 564 
Circadian rhythm, sleep-wake eyele 

as, 454 

Circle of Willis (eerebral arterial 

eirele), 699, 726/, 727/, 727 1 
Circuit(s), 421, 422/ 

sensory integration at level of, 

487,488,488/ 

Circular faseiele pattern/muscles, 

322, 322/ See also Sphineter(s) 
Circular folds, 876, 876/ 

Circular layer of smooth muscle, 306, 

306/ 

in alimentary eanal muscularis, 
854/, 855 

in stomaeh muscularis, 865/, 867/ 
Circulation, 701-717, 718-719/, 

720/ See also speeifie type and 
Blood vessels; Cardiovascular 
system; Lymphatie system 
blood pressure maintenanee and, 
704-711, 705/, 706/, 707í, 

708/, 709/ 

fetal, 745, 1074/, 1079-1081,1080/ 
ehanges in at birth, 1080/, 

1087 

flow/ pressure/resistanee 

definitions/relationships and, 
701-702 

monitoring, 710, 710/ 
pulmonary, 659, 659/, 668, 669/, 
715, 721, 722/ 722-723Í 
systemie, 659, 659/, 668, 669/, 721, 
723/, 723í 

arteries of, 721, 724-725/, 724t 
veins of, 721, 736-737 f, 736t 


systemie blood pressure and, 
702-704, 703/, 704/ 
tissue perfiision and, 711-717, 
712/, 714/, 716/, 718-719/, 720/ 
Circulatory shoek, 717, 720/ 

autonomic effeets and, 536-537 
hypotension and, 711 
Circumcision, 1022 
Circumduction (body movement), 

257/, 258 

Circumferential lamellae, 181, 182/ 
Circumflex artery (eoronary), 663/, 

668, 670/ 

Circumflex femoral arteries, lateral 

and medial, 734-735/, 734 1 
Circumflex humeral artery 
anterior, 728/, 728 1 , 729/ 
posterior, 728/, 728 1 , 729/ 
Cirrhosis, 881 

Cis faee, of Golgi apparatus, 85, 85/ 
ll-C/s-retinal, 559, 560/ 

Cisterna ehyli, 753/, 754 
Cisterns 

Golgi apparatus, 85/ 
rough endoplasmie reticulum, 84, 
86 / 

terminal, 284, 284/ 

in excitation-contraction 
coupling, 289, 290-291/ 
Citric aeid, 919, 920/ 

Citric aeid eyele (Krebs eyele), 914/, 

916-917, 917/, 919, 920/, 924/, 
929 1 

Cl. See Chlorine 

Class I MHC proteins, 784, 785/, 786t 
Class II MHC proteins, 784-785, 

785/, 786 1 , 787f 

Classical pathway, of eomplement 

aetivation, 772, 772/ 
Clathrin/clathrin-coated vesieles, 75, 

76/, 78t 

Claudication, intermittent, 315 
Clavicles (eollarbones), 200/, 227, 

227/, 228, 233f 
Gaviailar notehes, 225, 225/ 
Clawhand, 506 
Cleavage, 1067, 1071/ 

Cleavage furrow, 98, 101/ 

Cleavage (tension) lines, 155, 155/ 
eieft lip, 244/, 899 
Cleft palate, 244, 244/, 898-899 
Climax (sexual) 
in female, 1052 
in male, 1027 
Clitoris, 1035/, 1040/, 1041 

autonomic innervation/effeets 
and, 528/, 536f 

embryologie/fetal development 
of, 1055, 1057/ 

Cloaca, 1055,1056/ 

Cloacal membrane, 898, 899/ 

Clonal deletion, 776 
Clonal seleetion, 777 

B lymphoeyte, 778/, 779 
T lymphoeyte, 786-787, 787/ 
Clone, 645, 777 
Cloning, reproductive, 1089 
Closed (simple) fracture, 191 
Closed (external) reduction of 

fracture, 191 

Close vision, focusing for, 555-556, 

555/ 


Clot (fibrin mesh), 142, 143/, 646/, 

647, 648-649, 648/, 649/ See 
also Fibrin mesh; Gotting 
Clot retraetion, 649 
Gotting. See Coagulation 
Gotting easeade, 648 
Gotting faetors, 646, 647, 647í, 648/ 
in inflammation, 768/, 769 
Clubfoot, 248 

CNS. See Central nervous system 
CO. See Carbon monoxide; Cardiac 

output 

Coagulation (blood elotting), 646/, 

647-649, 64 7t, 648/, 649/ 
autonomic effeets and, 536f 
disorders of, 650-651 
homeostatie eontrol in, 11, 11/ 
platelets in, 11, 11/, 645 
undesirable, prevention of, 649 
Coagulation easeade, 648 
Coagulation faetors, 646, 647, 647í, 

648/ 

Coarctation of aorta, 686, 687/ 
Coated pits/eoat proteins, 73, 75, 

76-77, 76/, 78t 
Coatomer proteins, 76, 78t 
Cobalt, 26t,9ì5t 
Cocaine abuse, 418-419 b 
Cocaine- and amphetamine- 

regulated transeript (CART), 
in food intake regulation, 939, 
940, 940/ 

Coccygeal nerve, 501, 501/ 

Coccygeus muscle, 3441, 345/ 

Coccyx, 218, 218/, 224, 224/, 235/, 

2371 

Cochlea, 571/, 573-575, 573/, 574/, 

5761 

Cochlear duct (seala media), 573, 

573/, 574/, 575, 5761, 577/ 
Cochlear hair eells, 574 f 578-579, 

578/ See also Hair eells 
Cochlear implant, 584 
Cochlear nerve, 4981, 571/, 573/, 574/, 

575, 577/, 578 

Cochlear nuclei, 446, 579, 579/ 
Coding strand, 103, 103/ 
Codominant alleles, 1100 
Codon(s), 104, 104/, 105,107/, 109/ 
Coelom, 1073/, 1077, 1078/ 
Coenzyme(s), 52, 911 
in redox reaetions, 916 
vitamins as, 911 
Coenzyme A, 919 
Cofactor(s), 52, 920-922, 921/ 
Cognition/cognitive fiinetion, 452- 

458, 453/, 454/, 456/, 457/ 
cerebellum in, 449 
prefrontal cortex and, 434/, 437 
Cohesin, 97 

Coiled (spiral) arteries of uterus, 

1039, 1039/ 

Coitus interruptus, 1090 b 
Cold exposure, hypothermia and, 947 
Cold sores (fever blisters), 171 
Colic arteries 

leff, 730/, 732 1 , 733/ 
middle, 730/, 732f, 733/ 
right, 730/, 732í, 733/ 

Colitis, ulcerative, 905 
Collagen, 50, 51í, 127 
Collagenase, 163 
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Collagen fibers, 127, 128/ 

in bone lamellae, 136,137/ 181, 
181/ 

in eartilage, 132 
in dense irregular eonneetive 
tissue, 132, 133/ 

in dense regular eonneetive tissue, 
132, 133/ 

in dermis, 132, 133/, 155 
in fibroeartilage, 134, 136/ 
in tissue repair, 142,143/ 
Collarbones. See Gavieles 
Collateral ehannels, 699 
Collateral (prevertebral) ganglia, 530/, 

531-533, 532/ 

Collateral ligaments 

of elbow (radial and ulnar), 266, 
266/ 

of knee (fibular and tibial), 262- 
263/, 263 

injuries of, 264, 264/ 
Collecting ducts, 958, 959/, 960, 961/ 
hydrogen seeretion in, in aeid 
base balanee, 1007 
osmotie gradient and, 974-975/ 
in potassmm balanee, 1002-1003 
reabsorptive eapability of, 971/, 
972 

Collecting vessels, lymphatie, 752/, 

753, 753/ 

Colles’ fracture, 232 
Colliculi 

inferior, 444, 444/, 445/, 579, 579/ 
superior, 444, 444/, 445/, 473, 
563-564, 564/ 

Colloid(s), 29/, 30, 607 
biologieal, 38 

thyroid gland storage/thyroid 
hormone synthesis and, 606/, 
607, 608, 608/, 609 
Colloid osmotie pressure, 717, 

718-719/ 

in capsular spaee, 965 
in glomemlar eapillaries, 965/ 966 
Colon, 850/, 887, 888/ See also Large 

intestine 

Colon eaneer, Ì45b, 146/, 890 
Colony-stimulating faetors, 642 
Color blindness, 559 
Colorectal eaneer, 145 b, 146/, 

899-901 

Colorvision, 551, 559 
Colostrum, 1088 
Columnar epithelium, 119, 119/ 
pseudostratified, 120-122, 122/ 
simple, 120, 121/ 
stratified, 122-124 
Coma, 451,453-454 
Combination (synthesis) reaetions, 

36, 36/ 

Comminuted fracture, 190/ 
Commissural fibers, 437, 438/, 468 
Commissures, 437 
Commissures (eanthi), medial and 

lateral, 545, 545/ 

Common earotid arteries, 724/, 724/, 

725/, 726/, 726/, 728/, 729/ 
pulse at, 710/ 

Common fibular (peroneal) nerve, 

369/, 508, 508/, 509, 509/ 
Common hepatie artery, 730/, 731/, 

731/. See also Hepatie artery 


Common hepatie duct, 875/, 878 
Common iliae arteries, 724/, 724/, 

725/, 730/, 732/, 732/, 733/, 
734-735/, 734/ 

Common iliae veins, 736-737/, 736/, 

742-743/, 744/, 744/ 

Common interosseous artery, 728/, 

728/, 729/ 

Common tendinous (amrnlar) ring, 

547, 547/ 

Commotio eordis, 690 
Communicating arteries 
anterior, 726/, 726/, 727/ 
posterior, 726/, 727/, 727/ 
Compactbone, 129/, 177, 177/, 178/, 

185/ 

mieroseopie anatomy of, 181, 

181/, 182/ 

Complement/ eomplement system, 51/, 

767, 770/, 771-773, 772/ 792/ 
antibodies in fixation/activation 
of, 782, 782/ 

in inflammation, 767, 768/, 770/ 
Complementarity of structure and 

fimetion, 3, 62, 634 
Complementary bases, 54, 54/ 
Complement fixation, 772, 782, 782/ 
Complete antigens, 774 
Complete blood count (CBC), 654 
Complete fracture, 191 
Complete proteins, 909/, 910 
Complete (fused) tetanus, 295, 295/ 
Complex earbohydrates, 908, 909/. 

See also Stareh 
Compliance 

blood pressure and, 703 
lung, 821 

Complicated plaque, 700 b 
Compound(s), 28-29. See also speeifie 

type 

inorganie, 38-41, 38 
mixtures differentiated from, 30 
organie, 38, 41-56 
Compound (open) fracture, 191 
Compound glands, 124, 126/ 
Compression fracture, 190/, 245 
Computed tomography (computerized 

axial tomography/CAT/CT), 

16 b, Ì6f 

in diagnosis of CNS dysfimetion, 
474 

Concave lens, 554 
Concentration, 29-30 

ehemieal reaetion rate affeeted 
by, 37-38 

Concentration gradient, 68 , 397 
aetive transport and, 73, 75/, 78/ 
difffision and, 68 , 68/, 79-80, 79/ 
osmosis and, 70-71 
resting membrane potential and, 
397, 398/ 

Concentric eontraetions, 296, 296/ 
Conception. See Fertilization 
Conceptus, 1065, 1065/ 

Concha(e), nasal, 215, 565, 566/, 804/, 

805-806 

inferior, 203 f 212, 214/, 217/, 

804/, 805-806 

middle, 203/, 210, 214/, 217/, 804/, 
805-806 

superior, 210, 214/, 217/, 804/, 
805-806 


Concussion, 462 
Condensed ehromatin, 92/, 96 
Condoms 

for eontraeeption, 1090 b 
STI prevention and, 1053 
Conducting (elastie) arteries, 695, 

695/, 696/ 

Conducting region of neuron, 391, 

391/, 394/ 

Conducting zone, 803, 810-811, 811/ 
Conduction, heat loss by, 945, 945/ 
Conduction deafness, 584 
Conduction system of heart 
autonomic nervous system 
affeeting, 676-677, 677/ 
defeets in, 676, 678, 679/ 
extrinsic, 676-677, 677/ 
intrinsie, 674-676, 674 f 675/ 
Conduction veloeity of aetion 

potential, 405-407,406/ 
Conductivity, 277 
Conductors, 396 

Condylar (ellipsoidal) joints, 258,261/ 
Condylar proeess, of mandible, 204/, 

211, 211/, 217/, 267, 268/ 
Condyle (bone marking), 180/ 
of femur, 238,239/ 
oeeipital, 202, 203/, 206/, 216/ 
of tibia, 239-241, 240/ 

Cone(s), 550/, 551, 556-563, 558/ See 

also Photoreeeptors 
eleetromagnetie speetmm and 
sensitivities of, 554/ 
light and dark adaptation and, 

563 

rods eompared with, 559, 559/ 
Cone dises, 558, 558/ 

Cone inner segments, 557, 558/ 

Cone opsins, 559 
Cone outer segments, 557, 558/ 
Congenital immunodeficiencies, 793 
Congenital thymie aplasia, 800 
Congestive heart failure, 685 
Conjunctiva, 545/, 546 
Conjunctival sae, 545/, 546 
Conjunctivitis, 546 
Connective tissue, 117/, 127-136, 

128/, 129/, 131-137/. See also 
speeifie type 

blood, 129/, 136, 137/, 631-656. 
See also Blood 

bone (osseous), 129/, 136, 137/, 
173-198. See also Bone(s)/ 
skeletal tissue 

in eardiae muscle, 310/, 660, 661, 

666 / 

eartilage, 129/, 132-134, 135- 
136/. See also Cartilage 
dense (fibrous), 129/, 130-132, 
130, 133-134/ 
elastie, 129/, 132, 134/ 
epithelia supported by, 118 
exocrine glands supported by, 124 
hair folliele sheath of, 158, 158/ 
loose, 129/, 130, 131-132/ 
reticular, 129/, 130, 132/, 754 
lymphoid tissue, 754, 755/ 
skeletal muscle sheath of, 278, 
279/, 283/, 310/ 
in smooth muscle, 305, 310/ 
Connective tissue proper, 129/, 

130-132 


Connexons, 67, 67/, 407 
Conn’s disease (aldosteronism/ 

hyperaldosteronism), 614, 
616/, 1017 

Conoid tubercle, 227/, 228 
Consciousness, 453-454 
Consensual light reflex, 563 
Constant (C) region, 781, 781/ 
Constipation, 892 

pregnaney and, 1083 
Constrictor muscles, pharyngeal, 

334/, 335/, 335/, 862 
Contact dermatitis, 171 
allergie, 796 
Contact inhibition, 99 
Contact signaling, 81 
Continuous eapillaries, 697, 697/ 
Continuous conduction, 405, 406/ 
Contraception, 1090-1091 b 
Contractile proteins, 50, 51/ 
Contractile ring, in eytokinesis, 98, 

101 / 

Contractility, muscle, 5,277,683. See 

also Muscle eontraetion 
eardiae muscle, 672-673, 673/ 
eardiae output and, 682/, 683, 
683/, 705/ 

movement and, 5, 277 
stomaeh muscles and, 873-874, 
873/ 

Contraction 

muscle, 285, 285/ See also Muscle 
eontraetion 
uterine 

Braxton Hieks, 1085 
inlabor, 1085, 1085/, 1086 
Contralateral (term), 433 
Contrecoup injury, 462 
Control eenter, in homeostasis, 9, 9/ 
Contusion, brain, 462-463 
Conus medullaris, 465/, 466 
Convection, heat loss by, 945, 945/ 
Convergence, in elose vision, 556 
Convergent faseiele pattern/muscles, 

322, 322/ 

Converging circuits, 422/ 

Convex lens, 554, 555/ 

COPD. See Chronic obstmetive 

pulmonary diseases 
CO poisoning. See Carbon monoxide 

poisoning 
Copper, 26/, 915/ 

Coracoacromial ligament, 265/ 
Coracobrachialis muscle, 350/, 351- 

352/, 352/, 358/ 

Coracohumeral ligament, 264, 265/ 
Coracoid proeess, 228, 229/ 

Cord(s), braehial plexus, 504/, 505, 

505/ 

Cordotomy, 482 
Core temperature, 944 
in hyperthermia, 947 
in hypothermia, 947 
Cornea, 545/, 548/, 549, 552/ 

Corneal endothelmm, 549, 552/ 
Corneal epithelium, 549, 552/ 
Corniculate eartilage, 807/, 808 
Cornified (horny) eells, 154 
Cornua, hyoid bone, 215, 215/ 
Coronal (frontal) plane/seetion, 14, 15/ 
Coronal suture, 201, 201/, 202, 204/, 

205/ 
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Corona radiata (eerebral projeetion 

fibers), 437, 438/ 

Corona radiata (ooeyte), 1046/, 1047 
Coronary arteries, 663/, 668-670, 

670/, 724/, 724 f, 725/ 
atheroselerosis affeeting, 685, 687, 
700-701^ 

homeostatie imbalanees and, 671 
Coronary bypass surgery, 701 b 
Coronary circulation, 668-671, 670/ 
autonomic innervation/effeets 
and, 536f 

Coronary sinus, 662, 664 f 669 f 670, 

670/, 699 

Coronary sulcus (atrioventricular 

groove), 662 

Coronary veins, 670, 670/ See also 

Cardiac veins 
Coronoid fossa, 230, 230/ 

Coronoid proeess 

of mandible, 204/, 211, 211/, 217t 
of ulna, 230/, 231/, 232 
Corpora eavernosa 

of elitoris, 1040/, 1041 
of penis, 1019/, 1023, 1023/ 
Corpora quadrigemina, 440/, 444, 445/ 
Cor pulmonale, 690 
Corpus albieans, 1046/, 1047 
Corpus callosum, 434/, 437, 438/, 

439/, 440/ 

Corpus hemorrhagicum, 1047 
Corpus luteum, 1036, 1044/, 1046/, 

1047, 1048/, 1049, 1050/, 1051 
Corpus spongiosum, 1019/, 1022 - 

1023,1023/ 

Corrugator supercilii muscle, 329/, 

329 f, 331/ 

Cortex 

adrenal. See Adrenal cortex 
eerebellar, 447,448 
eerebral. See Cerebral cortex 
hair, 157, 158/ 
lymph node, 755, 756/ 
ovarian, 1036, 1036/ 
renal, 956, 957/, 959/ 
Cortex-medulla junction (kidney), 

957, 961/ 

Corti, organ of. See Spiral organ 
Cortical nephrons, 960, 961/ 

Cortical proeessing, visual, 434/, 436, 

565 

Cortical radiate arteries, 957, 958/, 

961/, 962 

Cortical radiate veins, 957, 958/, 961/ 
Cortical reaetion, 1066, 1068-1069/ 
Corticospinal (pyramidal) traets, 433, 

469/, 471, 472/, 473/ 
Corticosteroids, 46/, 47, 612 
Corticosterone, 614 
Corticotropic eells, 605 
Corticotropin, 605. See also 

Adrenoeortieotropie hormone 
Corticotropin-releasing hormone 

(CRH), 601/, 603f, 605 
in cortisol/ACTH regulation, 614 
in food intake regulation, 939, 
940/ 

Cortisol, 612/, 614, 616f 

excess levels of, 614,614-615,616/ 
metabolism and, 936/ 
sodium regulation and, 1000 
Cortisone, 614 


Costal eartilages, 174, 175/, 224, 225/, 

226, 226/ 

Costal faeets 

superior and inferior, 222, 222/, 
223/, 226/ 

transverse, 222, 222/, 223/, 226/ 
Costal groove, 226,226/ 

Costal margin, 225/, 226 
Costal surface, of lung, 815 
Co-stimulatory signals 
autoimmunity and, 794 
lymphoeyte aetivation and, 786, 
787/, 791/ 

Costocervical tmnk, 727/, 727/, 728/, 

729/, 729/ 

Costovertebral joint, 254/ 
Cough/cough reflex, 808, 809, 824/ 
Coumadin. See Warfarin 
Countercurrent exchanger, 973, 974/, 

975/, 976 

Countercurrent multiplier, 973, 

974-975/, 976 
Coup injury, 462 

Coupled systems, in seeondary aetive 

transport, 73, 78/ 

Covalent bonds, 32-34, 33/, 34/ 
Covering and lining epithelium/ 

membranes, 118,140-142,141/ 
Coxal bones (hip bones/os coxae), 

234-235, 234, 235/, 236/, 243/ 
Coxal (hip) joint, 234, 255/, 266-267, 

267/ 

artifieial/replaeement, 271 b 
muscles erossing, 327/, 363-369/, 
364/, 367-368/ 

COX inhibitors, prostaglandins and, 

47 

C proteins, 282 

Cramps (muscle), heat, 945 

Cranial (term), 12/. See also under 

Superior 
Cranial base, 201 

Cranial bones (cranium), 200/, 201, 

201/, 202-210, 203/, 204-205/, 
207/ See also speeifie bone 
developmental aspeets of, 244, 

245, 245/ 

Cranial eavity, 14, 18/, 201, 202/, 207/ 
Cranial fossae, 201, 201/ 

anterior, 201, 201/, 202, 207/ 
middle, 201, 201/, 207/, 208 
posterior, 201, 201/, 202, 207/ 
Cranial nerves, 387, 388/, 492-501, 

493/, 494-500/, 519. See also 
speeifie nerve 

Cranial part, of parasympathetie 

nervous system, 528-529, 528/ 
Cranial rootlets, aeeessory nerve and, 

500/ 

Cranial sensory ganglia, 501 
Cranial sutures, 201, 201/, 203 f 250, 

250/. See also speeifie type 
Cranial vault, 201 
Craniosacral division of 

autonomic nervous system. 

See Parasympathetie 
(eraniosaeral) division of 
autonomic nervous system 
Cranium (eranial bones), 200/, 201, 

201/, 202-210, 203/, 204-205/, 
207/. See also speeifie bone and 
under Cranial 


developmental aspeets of, 244, 
245, 245/ 

C-reactive protein, 111, 701 b 
Creatine kinase, 298 

in CP-ADP reaetion, 298,299/ 
Creatine phosphate (CP), 298 
ADP phosphorylation by, 298, 
299/, 300/ 

Creatinine, 978, 979 

CREB (eAMP response-element 

binding protein), in memory, 
458 

C (eonstant) region, 781, 781/ 
Cremaster muscle, 1020, 1020/ 
Crenation, in hypertonie solution, 

71,71/ 

Crepitus, 270 

Crest (bone marking), 180/ 
Cretinism, 603/, 609-610 
CRH. See Corticotropin-releasing 

hormone 

Cribriform foramina, 210, 210/ 
Cribriform plates, 207/, 210, 210/, 

214/, 217/, 804/ 

Cricoid eartilage, 804/, 807/, 808 
Cricothyroid ligament, 807/ 
Cricotracheal ligament, 807/ 
Crista(e), 83, 83/ 

Crista ampullaris, 573, 573/, 576/, 

581, 582/ 

Crista galli, 205/, 207/, 210, 210/, 214/, 

217/ 

Crista terminalis, 662, 664/ 

Crohn’s disease, 905 

Cross bridges, 281, 284/, 285, 289- 

293, 291/, 292/ 

Crossed-extensor reflex, 518, 518/ 
Cross matehing, blood, 653 
Crossovers (ehiasmata), 1028/, 1029, 

1030/, 1098, 1098/ 

Cross seetion (transverse seetion), 

14, 15/ 

Crowning, in labor, 1086 
Crown-rump measurement, 1076 
Crown of tooth, 860, 860/ 

Cruciate ligaments, 262-263/, 263- 

264, 264/ 

Crura 

ofelitoris, 1040/, 1041 
ofpenis, 1023, 1023/ 

Crus eerebri, 443,444/ 

Crying, 824/ 

Cryogens, 947 
Cryptorchidism, 1022, 1057 
Crypts 

intestinal, 876/, 877 
tonsillar, 759, 759/ 

Crystal(s), ionie bonds forming, 32, 

32/ 

Crystallins, lens, 553 
C-section (eesarean seetion), 1086 
CSF. See Cerebrospinal fluid 
CSFs. See Colony-stimulating faetors 
CT. See Computed tomography 
Cubital vein, median, 737/, 740-741/, 

740/ 

Cuboidal epithelium, 119, 119 
simple, 120 , 121/ 
stratified, 122 

Cuboid bone, 241/, 242,243/ 
Cuneiform bones, 241/, 242, 243/ 
Cuneiform eartilage, 807/, 808 


Cupula (ampullary), 581, 582/ 
Current, 396 

deeremental, 400 
Curvatures 

spinal, 218, 218/, 244, 245/ 
abnormal, 218-219, 219/, 
244-245 

vertebral eollapse/osteoporosis 
and, 245 

of stomaeh, greater and lesser, 
865/, 866 

Cushingoid signs, 614-615, 615/ 
Cushing’s disease/Cushing’s 

syndrome, 603/, 614-615, 
615/616/ 

Cushioning fimetion, of water, 

38-39 

Cutaneous branehes of intereostal 

nerve, lateral and anterior, 
502/, 509 

Cutaneous glands, 160-162, 161/ 
Cutaneous membrane, 140, 141/ See 

also Skin 

Cutaneous nerves, 503 
anterior femoral, 507/ 
eervieal, 503-505, 503/, 503/ 
development of, 519 
lateral femoral, 507/, 507/ 
medial, of arm/forearm, 504/ 
posterior femoral, 508/, 509/ 
Cutaneous plexus, 151/, 155 
Cutaneous sensation (reeeptors/sense 

organs), 151/ 152,153/ 154, 

163 

Cuticle 

hair, 157, 158/ 
nail, 160, 160/ 

Cyanide, meehanism of poisoning 

by, 923 

Cyanocobalamin (vitamin B 12 ), 638, 

912/ 

intrinsie faetor and, 639, 870, 
897,912 

Cyanosis, 156, 829 
Cyclic AMP, 81,421, 594 

eardiae eontraetility affeeted by, 
683, 683/ 

in hormone meehanism of aetion, 
594-595, 594/ 

in smell transduction, 567, 567/ 
Cyclic GMP, 417,421 

in hormone meehanism of aetion, 
595 

in phototransduction, 561, 561/ 
Cyclic slow waves, of stomaeh, 873 
Cyclin-dependent kinases (Cdks), 99 
Cyclins, 99 
Cysteine, 48/ 

Cystic duct, 875/, 878, 882 
Cystic fibrosis, 842, 899, 1100 
panereas affeeted in, 842, 899 
Cystic fibrosis transmembrane 

conductance regulator 
(CFTR) protein, 842 
Cystic veins, 742/, 742/ 

Cystitis, 982 

Cystocele, 988 

Cystoscopy, 988 

Cytochromes, 921/, 922 

Cytokines, 787, 790/, 791/, 792/, 947 

Cytokinesis, 97/, 98, 101/, 1030/ 

Cytology, 2 
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Cytoplasm, 62, 64/, 81-91, 94-951. 

See also speeifie structure 
division of. See Cytokinesis 
Cytoplasmic inclusions, 81, 94í, 95í 
Cytoplasmic organelles, 3,4/81, 

83-89, 94-95 1 . See also speeifie 
type 

degradation of, 109/-110 
Cytosine (C), 53, 54/ 

Cytoskeleton, 63/ 64/ 65,87-89,88/ 

89/ 

Cytosol, 63/, 81, 94 1 

ATP formation in, 917, 917/ 
as eolloid, 30 

Cytosolic proteins, degradation of, 

109-110 

Cytotoxic (type II) hypersensitivity, 

796 

Cytotoxic T eells, 784, 785/, 788-789, 

789/, 791/, 792f 

Cytotrophoblast (cellular trophoblast), 

1070, 1072/ 1073/ 

Dabigatran, 650 

Dalton’s law of partial pressures, 824, 

82 5t 

D antigen, in Rh blood group, 651 
Dark adaptation, 563 
Dark potential, 561 
Dartos muscle, 1020, 1020/ 

Daughter eells, 98 

of meiosis, 1027, 1028/, 1030/ 
of mitosis, 98, 101/, 1027, 1028/ 
in spermatogenesis, 1029, 1031/ 
Daughter ehromosomes, 101/ 

Dead spaee, 822-823, 823 1 
Deafness, 584 

loudness and, 576, 584 
vestibulocochlear damage 
causing, 498í 

Deamination, oxidative, 928, 928/, 

929, 929í 

Decarboxylation, 919, 920/ 

Deeibels (dB), 576 
Decidua basalis, 1072, 1073/, 1074/ 
Decidua capsularis, 1072, 1073/ 1074/ 
Deciduous teeth (primary dentition), 

859, 860/ 

Deelarative (faet) memory, 457,457/ 
Deeomposition reaetions, 36, 36/ 
hydrolysis, 38, 42/ See also 
Hydrolysis reaetions 
Deeremental current, 400 
Decubitus ulcers (bedsores), 171 
Decussation 

of neuronal pathways, 468 
of pyramids, 444/, 445 
Deep (term), 12 1 . See also under 

Internal 
Deep artery 

of arm, 728/, 728f 729/ 
of thigh, 734í, 735/ 

Deep (intrinsie) baek muscles, 336- 

3386 339/ 

Deep brain stimulation 

for Parkinson’s disease, 464 
in seizure eontrol, 453 
Deep femoral artery (deep artery of 

thigh), 7346 735/ 

Deep fibular (peroneal) nerve, 3706 

508/, 509 1 


Deep (foreed) inspiration, 819 
Deep palmar areh 

arterial, 725/, 728/, 7286 729/ 
venous, 740-741/, 740í 
Deep plantar areh, 744/ 

Deep transverse perineal muscle, 

3446 345/ 

Deep veins 

of lower limbs, 744/, 744í 
of upper limbs, 740-741/, 740 1 
Defeeation, 8516 852, 8856 891-892, 

891/ 

Defeeation reflex, 8856 891-892, 891/ 
Defense system. See Body defenses 
Defensins, 162, 641, 765, 766, 805, 

859 

Defibrillation (heart), 676 
Degenerative brain diseases, 463-464 
Degenerative joint disease 

(osteoarthritis), 270 
Deglutition (swallowing), 863-864, 

864/, 885 1 
diíficulty with 
aehalasia, 904 
dysphagia, 905 
epiglottis in, 808 

muscles eontrolling, 334-3356 335/ 
Dehydration, 995-996, 997/ 

blood pressure/volume and, 708, 
709/, 995 

urine eoneentration and, 976, 

977/ 

Dehydration synthesis, 38,42,42/ 
in fat synthesis, 45,45/ 
in peptide bond formation, 47,48/ 
in polymer formation, 42,42/, 43 
Dehydroepiandrosterone (DHEA), 

615, 1053 

Dehydrogenases, 916 
Delayed aetion gene, 1099 
Delayed (type IV) hypersensitivity, 

796 

Deletion, 1107 

Delta waves, 452, 453/, 454/, 455 
Deltoid muscle, 326/, 327/, 347-349/, 

3506 351/3581 
Deltoid tuberosity, 230, 230/ 
Dementia, 463, 477, 793 
Demifaeets, vertebral, 222 
Demyelinating diseases, 405-406 
Denaturation, protein, 50 
Dendrites, 140, 390-391, 391/, 3941 
Dendritie eells, 163, 754, 777, 777/ 
epidermal (Langerhans eells), 

152, 153/, 163 

vaginal, HIV infeetion and, 1040 
Dendritie spines, 391, 391/ 
Dendrodendritie synapses, 407 
Dendrosomatie synapses, 407 
Denosumab, fracture prevention 

and, 193 

Dens of axis, 221, 221/, 222/ 

Dense bodies, 307, 307/ 

Dense (fibrous) eonneetive tissue, 

1296 130-132, 130, 133-134/ 
Dental alveoli (tooth soekets), 211, 

2176 859 

articulation of tooth with 

(gomphosis), 250/, 251, 861 
Dental earies (eavities), 861 
Dental formula, 860 
Dental plaque, 861 


Dentate gyrus, 449,449/ 

Dentate nuclei, 447 
Denticulate ligaments, 465/, 466 
Dentin, 860/, 861 
Dentinal tubules, 860/, 861 
Dentition, 859-860, 860/ See also 

Teeth 

Deoxyhemoglobin, 635, 828 
Deoxyribonuclease, 893/ 
Deoxyribonucleic aeid. See DNA 
Deoxyribose, 43,44/, 54, 54/ 
Depolarization 

eardiae muscle, 671, 672-673, 
673/, 674/, 675 

ECG and, 677-678, 677/, 678/ 
neuron, 399, 399/ 

aetion potential and, 400, 
400-401,402-403/ 
graded potential and, 399- 
400,400/ 

skeletal muscle, 286/, 288,288/, 
289/ 

Deprenyl, for Parkinson’s disease, 

464 

Depressed fracture, 190í 
Depression (body movement), 258, 

259/, 268 

Depressor anguli oris muscle, 330í, 

331/ 

Depressor labii inferioris muscle, 

3301, 331/ 

Depth pereeption, 564-565 
Dermal maerophages, 163 
Dermal papillae, 151/, 154 
Dermal ridges, 154, 155/ 

Dermatitis, 167 
atopie, 800 
eontaet, 171 
allergie, 796 
Dermatology, 171 
Dermatome (somite), 1077, 1078/, 

1079/ 

Dermatomes, 509-510, 510/519 
Dermieidin, 161, 162, 765 
Dermis, 132, 133/, 140,151, 151/, 

154-156, 154/, 155/, 167 
Dermoid eysts, 1063 
Deseending aorta, 724í 
Deseending eolon, 850/, 887, 888/ 
Deseending limb of nephron loop, 

959/, 960, 961/ 

as countercurrent multiplier, 973, 
974-975/, 976 

reabsorptive eapability of, 971- 
972, 971 1 

Deseending (motor) pathways/tracts, 

468, 469-473,469/, 472/, 473 1 
Desmin (intermediate) filaments, 281 
Desmosomes (anehoring junctions), 

66-67, 67/, 118 
in eardiae muscle, 671, 672/ 
in epidermis, 152, 153/ 
epithelial, 118 
Detaehed retina, 552 
Detmsor muscle, 980, 981/ 
Deuterium, 27/ 

Development. See Human 

development 

Developmental anatomy, 2 
Deviated septum, 848 
Dextrinase, 892, 893/ 

Diabetes insipidus, 600-601,988 


Diabetes mellitus, 620, 62 ìt, 624- 

625 b, 794, 932-933 
biliopanereatie diversion in 
obesity and, 943 b 
obesity and, 62 5b 
steroid administration and, 614 
urinary excretion of glucose and, 
620, 62 It, 933 
Diaeylglyeerol, 421, 595 
Dialysis, 978 

erythropoietin production and, 637 
Diapedesis, 640, 769, 769/ 
Diaphragm (eontraeeptive), 1090 b 
Diaphragm 

pelvie, 3441, 345/ 
respiratory, 3401, 341/, 802/, 818/, 
819 

slit, renal, 964/, 965 
urogenital, 3441, 345/, 981, 1023/, 
1035/ 

Diaphysis, 178, 178/ 

in endoehondral ossifieation, 184, 
184/ 

Diarrhea, 892 

Diarthroses, 250 

Diastole, 679, 680-681, 680/, 681 

Diastolie pressure, 703, 703/, 710 

Dierotie noteh, 680/, 681 

Dieneephalon, 429, 430/, 440/, 441- 

443, 442/, 444-445/, 4501 
development of, 429,429/, 430/ 
limbie system and, 449,449/, 4501 
Diet, 907-913. See also Nutrient(s); 

Nutrition 

eholesterol levels and, 938 
erythropoiesis and, 637-638 
hypertension and, 711 
immune system and, 796 
pregnaney and, 1083 
weight loss and, 942-943 b 
Diet drugs, for obesity, 943 b 
Diethylpropion, 943 b 
Diíferential permeability, 68. See also 

Membrane(s), permeability of; 
Membrane transport 
Differential white blood eell count, 

641/, 653-654 
Differentiation, eell, 110 
Diffhse endoerine system, 124 
Diffhse junctions, 306, 306/ 

Diffhse lymphoid tissue, 755 
Diffhsion, 68-72, 68/, 69/, 70/, 71/, 

721, 716 

in eapillary exchange, 716 
membrane permeability affeeting, 
70-71, 70/ 

membrane polarity/resting 
membrane potential and, 
79-80, 79/, 397, 398/ 
neurotransmitter, 409/, 410 
Digastrie muscle, 3341, 335/ 
Digestion, 5, 5/, 7/, 850, 851/, 852, 

8851,892-895, 893/. See also 
speeifie digestive organ and 
nutrient and Digestive system 
autonomic nervous system 
affeeting, 852, 853/, 900 b 
ease study and, 905 b 
fimetional anatomy of, 856-892 
hydrolysis in, 38,42/, 43, 892 
in large intestine, 851/, 8851, 
890-892, 891/ 
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Digestion, (eontd.) 

meehanieal breakdown and, 

851- 852, 851/, 885í 

in mouth/esophagus, 851/, 863- 
864, 864/, 885t, 892, 893/ 
physiology of, 6, 7/, 852, 853/, 
892-895,893/ 

proeesses of, 851-852, 851/, 885 1 
in small intestine, 851/, 876-877, 
876/, 8856 8866 893/, 894/, 895 
in stomaeh, 851/, 869-870, 8856 
893/ 

taste and, 569 
Digestive eavity, 19 
Digestive enzymes. See also 

Panereatie juice 

Digestive system, 5, 5/, 7/, 849-905, 

850/ See also speeifie organ or 
structure and Digestion 
aeeessory organs of, 850/, 851 
autonomic innervation/effeets 
and, 528/, 532/, 5366 540 b, 

852, 853/, 900 b 
blood supply of, 854 
cardiovascular system and, 74 6b, 
900 b 

developmental aspeets of, 898- 
901, 899/, 1076/, 1077,1077/ 
endoerine system and, 62 6b, 900 b 
hmetional anatomy of, 856-892. 
See also speeifie organ or 
structure 

functions/functional eoneepts 
and, 6, 7/, 852, 853/, 892-898 
homeostatie relationships of, 5/, 
900 b 

integumentary system and, 1686, 
9006 

lymphatie system/immunity and, 
7616, 9006 

muscular system and, 3146, 9006 
neural signals from, food intake 
regulation and, 939, 940/ 
physiology of, 6, 7/, 852, 853/, 
892-898, 893/ See also 
Absorption; Digestion 
pregnaney and, 1083 
proeesses occurring in, 851-852, 
851/, 885f 

relationships of organs of, 

852- 854, 853/ 

reproductive system and, 9006, 
10596 

respiratory system and, 8436,9006 
skeletal system and, 1956, 9006 
urinary system and, 9006, 10136 
venous drainage of, 721 
Digital arteries, 725/, 728/, 7286 729/ 
Digital subtraction angiography 

(DSA), 166, 17/ 

Digital veins, 737/, 740-741/, 744/ 
Digits (fingers), 234 

bones of (phalanges), 200/, 232/, 

2336 234 

earpometaearpal joint of, 254í 
interphalangeal joints of, 254 1 
muscles eontrolling movement 

of, 354-3576 355/, 357/, 3586 
359/ 

intrinsie hand muscles, 3546 
360-3626 361/ 
Diglyeerides, 893/ 


Dihydrotestosterone, 1034 
baldness and, 159 
Diiodotyrosine (DIT/TJ, 608/, 609 
Dilated eardiomyopathy, eardiae 

output and, 685 

Dilation, vascular, 693, 714/ See also 

Vasodilation 

Dilation (first) stage of labor, 1086, 1086/ 
Dilator pupillae, 549, 549/ 

Dimers, 164 

Dipeptidase, 893/, 894/, 895 
Dipeptide, 47,48/, 893/ 

Diploé, 177, 177/, 179 

Diploid ehromosomal mimber (2«), 

1027, 1096 

Diplopia (double vision), 548 
Dipole(s), 34, 34/ 

Direet (fleshy) muscle attaehments, 

278 

Direetional terms in anatomy, 126 

13, 13/ 

Direet (pyramidal) pathways, 469, 

471,472/4736 512 
Disaeeharides, 43,44/, 892, 893/, 908 
Diseharge zone, 421,421/ 

Dises, intervertebral. See 

Intervertebral dises 
Dislocation(s)/luxation(s), 270 
Displaeed fracture, 191 
Displaeement (exchange) reaetions, 

36, 36/ 

Disseminated intravascular 

coagulation (DIC), 650, 651 
Dissoeiation 

strong and weak aeids and, 41 
water polarity and, 38, 38/ 

Distal (term), 126 

Distal convoluted tubule, 959/, 960, 

960/, 961/ 

reabsorptive eapability of, 9716 972 
Distal phalanx 

finger, 232/, 2336 234 
toe, 241/, 243 1 

Distal radioulnar joint, 231/, 254f 
Distant vision, focusing for, 555, 555/ 
Distributing (muscular) arteries, 695/, 

696, 696 1 

Distribution fimetions of blood, 632 
Disuse atrophy, 305 
Diuresis, 599, 972 
osmotie, 6216 
Diuretics, 600, 750,976 
for heart failure, 685 
for weight loss, 942 b 
Diverging circuits, 422/ 

Diversity 

antigen reeeptor/antibody, 777 
cellular, 62, 62/ 

Divertiaila, 890-891 
Diverticulitis, 891 
Diverticulosis, 891 
Division(s), braehial plexus, 505 
DNA (deoxyribonucleic aeid), 53-54, 

54/, 556 93. See also Genome; 
Heredity 

in ehromatin/ehromosomes, 93,93/ 
digestion of, 893/, 895 
linker, 93, 93/ 
miscellaneous roles of, 105 
mitoehondrial, 83, 83/ 
mutations of in eaneer, 14 5b, 

146, 164 


paeking, 93, 93/ 
in protein synthesis, 53, 99, 

102/, 103/, 105, 106-107/, 

109/ See also Transduction; 
Translation 

replieation of, 53, 97, 97/, 98/ 
structure of, 54, 54/ 

UV radiation and, 156, 163,164 
DNA fingerprinting, 53 
DNA polymerase, 97, 98/ 

DNA probe, 1103 
DNA-RNA hybrid, 103, 103/ 
Domains, eortieal, 432 
Dominanee, eerebral, 437 
Dominant allele, 1096-1097, 1099, 

11006 

Dominant folliele, 1044, 1047 
Dominant-reeessive inheritanee, 

1099-1100, 1099/, 11006 
ineomplete dominanee and, 1100 
Dominant traits, 1099, 11006 
L-Dopa, for Parkinson’s disease, 464 
Dopamine, 414,4156 605 

eoeaine abuse and, 418-419fi 
defieieney of, in Parkinson’s 
disease, 464 

as prolaetin-inhibiting hormone, 

6036 606 

Dorsal (term), 126 See also under 

Posterior 

Dorsal body eavity, 14, 18/ 

Dorsal column-medial lemniseal 

pathway, 469,470/, 4716 
Dorsal (posterior) funiculi, 467/, 468 
Dorsal (posterior) horns, 431/, 466, 

467/ 

Dorsal interossei muscle 
of foot, 3786 379/ 
of hand, 361/, 362 1 
Dorsalis pedis artery, 734-735/, 734í 
pulse at, 710/ 

Dorsalis pedis vein, 744/, 744í 
Dorsal (posterior) median sulcus, 

445/, 465/, 466, 467/ 

Dorsal mesentery, 853, 853/ 

Dorsal metatarsal arteries, 734-7356 

734 1 

Dorsal metatarsal veins, 737/, 744/ 
Dorsal motor nuclei, 528 
Dorsal ramus/rami, 502/, 503 
Dorsal respiratory group, 834, 834/ 

See also Medullary respiratory 
eenters 

Dorsal root(s), 465/, 466, 467/, 468/, 

501, 502/ 

Dorsal root ganglion, 466,467/, 468/, 

475, 491,502/ 

Dorsal rootlets, 466, 502/ 

Dorsal scapular nerve, 504/, 50 5t 
Dorsal spinoeerebellar traet, 469, 

469/ 470/ 47 ìt 

Dorsal venous areh, foot, 737/, 744/, 

744í 

Dorsal venous network, hand, 740 1 
Dorsal white column, 467/, 469,469/, 

471 í 

Dorsiflexion (body movement), 258, 

259/ 

of lower limb, 3806 381/ 

Dorsum of foot, muscles on, 371/, 

372/, 376f 

Dorsum nasi, 803, 803/ 


Double eovalent bond, 33, 33/ 
Double helix, DNA, 54, 54/, 93/ 
Double sugars (disaeeharides), 43, 

44/, 892, 893/ 

Doublets (microtubule), 90, 90/ 

Double vision (diplopia), 548 

Down-regulation, 595 

Down syndrome, 1107 

Drowsiness, 453 

Dmg abuse, 418-419fi 

Drug therapy, autonomic effeets and, 

535, 53 5t 

Dry mouth (xerostomia), 859, 905 
thirst meehanism and, 994, 994/ 
Duchenne muscular dystrophy, 

312-315 

Duct(s) 

glandular, 124, 126/ 
reproductive. See Reproductive 
duct system 

Duct of epididymis, 1021/, 1024 
Ductless glands, 124, 592. See also 

Endoerine system/glands 
Ductules, efferent, 1020, 1021/, 

1056/ 

Ductus arteriosus, 686 , 686/, 745, 

1079, 1080/ 
closure of, 1080/, 1087 
patent, 686 

Ductus (vas) deferens, 1019, 1019/, 

1020/, 1021/, 1023/, 1024 
ampulla of, 1019/, 1023/, 1024 
embryologie/fetal development 
of, 1056/ 

reseetion of (vaseetomy), 1024, 
1090fi, 1091 b 

Ductus venosus, 745, 1079, 1080/ 
closure of, 1080/, 1087 
Dumping syndrome, 872 
Duodenal glands, 876/, 877 
Duodenal papilla, major, 875, 875/ 
Duodenal ulcers, 877, 905 
Duodenum, 850/, 875, 875/ 
gastrie emptying and, 874 
hormones produced by, 622 1 
Dural septa, 459, 460/ 

Dural venous sinuses, 459,460/, 699, 

721, 736-737/, 738/ 

Dura mater 

of brain, 459, 459/, 460/ 
spinal, 464, 465/, 467/ 

Dwarfism, 187 

pituitary, 6026 604, 605/ 
psyehosoeial, 630 
Dynamie equilibrium, 580 
Dynamie spatial reeonstmetion 

(DSR), 16 b 

Dynein(s)/dynein arms, 88, 90, 90/, 

392 

Dynorphin, 4166 417 
Dysarthria, 523 
Dyslexia, 482 
Dysmenorrhea, 1063 
Dysphagia, 905 
Dysplasia, 115 
Dyspnea, 839 

pregnaney and, 1083 
Dysreflexia, autonomic, 539 
Dystoeia, 1086 
Dystonia, 523 
Dystrophin, 516 282, 312 
Dysuria, 982 
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Ear, 570-584, 571/. See also speeifie 

region and Equilibrium/ 
orientation; Hearing 
developmental aspeets of, 585 
external (outer), 208, 570-572, 
571/ 

elastie eartilage in, 134, 135/ 
174, 175/ 

internal (inner), 208, 571/, 
572-575, 573/, 574/, 576t 
sound transmission to, 577, 
577/ 

middle, 20, 208, 571/, 572, 572/ 
structure of, 570-575, 571 f 572/, 
573/, 574/, 5 76t 
Earaehe (otalgia), 590 
Ear eanal, auditory/external (external 

acoustic meatus), 204/, 206/, 
208, 208/, 216í, 570-572, 571/ 
Eardmm (tympanie membrane), 

571/, 572, 572/, 577, 577/ 
perforated/ruptured, 584 
Earlobes (lobule), 570, 571/ 

Earwax (eemmen), 161, 572 
Eating. See Ingestion 
Eeeentrie eontraetion, 296 
Eeerine (meroerine) sweat glands, 

151/, 160-161, 161/ 

ECF. See Extracellular fluid 

ECG. See Eleetroeardiograph 
Eestasy abuse, 419 b 

Eetoderm, 144,144/ 1073/ 1075/ 1076 
differentiation of, 1076/, 1077, 
1078/, 1079/ 

neural plate and, 475,475/, 
1077, 1078/ 

Eetopie focus, 676 
Eetopie pregnaney, 1038,1094 
Eezema, 171, 800 
Edema, 130, 996-997 
eerebral, 463, 715 
in heart failure, 685 
hypertonie solutions for, 72 
in inflammation, 130, 767, 768, 
768-769, 768/ 
lymphatie vessels and 
(lymphedema), 754 
Edinger-Westphal (aeeessory 

oculomotor) nuclei, 528 
EEG. See Eleetroeneephalogram 
Effaeement, in labor, 1086, 1086/ 
Effeetor 

in homeostasis, 9, 9/ 
in reflex are, 422,422 f 513, 513/, 
533, 533/ 

Effeetor eells, 777, 778/, 779, 784, 

785/, 791/ 

Effeetor organs, 387 

in autonomic versus somatie 
nervous system, 525, 526/ 
Effeetor regions (antibody), 781 
Efferent arteriole, glomemlar, 961/, 

962 

Efferent (motor) division of 

peripheral nervous system, 
387, 388/ 

Efferent ductules, 1020, 1021/, 1056/ 
Efferent fibers 

a, 514, 514/, 515/ 
y, 514, 514/ 

Efferent lymphatie vessels, 755-756, 

756/ 


Efferent nerves/neurons/tracts. See 

Motor (efferent) nerves; 

Motor (efferent) neurons; 
Motor (deseending) 
pathways/tracts 
Efferent pathway 

in autonomic versus somatie 
nervous system, 525, 526/ 
in homeostasis, 9, 9/ 

Effort, in lever system, 323, 323-324f, 

325/ 

Eggs. See Ova 
Eieosanoid(s), 4 6t, 47, 593 
Eights, mle of (oetet mle), 31 
Ejaculation, 1024,1026-1027 
from epididymis, 1024 
Ej aculatory duct, 1019, 1019/, 1023/, 

1024 

Elastie (conducting) arteries, 695, 

695/, 69 6t 

Elastie eartilage, 129f, 134, 135/, 174, 

175/ 

Elastie eonneetive tissue, 129/, 132,134/ 
Elastie fibers, 127, 128/, 134/ 
bronehial, 812, 813/ 
in dermis, 155,156 
in lung, 815 
in voeal folds, 808 

Elastie (titin) filaments, 280/, 281-282 

Elastieity, muscle eell, 277 

Elastie membrane, arterial, 694/, 696 

Elastin, 50, 51/, 127, 695 

Elbow 

articulation at, 230/, 231-232 
muscles of, 351-352 f 353/, 358/, 
359/ 

student’s (oleeranon bursitis), 270 
Elbow joint, 254/, 266, 266/ 
muscles erossing/eontrolling 
movement of, 351-352/, 353/, 
358/, 359/ 

Eleetrieal energy, 24 
Eleetrieal gradient, 397 
Eleetrieally coupled neurons, 407 
Eleetrieal signaling, 81 
Eleetrieal synapses, 407 
Eleetrieity, basie prineiples of, 

395-397, 396/ 
Eleetroeardiograph/ 

eleetroeardiogram (ECG), 
677-678, 677/, 678/, 680/ 
Eleetroehemieal gradient, 73, 80, 397 
Eleetroehemieal proton (H + ) 

gradient, 921/, 922 
Eleetroeneephalogram/ 

eleetroeneephalography 
(EEG), 452-453, 453/ 
during sleep, 452,453/ 454,454/ 455 
Eleetrolysis, 159 

Eleetrolyte(s), 39, 991-992, 992/ 
absorption of, 897-898 
in body flmds, 992-993, 992/ 
in plasma, 633/, 992, 992/ 
salts as, 39 

Eleetrolyte balanee, 997-1004,1000/, 

1001 /, 1002 / 

developmental aspeets of, 1012 
Eleetrolyte imbalanees, 39, 997, 998/ 
heart rate and, 684 
Eleetromagnetie (radiant) energy, 24 
Eleetromagnetie radiation, 553, 554/ 
Eleetromagnetie speetmm, 24 


Eleetromyography, 384 
Eleetron(s), 25, 25/, 27/ 

ehemieal bonds and, 31, 31/ 
Eleetron aeeeptor, 32, 36 
Eleetron cloud, 25/, 26 
Eleetron donor, 32, 36 
Eleetronegativity, 34 
Electroneutrality, 42, 395 
Eleetron mieroseopy, 118 
Eleetron sharing, in eovalent bonds, 

32-34 

Eleetron shells (energy levels), 31, 31/ 
Eleetron transport ehain, 914/, 916/, 

917/, 920-923, 921/, 922 f 
923/, 924/, 929/ 

Eleetropositive atoms, 34 
Elements, 25-28, 26/ 

atomie structure and, 25, 27 
ehemieally inert, 31,31/ 
ehemieally reaetive, 31,31/ 
identifying, 27 
Elephantiasis, 763 
Elevation (body movement), 258, 

259/, 268 

Ellipsoidal (eondylar) joints, 258,261/ 
Elongation 

in transeription, 103,103/ 
in translation, 105,107/ 
Embohsm/embohis/emboli, 650,848 
Embryo, 1065, 1065/ 
blood supply for (fetal 
circulation), 745, 1074/, 
1079-1081, 1080/ 
eleavage/blastoeyst formation 
and, 1067,1071/ 
folding of, 1076, 1076/ 
implantation of, 1067-1071, 

1071/, 1072/ 

sexually indifferent stage of, 1055, 
1056/, 1057/ 

testosterone in, 1034, 1034/, 1035 
Embryology, 2. See also Embryonie 

period; Fetal period 
Embryonie dise, 1067, 1073/, 1074, 

1075/, 1076/ 

Embryonie period, 1065 

eleavage/blastoeyst formation, 
1067, 1071/ 

extraembryonic membrane 
formation, 1073/, 1074-1075 
gastmlation/germ layer 

formation, 1073/, 1075-1076, 
1075/ 

implantation, 1067-1071, 1071/ 
1072/ 

organogenesis (germ layer 
differentiation), 1076-1081, 
1076/, 1077/, 1078/, 1079/, 
1080/ 

plaeentation, 1071-1074,1073/ 
Emergeney eontraeeptive pills, 1090h 

1091/ 

Emesis (vomiting)/emetic eenter, 874 
Emmetropie eye, 555, 557/ 
e-Mosquito, 624b 

Emotional brain, 449. See also Limbie 

system 

Emotional memory, 457 
Emotions 

hypothalamus and, 442 
limbie assoeiation area/limbie 
system and, 436,437,449 


Emphysema, 825, 839-840, 839/ 
Emulsion(s), 30 

in lipid digestion, 893/, 895, 895/ 
Enamel (tooth), 860, 860/ 
Encapsulated nerve endings, 486- 

487,486f. See also speeifie type 
Eneephalitis, 460 
Eneephalopathy, 482 
End diastolie volume, 680/, 681, 682, 

682/, 705/ 

Endemie goiter, 609 
Endergonie reaetions, 37 
Endoeannabinoids, 416f, 417 
Endoearditis, 690 
Endocardium, 661, 661/, 665/ 
Endoehondral (eartilage) bones, 183 
Endoehondral ossifieation, 183, 

183-185, 184/ 

Endoerine glands, 592. See also 

Endoerine system/glands 
Endoerine system/glands, 6/, 124, 

591-630, 592, 592/. See also 
speeifie gland and Hormone(s) 
aging affeeting, 623 
autonomic nervous system and, 
540h 62 6b 

cardiovascular system and, 62 6b, 
74 6b 

ease study and, 630 b 
developmental aspeets of, 623 
difhise, 124 

digestive system and, 62 6b, 900 b 
environmental pollutants 
affeeting, 623 
fimetions of, 6/ 
homeostatie relationships of, 10, 

62 6b 

hypothalamus in regiilation of, 442 
integumentary system and, 168/, 

62 6b 

lymphatie system and, 62 6b, 761/ 
muscular system and, 314/, 62 6b 
reproductive system and, 626 b, 
1059/ 

respiratory system and, 62 6b, 843 b 
skeletal system and, 195/, 626b 
stimuli aetivating, 596-597, 597/ 
urinary system and, 62 6b, 1013/ 
Endoerinology, 592 
Endoeytosis, 73, 73-77, 76/, 78t 
fhiid-phase (pinoeytosis), 75, 

77/, 78 1 

reeeptor-mediated, 76, 77/, 78t 
Endoderm, 144, 144/, 1073/, 1075/, 

1076,1078/ 

differentiation of, 1076/, 1077, 
1077/, 1079/ 

Endogenous antigen, 784 
Endolymph, 573, 574/, 575 
equilibrium and, 581, 582/ 
Ménière’s syndrome and, 584 
Endomembrane system, 83, 87, 87/ 
Endometrial eaneer, 1063 
Endometriosis, 1063 
Endometrium, 1037/, 1039, 1039/ 
in uterine (menstmal) eyele, 1049, 
1050/ 

Endomysium, 278 

eardiae muscle, 310í, 671 
skeletal muscle, 278,279/, 283 1, 
310 1 

smooth muscle, 305, 3lOt 
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Endoneurium, 490,491/ 
Endoplasmie reticulum, 84-85, 84/ 
rough, 63/, 83, 84, 84, 84/, 86/, 

87/, 94/ 

protein proeessing in, 105,108/ 
smooth, 63/, 84-85, 84/, 87/, 94/ 
Endoplasmie reticulum signal 

sequence, 105, 108/ 
Endorphins, 416í, 417, 489 
Endoseopy, 905 
Endosome, 75, 76/ 

Endosteal eells, 181 
Endosteum, 178/, 179, 182/ 
Endothelial tissue/endothelium, 120 
blood vessel, 693, 694/, 696/ 
in atheroselerosis, 700 b 
eorneal, 549, 552/ 

Endothelins, 713, 714/ 

Endotraeheal tube, 848 
End plate, 286. See also 

Neuromuscular junction 
End plate potential, 286/, 287/, 288, 

288/511 

End systolie volume, 680/, 681, 682, 

682/, 705/ 

Endurance exercise, 304. See also 

Exercise 
Energy, 24-25 

aetivation, 52, 52/, 918 
in aetive transport, 73, 74/, 78f 
from ATP, 24, 55-56, 56/ 
ehemieal bonds and, 24 
in ehemieal reaetions, 24, 37 
diffusion and, 68, 72/ 
enzyme aetion and, 52, 52/ 
intake-output balanee and, 
938-948 

for muscle eontraetion, 298-300, 
299/, 300/ 

in eardiae muscle, 673-674 
in smooth muscle, 308 
Energy balanee, 938-948 
Energy eonversions, 24-25 
Energy intake, 938 
Energy investment phase of 

glyeolysis, 918, 918/ 
Energylevels (eleetron shells), 31, 31/ 
Energy output, 938 
Engagement, in labor, 1086 
Enkephalins, 416í, 417, 489 
Enterie baeteria, 890 
Enterie (intestinal) gastrin, 622 1, 868f, 

871/, 872. See also Gastrin 
Enterie nervous system/plexuses, 533, 

852, 853/, 854/, 855 
Enterie neurons, 533, 855 
Enterie paeemaker eells, 873 
Enteritis, 905 

Enteroehromafhn-like eells, 870 
Enteroeytes, 877 

Enteroendoerine eells, 621, 866-867, 

867/ 

in small intestine, 876/, 877 
in stomaeh, 866-867 
Enterogastrie reflex, 871/, 872 
Enterogastrones, 872 
Enterohepatie circulation, 881 
Enterokinase. See Enteropeptidase 
Enteropathy, gluten-sensitive (eeliae 

disease), 898 

Enteropeptidase (enterokinase), 883, 

883/ 


Enucleation, 590 
Emiresis, nocturnal, 988 
Environmental polhitants, endoerine 

system affeeted by, 623 
Enzyme(s)/enzyme aetivity, 50, 

51-53, 51 /, 52/, 53/ 
ehemieal reaetions regulated by, 
38, 51-52, 52-53, 52/ 

Enzyme inhibitor, 53 

Enzyme-substrate complex, 52-53,53/ 
Eosinophils, 128, 641-642, 641/, 643/, 

644f 

Ependymal eells, 389, 389/, 430 
Ephedra-eontaining supplements, for 

weight loss, 943 b 

Epiblast, 1073/, 1074, 1075/, 1079/ 
Epieanthie fold, 545 
Epieardmm (viseeral layer of serous 

pericardium), 18, 19/, 141/, 
660, 661, 661/, 665/ 
Epieondyle (bone marking), 180f 
of femur, 238, 239/ 
of humerus, 230, 230/ 

Epieranial aponeurosis, 329/, 329 1, 

331/ 

Epicranius (oeeipitofrontalis) muscle, 

326/, 327/, 329/, 329f, 331/ 
Epidermal dendritie eells 

(Langerhans eells), 152, 153/, 
163 

Epidermal ridges, 154, 155/ 
Epidermis, 122, 140, 143/, 151, 151- 

154,151/, 153/ 
in body defense, 162 
development of, 167 
hormones produced by, 622 1, 623 
metabolie hmetions of, 163 
Epidermolysis bullosa, 171 
Epididymis, 1019, 1019/, 1020/, 1021, 

1021/, 1023/, 1024, 1056/ 
Epidural spaee, 464, 467/ 

Epigastrie region, 19, 20/ 

Epigenetie marks, 1102-1103 
Epiglottis, 804/, 807/, 808, 856/ 
elastie eartilage in, 134, 174, 175/ 
Epileptie seizures, 452-453 
Epimysium, 278, 279/, 283í, 3lOí 
Epinephrine, 414, 615, 616, 616f, 707 
adrenal seeretion of, 533, 534f, 
612/, 615, 616, 616í 
blood pressure and, 707, 707f, 
709/ 

eardiae eontraetility affeeted by, 
683 

in food intake regulation, 940, 
940/ 

heart rate affeeted by, 684, 705/ 
metabolism and, 935, 936f 
stress response/sympathetie 
stimulation and, 616, 617/ 
Epineurium, 490, 491/ 

Epiphyseal eartilage, in longitudinal 

bone growth, 185, 186/ 
Epiphyseal fracture, 190f 
Epiphyseal line, 178, 178/ 

Epiphyseal plates, 134, 178, 184, 184/ 
in bone growth/remodeling, 185, 
186/ 

closure of, 186 
as synehondroses, 251, 251/ 
Epiphyses, 178, 178/ 

ossiheation of, 184,184/ 


Epiploie appendages, 887, 888/ 
Episiotomy, 1086 
Epistaxis (nosebleed), 848 
Epithalamus, 429,429/, 440/, 443 
Epithelial eells. See also Epithelial 

tissue/epithelium 
taste bud, 568, 568/ 

Epithelial root sheath, 158-159, 158/ 
Epithelial tissue/epithelium, 117/, 

118-126, 119/, 120-123/, 125/, 
126/ See also speeifie type 
of alimentary eanal mucosa, 854/, 
855 

bronehial, 811 
eorneal, 549, 552/ 
eovering/lining, 118, 140-142, 
141/ 

eetoderm and endoderm as, 1076 
germinal, of ovary, 1036, 1036/ 
of larynx, 808 
of lens of eye, 552/, 553 
of mouth, 856 

olfaetory, 565-567, 566/, 804/, 805 
regeneration of, 119,142-143, 
143/ 

of small intestine, 877 
of stomaeh, 866, 867/ 
of ureters, 979, 980/ 

Epithelium, 118. See also Epithelial 

tissue/epithelium 
Epitympanie reeess, 572, 572/ 
Eponychium (nail cuticle), 160, 160/ 
EPSPs. See Excitatory postsynaptie 

potentials 

Epstein-Barr vims, monomieleosis 

caused by, 645, 763 
Equational division (meiosis II), 

1028/, 1029, 1030/, 1031/, 
1044/ 

Equator, ofmitotie spindle, 101/ 
Equilibrium (ehemieal), 37 
Equilibrium/orientation, 580-584, 

580/, 581/, 582/, 583/, 585. See 
also Ear 

eerebral cortex in, 436 
Equilibrium (vestibular) cortex, 436 
Equilibrium pathway, 582-584, 583/ 
ER. See Endoplasmie reticulum 
Ereetile dyshmetion (ED), 1027 
Ereetile tissue/bodies 
in elitoris, 1041 
ofpenis, 1022-1023, 1026 
Ereetion, 1022, 1026 
Ereetor spinae (saerospinalis) 

muscles, 336/, 338/, 339/ 
Erythema, 156 
Erythroblastosis fetalis, 652 
Erythroblasts 

basophilie, 636, 636/ 
orthoehromatie, 636, 636/ 
polyehromatie, 636, 636/ 
Erythroeytes (red blood eells), 129/, 

137/, 632, 632/, 634-640, 634/, 
636/, 638/, 639/, 641/, 644/ 
antigens of, blood groups and, 

651 

transplantation and, 790 
hemoglobin in, 634, 635, 635 
siekled, 639, 639/, 1100 
transhision of, 651-653, 653/, 

653/ 

in urine, 980/ 


Erythropoiesis, 636, 636/, 638/ 
regulation/requirements for, 
636-638, 637/ 

Erythropoietin, 621, 622/, 637, 637/, 

638/, 955 
defkieney of, 639 
homeostatie imbalanees and, 637 
Esehar, 166 
E site, 105, 106/, 107/ 

Esophageal arteries, 729/ 

Esophageal glands, 863 
Esophageal hiatus, 862 
Esophageal plexus, 528 
Esophageal ulcers, 863 
Esophagitis, 863 

Esophagus, 850/, 856/, 862-863, 862/, 

885/ 

Barrett’s, 904 

digestive proeesses occurring in, 
851/, 863-864, 864/, 885/ 
Essential amino aeids, 910, 911/ 
Essential fatty aeids, 908, 909/ 
Essential (primary) hypertension, 711 
Essential mitrients, 907-908 
Estradiol, 1034, 1035 
Estriol, 1035 

Estrogen(s), 620,1000,1035, 1051, 

1052/ 

adrenal, 615, 616/ 
bone growth and, 186 
labor initiation and, 1085, 1085/ 
in menopause, 1058 
osteoporosis and, 192-193 
in ovarian eyele, 1047, 1048-1049, 
1048/, 1052/ 

plaeental/ during pregnaney, 

1072/, 1073-1074 
prolaetin levels and, 606 
in sodhim regulation, 1000 
in uterine (menstmal) eyele, 1049, 
1050/, 1052/ 

Estrogen (hormone) replaeement 

therapy, 193, 1058 
Estrone, 1035 

Ethmoidal air eells (sinus), 210, 210/, 

215 / 

Ethmoid bone, 203/, 204/, 205/, 207/, 

210,210/214/217/ 

Eupnea, 834 
Eustachian tube. See 

Pharyngotympanie (auditory) 
tube 

Evaporation, heat loss by, 163, 945, 945/ 
Eversion (body movement), 258, 259/ 
of lower limb, 380/, 381/ 

Excess postexercise oxygen 

consumption (EPOC), 301 
Exchange (displaeement) reaetions, 

36, 36/ 

Exchange transhisions, 657 

for hemolytie disease of newborn, 
652 

Exchange vessels, in eapillary bed, 

698, 698/ 

Excitability (responsiveness), 5 
muscle eell, 277 

neuron, 5, 6/, 400. See also Nerve 
impulse(s) 

Excitation-contraction coupling, 

286/, 289, 290-291/ 
in eardiae muscle, 673 
in smooth muscle, 307, 308/ 
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Excitatory neurotransmitters, 415- 

416f,418, 525 
in stroke, 463 

Excitatory postsynaptie potentials 

(EPSPs), 410/, 411,413f 
information proeessing in retina 
and, 561, 562/ 

summation by, 411-413,411/ 
Excitatory synapses, 411 
Excitotoxin, in cerebrovascular 

aeeident, 463 
Excreta, 6 
Excretion, 6-7, 7/ 
skin in, 163 

Excretory system. See EJrinary system 
Executive area, in prefrontal cortex, 

434/, 437 
Exercise 

adaptations to, 304-305, 838 
blood flow affeeted by, 712, 712/, 
713-714,715 

bone remodeling/strength 
affeetedby, 188,189/ 
eardiae output affeeted by, 682, 
682/, 705/ 

energy systems used during, 300, 
300/ 

heart affeeted by, 682/, 684, 687 
rmiseles affeeted by, 304-305 
for osteoporosis prevention/ 
treatment, 193 

respiratory adjustments during, 
838 

Exercise (aetive) hyperemia, 713 
Exergonic reaetions, 37 
Exertion-induced heat exhaustion, 

947 

Exhalation. See Expiration 
Exocrine glands, 124-125, 125/, 126/, 

592 

Exocytosis, 63/ 77-78,77/ 78f, 85,86/ 
Exogenous antigens, 784 
Exons, 102 

mRNA proeessing and, 104 
Exophthalmos, 590, 609/, 610 
Exosomes, 14 6b 

Expiration, 802, 818/, 819-820, 819/ 
muscles used in, 340f, 341/, 818/, 
819 

Expiratory reserve volume, 821, 822/ 
Expulsion (seeond), stage of labor, 

1086, 1086/ 

Extended ehromatin, 96 
Extensibility, muscle eell, 277 
Extension (body movement), 256/, 

257/, 258, 321/ 
of lower limb, 380f, 381/ 
of upper limb, 358f, 359/ 

Extensor earpi radialis brevis muscle, 

356f, 357/, 358/ 

Extensor earpi radialis longus muscle, 

327/, 356/, 357/, 358/ 

Extensor earpi ulnaris muscle, 327/, 

356/, 357/, 358/ 

Extensor digitomm muscles, 327/, 

356/, 357/, 358/ 
brevis, 371/, 372/, 376/ 
longus, 326/, 370/, 371/, 372/, 380/ 
Extensor hallucis brevis muscle, 371/, 

372/ 

Extensor hallucis longus muscle, 

370/, 371/ 372/, 380/ 


Extensor indieis muscle, 357/, 357/ 
Extensor muscles 

of baek, 336-338/, 339/ 
of forearm, 351-352/, 353/, 354/, 
356-357/, 357/, 358/, 359/ 
of knee, 363/ 

of leg, anterior, 370/, 371/ 
of thigh, 363/, 367/ 

Extensor pollieis brevis muscle, 356/, 

357/, 358/ 

Extensor pollieis longus muscle, 356/, 

357/, 358/ 

Extensor retinacula 

of forearm, 354/, 356/ 
of leg, 370/, 371/, 372/ 

External (term), 12/. See also under 

Superficial 

External acoustic meatus (external 

ear/auditory eanal), 204/, 206/, 
208, 208/, 216/, 570-572, 571/ 
External anal sphineter, 344/, 345/, 

887, 888/ 

External earotid artery, 725/, 726/, 

726/, 727/ 

External (outer) ear, 208, 570-572, 

571/ 

elastie eartilage in, 134, 135/ 174, 

175/ 

External genitalia 

embryologie/fetal development 
of, 1055, 1057/ 
in female, 1035, 1035/, 1040/, 

1041 

in male, 1019-1020, 1019/, 1020/, 
1022-1023, 1022/, 1023/ 
External iliae arteries, 725/, 734-735/, 

734/ 

External iliae vein, 737/, 742-743/, 

744/, 744/ 

External intereostal muscles, 340/, 

341/818/819 

External jugular vein, 736-737/, 

738-739/, 738/, 740-741/ 
External nose, 803, 803/, 805/ 

External oblique muscle, 326/, 342/, 

343/ 

External oeeipital erest, 203, 203/, 

206/, 216/ 

External oeeipital protuberance, 

202-203, 203/, 205/, 206/, 216/ 
External os, 1037/, 1038 
External (elosed) reduction of 

fracture, 191 

External respiration, 802, 825-827, 

826/, 827/ 

External spermatie faseia, 1020/ 
External strabisrmis, 495/ 

External tension, 301-302 
External urethral orifiee, 981, 981/, 

1019/, 1023/, 1035/ 

External urethral sphineter, 344/, 

345/981,981/ 

Exteroceptors, 163,484,485/, 486/ 
Extracapsular ligaments, of synovial 

joints, 252 

Extracellular fhfid, 63, 64/, 991, 991/ 
developmental ehanges in, 1012 
eleetrolytes in, 992-993, 992/ 
gas/nutrient/water/waste 
exchanges and, 993, 993/ 
intraeelhilar fluid eompared with, 
992-993,992/ 


resting membrane potential and, 
397, 398/ 

Extracellular fluid eompartment, 

991,991/ 

Extracellular fluid osmolality, 993- 

997, 994/, 996/, 997/ See also 
Water balanee 
Extracellular materials, 110 
Extracellular matrix, 110,127, 128/, 

129/, 174 

Extraembryonic membranes, 1073/, 

1074-1075 

Extraembryonic mesoderm, 1073/ 
Extrafusal muscle fibers, 514, 514 f 

515/ 

Extraglomerular mesangial eells, 

962/, 963 

Extranuclear (mitoehondrial) 

inheritanee, 1103 

Extrapyramidal (indireet) pathways, 

469, 471-473, 473/, 512 
Extrasystole (premature eontraetion), 

676 

Extrauterine life, infant adjustment 

to,1087 

Extremities. See Lower limbs; Upper 

limbs 

Extrinsic conduction system of heart, 

676-677, 677/ 

Extrinsic eye muscles, 546-549, 547/ 
abducens nerve supplying, 497/, 
547, 547/ 

oculomotor nerve supplying, 

495/, 547, 547/ 

troehlear nerve supplying, 495/, 
547, 547/ 

Extrinsic pathway, 647, 648, 648/ 
Extrinsic (major) salivary glands, 858 
Extrinsic tongue muscles, 332/, 333/, 

857 

Exudate, 768 

Eye, 545-565, 545/ See also under 

Visual and Vision 
aeeessory structures of, 545-549, 
545/, 546/, 547/ See also 
speeifie structure 
autonomic innervation/effeets 
and, 527/, 528/, 532/, 536/, 

555, 555/, 556 

developmental aspeets of, 585 
eyeball structure and, 548/, 549- 
553, 549/, 550/, 551/, 552/, 553/ 
internal ehambers/flmds of, 
552-553, 552/ 

layers of, 549-552, 549/, 551/ 
muscles eontrolling movement of, 
546-549, 547/ 

opties and, 553-556, 554/, 555/, 

557/ 

photoreeeptors/ 

phototransduction in, 551, 
556-563, 558/, 559/, 560/, 

561/, 562/ 

visual pathways and proeessing 
and, 563-565, 564/ 

Eyeballs. See also Eye 

eonvergenee of, in elose vision, 

556 

structure of, 548/, 549-553, 549/, 
550/, 551/, 552/, 553/ 
Eyebrows, 545, 545/ 

Eyelashes, 545/, 546 


Eyelids, 545, 545/ 
muscles of, 545, 546 
Eyeteeth (eanines), 860, 860/ 

Faee. See also under Faeial 

bones of, 201,201/, 203/, 204/, 

211 - 212 , 211 / 

muscles of, 326/, 329/, 329-330/, 
331/ 

Faeet (bone marking), 180/ 
vertebral, 220/, 221 
Faeial artery, 726/, 726/, 727/ 
pulse at, 710/ 

Faeial bones, 201, 201/, 203/, 204/, 

211-212,211/217/ 

Faeial expression, muscles eontrolling 

(faeial muscles), 326/, 329/, 
329-330/, 331/ 

faeial nerve supplying, 329-330/, 
497-498/ 

Faeial nerve (eranial nerve VII), 444/, 

445,445/, 493,493/, 497-498/, 
528, 528/, 569, 570/ 
buccinator muscle supplied by, 
332/ 

faeial muscles supplied by, 
329-330/, 497-498/ 
in gustatory pathway, 569, 570/ 
parasympathetie fibers of, 497/, 
528, 528/ 

salivation eontrol and, 859 
sealp muscles supplied by, 329/ 
Faeial paralysis, in Bell’s palsy, 497/ 
Faeial vein, 738-739/, 738/ 

Faeilitated diffusion, 68-69, 69/, 72/ 

Faeilitated zone, 421,421/ 

Faeilitation, neuron, 413 

Faet (deelarative) memory, 457,457/ 

F (filamentous) aetin, 281 

Faetor III (tissue faetor), 647/, 648, 

648/ 

Faetor VIII (antihemophilie faetor), 

647/, 650 
defieieney of, 650 
Faetor IX, defieieney of, 650 
Faetor X (Stuart faetor), 647/, 648, 

648/ 

Faetor XI, defieieney of, 650 
Faetor XIII (fibrin stabilizing faetor), 

647/, 648, 648/ 

Facultative water reabsorption, 969 
Faihire to thrive, 443 
Fainting, 453, 715. See also Syneope 
vasovagal syneope causing, 543 
Faleiform ligament, 878, 879/, 889/ 
Fallopian (uterine) tubes, 1035, 1035/, 

1037-1038,103 If.See also 
Uterine (fallopian) tubes 
Fallot, tetralogy of, 686, 687/ 

False labor, 1085 
False pelvis, 238 

False (vertebroehondral) ribs, 225/, 

226 

False voeal eords (vestibular folds), 

804/, 807/, 808, 808/ 

Falx eerebelli, 459,460/ 

Falx eerebri, 459,459/, 460/ 

Familial hypereholesterolemia, 953 
Far point of vision, 555 
Farsightedness (hyperopia), 556, 

557/, 585 
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Fascia(e), 132 
lata, 363/ 

liimbar, 343/, 367/ 
renal, 955, 956/ 

spermatie, external and internal, 

1020/ 

superficial. See Superficial faseia 
Faseiele(s) 

muscle, 278, 279/, 283f 

arrangement of, 322-323, 322/ 
naming muscles and, 320 
nerve, 490, 491/ 

Fasciculus cuneatus, 469,469/, 470/, 

471í 

Faseiaihis graeilis, 469,469/, 470/, 

471f 

Fas protein, sunburn and, 164 
Fast fibers, 302, 303-304, 303/, 303í 
Fast glyeolytie fibers, 302, 303, 303/, 

303/ 

Fasting (postabsorptive) state, 931, 

933-935, 934/, 935/ 

Fast motility, 578-579 

Fast oxidative fibers, 302, 303/, 304 

Fast voltage-gated Na + ehannels, in 

eardiae muscle eontraetion, 
672, 673/ 

Fat(s)/lipid(s), 8,43-47,45/, 46f, 

908-910, 909/ 
absorption, 893/, 895/, 896 
in atheroselerosis, 700 b 
dietary, 908-910, 909f 

substitutes for, 910, 943 b 
digestion of, 893/, 895, 895/ 
bile salts in, 881, 893/, 895, 

895/ 

intereonversion of, 930-931, 930/ 
metabolism of, 45-46,45/, 914/, 
926-928, 926/, 927/, 929/ 
glyeerol/fatty aeid oxidation 
in, 926, 926/, 929/ 
lipogenesis, 926-927, 927/, 

929/ 

lipolysis, 927, 927/, 929f, 933, 
934/ 

liver in, 927, 933, 934/, 937f 
thyroid hormone affeeting, 

607f 

as neurotransmitters, 416í, 417 
neutral, 45, 908. See also 
T riglyeerides 
obesity and, 942 b 
saturated and unsaturated, 46, 

908 

storage of in bone, 177 

supply of (fat pool), 930-931, 930/ 

transport of, 936-937, 936/ 

Fat (adipose) eells, 128, 128/, 129f, 

130, 131/. See also Adipose 
tissue 

Fatigue, muscle, 295, 300-301 
Fatpool, 930-931,930/ 

Fat-soluble vitamins, 46/, 897, 912, 

912f 

Fat substitutes, 910, 943 b 

Fat (adipose) tissue, 128, 128/, 129f, 

130, 131/, 151, 151/936. See 
also Adipose (fat) tissue 
Fatty aeids, 45, 45/, 46, 893/, 895, 

895/, 896 

essential, 908, 909f 

in food intake regulation, 940,940/ 


omega-3, 47, 938 
oxidation of, 926, 926/, 929/ 
trans (trans fats), 47, 908, 909/ 
Fatty pads, 253 
Fatty streak, 700 b 
Fauces, 857 

isthmus of, 804/, 806 
Fe. See Iron 

Feature abstraetion, 489 
Feees, 887, 891 
bile in, 881-882 

expulsion of in defeeation, 851/, 
852, 885í, 891-892, 891/ 

Fed (absorptive) state, 931, 931-933, 

931/, 932/ 

Feedbaek. See also Negative feedbaek; 

Positive feedbaek 
in homeostasis, 9, 9/ 
internal, in motor integration, 512 
Feet. See Foot 
Female(s) 

pelvis in, 237f, 238 
pubertyin, 1058 
urethra in, 981, 981/, 982, 1035/ 
Female pronucleus, 1066-1067, 1070/ 
Female reproductive system, 7/ See 

also speeifie organ or structure 
anatomyof, 1035-1043, 1035/, 
1037/, 1040/ 

embryologie/fetal development 
of, 1054-1057, 1056/, 1057/ 
fimetions/physiology of, 7/, 8, 
1043-1053, 1044/, 1046/, 

1048/, 1050/, 1052í 
laetation and, 1041, 1042/, 
1087-1089, 1088/ 
mammary glands (breasts) and, 
161, 1041-1043, 1042/, 1043/ 
parturition (birth) and, 1085- 
1087, 1085/, 1086/ 
pregnaney and, 1065, 1082-1085, 
1082/ 

Female sex hormones. See also 

Estrogen(s); Progesterone 
in sodium regulation, 1000 
Female sexual response, 1051-1053 
Femara. See Letrozole 
Femoral artery, 725/, 734-735/, 734/ 
deep (deep artery of thigh), 734/, 
735/ 

medial and lateral circumflex, 
734-735/, 734/ 
pulse at, 710/ 

Femoral cutaneous nerve 
anterior, 507/ 
lateral, 507/, 507/ 
posterior, 508/, 509/ 

Femoral nerve, 506, 507/, 507/ 
Femoral vein, 737/, 744/, 744/ 
Femoropatellar joint, 255/, 262, 263. 

See also Knee joint 
Femur, 200/, 238, 239/, 243/ 
in hip fracture, 238 
in hip joint, 266, 267/ 
in knee joint, 262, 262/ 
ligament of head of (ligamentum 
teres), 238, 267, 267/ 
Fenestrated eapillaries, 697, 697/ 
Fenestrations (eapillarypores), 697, 

697/ 

glomeralar, 958, 964/, 965 
Fen-phen, 9A3>b 


Ferritin, 637, 638/, 898 
Fertilization (eoneeption), 7, 1019, 

1044/, 1045,1065-1067, 

1065/, 1068-1069/, 1070/. See 
also Zygote 
in vitro, 1089 
random, 1098-1099 
in uterine tube, 1037, 1071/ 

Fetal aleohol syndrome (FAS), 1083 
Fetal circulation, 745, 1074/, 1079- 

1081, 1080/ 

ehanges in at birth, 1080/, 1087 
Fetal fibroneetin, 1085 
Fetal heart rate, 684 
Fetal hemoglobin (hemoglobin F), 

640, 654 

Fetal period, 1065, 1081-1082, 1081/, 

1084/ 

Fetal testing, 1103-1104,1104/ 

Fetus, 1065, 1065/, 1081/ 

development of, 1065, 1081-1082, 
1081/, 1084/ 

vasorlar modifieations in, 745, 
1074/, 1079-1081, 1080/ 

Fever, 773, 947-948 

in body defense, 770/, 773 
heart rate and, 684 
metabolie rate and, 941 
Fever blisters (eold sores), 171 
Fiber (dietary), 890, 892, 908, 909/ 
Fibers 

eonneetive tissue, 127, 128/ 
muscle. See Muscle eells/fibers 
Fibrillation, eardiae, 676, 679/ 

Fibrils (myofibrils), 279, 310/ 
eardiae muscle, 310/ 
skeletal muscle, 279-282, 280/, 
282/, 283/, 284/, 310/ 

Fibrin, 648, 648/ 

Fibrin mesh (blood elot), 142,143/, 

646/, 647, 648-649, 648/, 649/ 
See also Coagulation 
faetors limiting growth of, 649 
faetors preventing undesirable 
formation of, 649 
in inflammation, 768/, 769 
in unbroken vessel (thrombus), 
650 

Fibrinogen, 633/, 647/, 648, 648/ 
Fibrinolysis, 649 

Fibrin stabilizing faetor (FSF), 647/, 

648, 648/ 

Fibroblasts, 128,128/ 129/, 130,131/ 

133/ 

in tissue repair, 142,143/ 
Fibroeartilage, 129/, 136/, 143,174, 

175/ 

skeletal, 174, 175/ 
in symphyses, 251,251/ 
Fibrocartilaginous callus, in bone 

repair, 191, 191/ 

Fibroeytes, 129/ 

Fibromyositis (fibromyalgia), 318 
Fibroneetin, 127 
fetal, 1085 
Fibrosis, 142, 143/ 
pulmonary, 821 
Fibrous capsule 

of kidney, 955, 956/ 
of multicellular exocrine gland, 124 
Fibrous (dense) eonneetive tissue, 

129/, 130-132, 130, 133-134/ 


Fibrous joints, 250-251,250/, 253/ 
Fibrous layer 
of eye, 549 

of joint capsule, 252, 252/ 
of periosteum, 178 
Fibrous perieardmm, 660, 661/ 
Fibrous (atheroselerotie) plaques, 

700 b 

Fibrous (structural) proteins, 50, 51/ 
Fibrous sheath, hair folliele, 158, 158/ 
Fibula, 200/, 240/, 241, 243/ 
in knee joint, 262-263/ 

Pott’s fracture of, 240/, 241 
Fibular (peroneal) artery, 734-735/, 

735/ 

Fibular eollateral ligament, 262-263/, 

263 

Fibularis (peroneus) brevis muscle, 

372/, 373/, 374-375/, 380/ 
Fibularis (peroneus) longus muscle, 

326/, 327/, 371/, 372/, 373/, 
374-375/, 380/ 

Fibularis (peroneus) tertius muscle, 

370/, 371/, 372/, 380/ 

Fibular (peroneal) muscles, 370/, 

381/ See also speeifie muscle 
Fibular (peroneal) nerve 

eommon, 508, 508/, 509, 509/ 
deep, 508/, 509/ 
leg muscles supplied by, 369/, 
370/, 373/ 

superficial, 508/, 509/ 

Fibular noteh, 241 

Fibular (peroneal) retinacula, 370/, 

372/ 

Fibular (peroneal) vein, 744/, 744/ 
“Fight-or-flight” response 

adrenal mediilla in, 616,616/, 617/ 
autonomic nervous system in, 

526, 536, 616 

Filamentous (F) aetin, 281 
Filaments (muscle eell/ 

myofilaments), 136-137, 281 
in skeletal muscle, 280/, 281, 282/, 
283/ 

in smooth muscle, 307, 308/ 
Filaments (olfaetory nerve), 492-493, 

493/, 494/, 566, 566/ 

Filiform papillae, 857, 857/ 

Filling in, 551 
Filopodia, 423 
Filtrate, 958 
Filtration, 717 

in eapillaries, 717 
glomeralar, 963, 963/, 964/, 
965-968, 965/, 967/ 
lymph node, 755 
Filtration membrane, 964/, 965 
Filtration slits, 960, 964/ 

Filum terminale, 465/, 466 
Fimbriae, 1035/, 1037,1037/ 
Finasteride, 159,1025 
Finger(s), 234 

bones of (phalanges), 200/, 232/, 
233/, 234 

earpometaearpal joint of, 254/ 
interphalangeal joints of, 254/ 
muscles eontrolling movement 
of, 354-357/, 355/, 357/, 358/, 
359/ 

intrinsie hand mtiseles, 354í, 
360-362 1, 361/ 
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Fingerprints, 155, 155/ 

First breath, aíter birth, 841-842,1087 
First-elass lever, 324, 325/ 
First-degree burns, 165 
First intention, healing by, 149 
First law of thermodynamies, 938 
First messenger, 82/, 594 

in hormone meehanism of aetion, 
594, 594/ 

First-order neurons, in aseending 

pathways, 468-469,470/ 

First polar body, 1044, 1044/ 

First (dilation) stage of labor, 1086, 

1086/ 

Fission, mitoehondrial, 83 
Fissure (bone marking), 180í 
Fissure(s) 

eerebral, 431,432/ 
oblique and horizontal, of lung, 
814/815 

Fixation, tissue, for mieroseopy, 117 

Fixator (muscle), 320 

Fixed (nonvolatile) aeid, 1006 

Fixed maerophages, 766 

Flaeeid paralysis, 474 

Flagella, 90, 95/ 

Flatbones, 176, 176/, 177, 177/ 

“Flat feet,” 243 
Flatus (gas), 890 
Flavin(s), 922 

Flavin adenine dinucleotide (FAD), 

916 

Fleshy (direet) muscle attaehments, 

278 

Flexion (body movement), 256/, 257/, 

258, 321/ 

of lower limb, 380í, 381/ 
of upper limb, 358í, 359/ 

Flexor aeeessorms (quadratus 

plantae) muscle, 376 /, 377/ 
Flexor earpi radialis nrnsele, 326/, 

354f, 355/, 358f 

Flexor earpi ulnaris muscle, 327/, 

354f, 355/, 358f 

Flexor digiti minimi brevis muscle 
of foot, 378 f, 379/ 
of hand, 360 f, 361/ 

Flexor digitoram brevis muscle, 376f, 

377/ 

Flexor digitorum longus nrnsele, 

373 f, 375/, 380f 

Flexor digitoram profundus muscle, 

355/, 355f, 358f 

Flexor digitorum superficialis muscle, 

355/, 3 55/, 358/ 

Flexor hallucis brevis muscle, 378f, 

379/ 

Flexor hallucis longus nrnsele, 372/, 

373f, 375/, 380f 
Flexor muscles 

of forearm, 351-352/, 353f, 
354-355Í, 355/, 358f, 359/ 
of leg, 370f 
of thigh, 363/ 

Flexor pollieis brevis muscle, 360f, 

361/ 

Flexor pollieis longus muscle, 355/, 

355f, 358f 

Flexor (withdrawal) reflex, 9,518,518/ 
Flexor retinacula 

of forearm, 354f, 355/ 
of leg, 370/ 


Flexure lines, 155, 155/ 

Flexures 

eolie, right (hepatie) and left 
(splenie), 887, 888/ 
midbrain and eervieal, 429,430/ 
Floating (vertebral) ribs, 225/, 226 
Flocculonodular lobe, 447, 448/ 

Floor 

of nasal eavity, 213-215 
of orbit, 213/ 

Flora (baeterial), intestinal, 890 
Flower spray (seeondary sensory) 

endings, 514, 514/ 

Fluid(s), body. See Body fluids 
Fluid balanee. See also Water balanee 
developmental aspeets of, 1012 
sodium in, 997-999, 998f, 999/ 
regulation and, 999-1000, 
1000/, 1001/, 1002/ 

Fluid eompartments, 991, 991/ 

fluid movement among, 993, 993/ 
Fluid mosaie model, 63-65, 64/, 66/ 
Fluid movements (bulk flow), 716- 

717,718-719/ 

Flmd-phase endoeytosis 

(pinoeytosis), 75, 77/, 78f 
Fluorine, 2 6t, 915/ 

Foam eells, in atheroselerosis, 700 b 

Foeal point(s), 554 

Focusing (light on retina), 554-556, 

555/ 

Folaein. See Folie aeid/folaein 
Folding, embryo, 1076, 1076/ 

Folia, eerebellar, 447 

Foliate papillae, 568, 568/, 857, 857/ 

Folie aeid/folaein (vitamin B 9 ), 638, 

912f 

during pregnaney, 1083 
ultraviolet radiation affeeting, 156 
Folliele(s) 

hair, 151/, 157-159, 158/ 
lymphoid, 755, 756/ 

aggregated (Peyer’s patehes), 
755, 756/, 759, 760/ 
ovarian, 1036, 1036/, 1045-1047, 
1046/, 1050/. See also Ovarian 
follieles 

thyroid, 606/, 607 

Folliele eefls, ovarian, 1036, 1043,1044/ 
Folliele retention eysts, 1063 
Follicle-stimulating hormone (FSH), 

601/603/, 605,1033 
in female reproductive fimetion, 
1045,1047,1048-1049,1048/ 
1050/ 

in male reproductive fimetion, 
1033, 1034/ 

Follicular eells, thyroid, 606/, 607 
Follicular phase of ovarian eyele, 

1045-1047, 1046/, 1050/ 
Fontanelles, 244,244/ 

Food. See also Nutrient(s); Nutrition 
absorption of in digestive system, 
850, 851/, 852, 885/, 895-898, 
895/, 897/ See also Absorption 
digestion/breakdown of, 5, 5/, 7/, 
850, 851/, 852, 885/, 892-895, 
893/ See also Digestion 
ingestion/intake of, 851,851/ 885/ 
in newborn, 899 
regulation of, 442, 939-941, 
940/, 942-943^ 


propulsion of through digestive 
system, 851, 851/, 885/. See 
also Peristalsis 

Food guide pyramids, 907, 907/ 
Food-induced thermogenesis, 

943-944 

Foot 

arehes of, 242, 242/ 

imiseles supporting, 376-377/, 
377/, 379/ 

bones of, 241-243, 241/, 243/ 
dorsal venous areh of, 744/, 744/ 
intrinsie muscles of/muscles 

aeting on, 376-377/, 377/, 379/ 
Footdrop, 509 

Foot proeesses, 960, 964/, 965 
Foramen (bone marking), 179, 180/ 
Foramen laeeram, 206/, 207/, 208 
Foramen magnum, 202, 206/, 207/, 

216/ 

Foramen ovale (heart), 662, 686, 686/, 

745, 1079, 1080/ 
closure of, 1080/, 1087 
Foramen ovale (skull), 206/, 207/, 

209/, 210, 216/ 

Foramen rotundum, 207/, 209/, 210, 

216/ 

Foramen spinosum, 206/, 207/, 209/, 

210, 216/ 

Foreed eonveetion, heat loss by, 945 
Foreed expiration, 819 
Foreed expiratory vohime, 823 
Foreed (deep) inspiration, 819 
Foreed vital eapaeity, 823 
Forearm 

bones of, 231-232, 231/, 233/ 
muscles of/muscles eontrolling 
movement of, 326/, 327/, 
351-352/, 353/, 354-357/, 

355/, 357/, 358/ 

Forebrain (proseneephalon), 429,429/ 
Foregut, 898, 899/, 1076/, 1077 
Forehead, 202, 203/ 

Foreskin (prepuce), 1019/ 1022, 1023/ 
Formed elements of blood, 632, 632/, 

634-636, 634/, 641/, 644/. See 
also Blood eells 
Fornix, 449 

limbie system, 434/, 440/, 442/, 
449, 449/ 

vaginal, 1035/, 1040 
Fossa(e) (bone marking), 179, 180/ 
Fossa ovalis, 662, 664-665/ 1080/ 1087 
Fourchette, 1040/, 1041 
Fourth ventriele, 429/, 430, 431/ 

Fovea eapitis, 238, 239/ 

Fovea eentralis, 548/, 551 
Foveal (hard) focus, 551 
Fractures, 190/, 191 

in osteoporosis, 192, 245 
pathologie, 198 
repair of, 191-192, 191/ 
Frank-Starling law of heart, 682 
Fraternal twins, 1047 
Freekles, 156 

Free edge of nail, 160, 160/ 

Free fatty aeids, 895, 895/, 896 

Free maerophages, 766 

Free (unencapsulated) nerve endings, 

151/, 154, 163, 395, 485-486, 
487/ 

Free radieals, 85, 111 


Free ribosomes, 83 
Frenulum 

labial, 856/, 857 
lingual, 856/, 857 
Frequency (aetion potential), 

stimulus eoding and, 404,405/ 
Frequency (sound wave), 576, 576/ 
Frequency (urinary), infeetion and, 

982 

Frietion ridges, 154-155, 155/ 

Frietion rab, perieardial, 661 
Frontal belly, of epicranius, 326/, 

329/, 329/, 331/ 

Frontal bone, 202, 203/, 204/, 205/, 

207/, 216/, 244/, 803, 803/ 
Frontal eye field, 434/, 435 
Frontal lobe, 431, 432/ 

Frontal (eoronal) plane/seetion, 14, 15/ 
Frontal proeesses, 211/, 212, 217/ 
Frontal sinuses, 202,205/ 214/, 215/ 

804/ 

Frontonasal suture, 202, 203/ 
Frostbite, 946 
Fraetose, 43,44/, 892, 893/ 
absorption of, 896, 897/ 

FSH. See Follicle-stimulating 

hormone 

Fulcrum, in lever system, 323, 

323-324/, 325/ 

Full-thickness burns, 166, 166/ 
Functional brain systems, 449-451, 

450-451/ 

Functional groups, 42 
amino aeid, 47,48/ 

Functional layer (stratum 

fiinetionalis) of endometrium, 
1039, 1039/ 

Functional MRI (fMRI), 17 b, 433/ 
Functional (globular) proteins, 49/, 

50,51/ 

Functional residual eapaeity, 822, 822/ 
Functional syneytmm, eardiae muscle 

as, 671 
Fundus 

of eye, 551, 551/ 
of stomaeh, 865, 865/ 
ofuterus, 1037/, 1038 
Fungiform papiflae, 568, 568/ 857, 857/ 
Funiculi (columns), white, 467/, 468 
Furosemide, 976 

Fused (eomplete) tetanus, 295, 295/ 
Fusiform muscles, 322, 322/ 

Fusion inhibitors, for HIV infeetion/ 

AIDS, 793 

G 0 phase, 97 

(gap 1) eheekpoint (restrietion 
point), 97/, 99 

G : (gap 1) subphase, 97, 97/, 100/ 

G 2 (gap 2) eheekpoint, 97/, 99 
G 2 (gap 2) subphase, 97, 97/, 100/ 
GABA. See y-Aminobutyric aeid 
G (globular) aetin, 281 
Galaetose, 43,44/, 892, 893/ 
absorption of, 896, 897/ 
Galaetosemia, 948 

Gallbladder, 850/, 875/, 878, 879/, 882, 

883, 884/, 885/ 

autonomic innervation/effeets 
and, 527/, 528/, 532/, 536/, 884 
developmental aspeets of, 899 
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Gallstones, 882 

Gamete intrafallopian transfer 

(GIFT), 1089 

Gametes, 1018. See also Ova; Sperm 
meiosis in formation of, 1027, 
1028/, 1030/, 1031/, 1043, 
1044/, 1045 

Gamete variability, 1097-1099, 1097/, 

1098/ 

Gamma (Y)-aminobutyric aeid 

(GABA), 415f, 417 
in Parkinson’s disease, 464 
Gamma (y) eíferent fibers, 514, 514/ 
Gamma globulin, 633/, 780. See also 

Antibodies 

passive immunity and, 780, 780/ 
Gamma (y) interferon, 770í, 771,787, 

790/ 

Gamma (y) motor neurons, 514, 517 

Gamma (y) rays, 28 

Ganglia, 390,490 -491. See also 

speeifie type 

autonomic, 525, 526/, 529 1 
Ganglion eells, retinal, 550/, 551, 565 
Ganglionie (postganglionie) neuron, 

525, 526/ 

Gap 1 (G : ) eheekpoint (restrietion 

point), 97/, 99 

Gap 1 (G^) subphase, 97, 97/, 100/ 
Gap 2 (G 2 ) eheekpoint, 97/, 99 
Gap 2 (G 2 ) subphase, 97, 97/, 100/ 
Gap junction(s), 67, 67/ 

in eardiae muscle, 31 lí, 671, 672/ 
in nervous tissue (eleetrieal 
synapses), 407 
in smooth muscle, 307, 30 7f, 

311 1 

Gardasil vaeeine, 1038 
Gas (flatus), 890 
Gases, 24 

basie properties of, 824-825, 82 5t 
exchanges of among blood/lungs/ 
tissues, 811, 813/, 824-828, 
825/, 826/, 827/ 
exchanges of among fluid 
eompartments, 993, 993/ 
as neurotransmitters, 416/, 417 
partial pressures of, 824, 825/ 

Gas exchange, 811, 813/, 824-828, 

825/, 826/, 827/. See also 
Respiratory gases 
internal respiration and, 802, 

827- 828 

pulmonary (external respiration), 
802, 825-827, 826/, 827/ 

Gas flow, resistanee to. See Airway 

resstanee 

Gas (air) movements, nonrespiratory, 

823,824/ 

Gasotransmitters, 416/, 417 
Gas transport, 635, 716, 716/, 802, 

828- 832, 830-831/, 832/, 833/ 
Gastrie aeeommodation, 873 
Gastrie arteries 

leff, 730/, 731/, 731/ 
right, 730/, 731/, 731/ 

Gastrie eontraetile aetivity, 873-874, 

873/ 

Gastrie emptying, 874, 874/ 

Gastrie glands, 866-867, 866, 867/ 
autonomic innervation/effeets 
and, 536/ 


Gastrie inhibitory peptide (GIP/ 

glucose-dependent 
insulinotropic peptide), 622/, 
868 / 

Gastrie juice, 866, 867, 885/ 
in body defense, 770/ 
regulation of seeretion of, 
870-872, 871/872/ 

Gastrie lipase, 866, 893/ 

Gastrie motility, 873-874, 873/, 874/ 
Gastrie phase, of gastrie seeretion, 

870-871, 871/, 872/ 

Gastrie pits, 866, 867/ 

Gastrie ulcers, 869, 869/, 905 
Gastrie vein, 743/ 

Gastrin, 622/, 867,868/, 870,871/ 886/ 
intestinal (enterie), 622/, 868/, 
871/, 872 
Gastritis, 869 

Gastrocnemius muscle, 326/ 327/ 371/ 

372/ 373/, 374-375/ 380/ 
Gastroeolie reflex, 890 
Gastroduodenal artery, 730/, 731/, 

731/ 

Gastroenteritis, 899 
Gastroepiploie artery 
leff, 730/, 731/, 731/ 
right, 730/, 731/, 731/ 
Gastroepiploie vein, right, 743/ 
Gastroesophageal reflux disease 

(GERD), 862 

Gastroesophageal (eardiae) sphineter, 

862 

Gastroileal reflex, 886, 886/ 
Gastrointestinal (GI) traet 

(alimentary eanal), 850, 850/ 
See also speeifie structure and 
Digestive system 
autonomic innervation/effeets 
and, 528/, 532/, 536/, 540fr 
development of, 898-901, 899/, 
1077, 1077/ 

endoerine (enteroendoerine) eells 
in, 621 

enterie nervous system of, 533, 
852, 853/, 854/, 855 
histology of, 854-855, 854/ 
hormones produced by, 621, 622/ 
neural signals from, food intake 
regulation and, 939, 940/ 
pregnaney and, 1083 
proeesses occurring in, 851-852, 
851/885/ 

thyroid hormone affeeting, 607/ 
Gastrointestinal liners, 943 b 
Gastmla, 1074 

Gastmlation, 1073/, 1075-1076, 

1075/ 

Gated ehannels, 69, 81, 396-397, 

396/ See also speeifie type 
G eells, 870, 871/ 

GDP (guanosine diphosphate), 594 
Gemellus muscles, 368/, 368/, 380/ 
Gender 

basal metabolie rate and, 941 
genetie, determination of, 
1054-1055 

Gene(s), 53, 99-102, 1095. See also 

Heredity 

aetivation of, in hormone 

meehanism of aetion, 595,596/ 
eareinogenesis and, 145 b 


diabetes mellitus and, 624 b, 625 b 
expression of 

environmental faetors in, 1102 
regulation of, 1102-1103 
hypertension and, 711 
linked, 1098,1098/ 
obesity and, 942b 
pairs of (alleles), 1096-1097. See 
also Allele(s) 

reeombination of, 1098, 1098/ 
General senses, reeeptors for, 485- 

487,485,485-486/. See also 
Sensory reeeptors 

General viseeral motor system, 524. 

See also Autonomic nervous 
system 

Generator potential, 399,488 
Gene therapy, 1104 

in eaneer treatment, 14 6b 
for muscular dystrophy, 313 
for Parkinson’s disease, 464 
Genetie eode, 104, 104/ 

Genetie counseling, 1103-1104, 1104/ 
Genetie disorders 
dominant, 1099 
reeessive, 1100 

Genetie reeombination, 1098, 1098/ 
Geneties, 1095-1096. See also 

inheritanee 

vocabulary of, 1095-1097,1096/ 
Genetie sereening, 1103-1104, 1104/ 
Genetie sex, determination of, 

1054-1055 

Genetie theory of aging, 111 
Genetie variation, sexual sources of, 

1097-1099, 1097/, 1098/ 
Geniculate ganglion, 497/ 

Geniculate nuclei 

lateral, 441,442/, 563, 564/, 565 
medial, 441,442/, 579, 579/ 
Genioglossus muscle, 332/, 333/ 
Geniohyoid muscle, 334/, 335/ 
Genital(s)/genitalia 

autonomic innervation/effeets 
and, 527/, 528/, 532/ 
embryologie/fetal development 
of, 1055, 1057/ 
female 

external, 1035, 1035/, 1040/, 
1041 

internal, 1035, 1035/, 1037/ 
male, external, 1019-1020,1019/ 
1020/, 1022-1023,1022/ 1023/ 
Genital herpes, 1054 
Genital tubercle, 1055, 1057/ 

Genital warts, 1054 
Genitofemoral nerve, 507/, 507/ 
Genome, 53,1096. See also DNA; 

Gene(s); Heredity 
Genomie imprinting, 1102-1103 
Genotype, 1097, 1099, 1099/ 
in eaneer therapy, 146^» 

Germ eells, primordial, 1055 
Germinal eenters, 755, 756/ 

Germinal epithelium, of ovary, 1036, 

1036/ 

Germ layers 

differentiation of, 1076-1081, 

1076/ 1077/ 1078/ 1079/ 1080/ 
formation of, 1073/, 1075-1076, 
1075/ 

primary, 144, 144/, 1073/ 


Gestation period, 1065 
GH. See Growth hormone 
Ghrelin (Ghr), 622/, 940, 940/ 
Gigantism, 187, 602/, 604, 605/ 
Gingiva (gum), 856/, 860, 860/ 
Gingival disease, 861 
Gingival sulcus, 860/, 861 
Gingivitis, 861 

GIP. See Gastrie inhibitory peptide; 

Glucose-dependent 
insulinotropic peptide 
GI traet. See Gastrointestinal (GI) 

traet 

Glabella, 202, 203/ 

Gland(s)/glandular epithelia, 118, 

124-125,125/, 126/ See also 
speeifie type 

autonomic innervation/effeets 
and, 536/ 

cutaneous, 160-162,161/ 
endoerine (ductless), 124. See also 
Endoerine system/glands 
exocrine, 124-125,125/, 126/. See 
also Exocrine glands 
innervation of, 511 
Glans of elitoris, 1040/, 1041, 1057/ 
Glans penis, 1019/, 1022, 1023/, 1057/ 
Glassy membrane, 158, 158/ 
Glaucoma, 553 
Gleevee. See Imatinib 
Glenohumeral (shoulder) joint, 254/, 

264, 264/ 

muscles erossing, 326/, 327/, 
350-352/, 351-352/358/ 
Glenohumeral ligaments, 264, 265/ 
Glenoid eavity, 228, 229/ 

Glenoid labmm, 264, 265/ 

Glial eells (neuroglia), 140, 388-390, 

389/ 

Gliding body movements, 256, 256/ 
at temporomandibular joint, 
268-269, 268/ 

Globin, 635, 635/ 

Globular (G) aetin, 281 
Globular (fimetional) proteins, 49/, 

50,51/ 

Globulin(s), 633/ 

Globus pallidus, 438/, 439,439/ 
Glomemlar eapillaries. See 

Glomerulus/glomerular 
eapillaries 

Glomemlar (Bowman’s) capsule, 

958-960,958, 959/, 961/ 
Glomemlar filtration, 963, 963/, 964/, 

965-968, 965/, 967/ 
Glomemlar filtration rate, 966, 978 
aging affeeting, 985 
regulation of, 966-968, 967/ 
Glomemlar mesangial eells, 962/, 965 
Glomemli (olfaetory bulb), 566/, 567 
Glomemlonephritis, 794, 988, 

996-997 

Glomerulus/glomemlar eapillaries, 

958, 959/, 961/, 962, 964/ 
eolloid osmotie pressure in, 965/, 

966 

hydrostatie pressure in, 965, 965/, 
966 

Glossopharyngeal nerve (eranial 

nerve IX), 444/, 445/, 446, 

493/, 499/, 500, 528, 528/, 

569, 570/ 
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in giistatory pathway, 499/,569, 
570/ 

injury/inflammation of, 499f 
parasympathetie fibers of, 499/, 
528, 528/ 

salivation eontrol and, 859 
Glottis, 807/, 808, 808/, 809 
GLP-1. See Glucagon-like peptide 1 
Glucagon, 618, 618, 619/, 933, 934/ 
in food intake regulation, 940, 
940/ 

metabolism and, 618,619/, 
933-934, 935/, 936f 
panereatie islets producing, 618, 
618/ 

in postabsorptive state regulation, 
933-934, 935/ 

Glucagon-like peptide 1 (GLP-1), 

622/ 

Glucoamylase, 892, 893/ 
Ghieoeortieoids, 612, 614-615, 616/, 

1000 

protein synthesis/growth and, 
910-911 

in sodium regulation, 1000 
in stress response, 605, 614, 617/ 
Ghieoneogenesis, 614, 618, 925, 929/ 
Ghieose, 43,44/, 892, 893/, 908 
absorption of, 896, 897/ 
in absorptive state, 931-932, 931/, 
932,932/ 

aging affeeting levels of, 623 
in ATP formation, 36, 36/, 37,43, 
55, 56 

eonservation of, 933 
in diabetes mellitus, 620, 933 
in food intake regrilation, 940,940/ 
insulin/glucagon in regulation of, 
618-620, 619/, 933-934, 935/ 
metabolism of, 37, 914/, 917-928, 
917/, 929/ 
aging and, 948 

gluconeogenesis in, 614, 618, 
925,929/ 
glyeogenesis and 

glyeogenolysis in, 924- 
925, 925/, 929/, 933, 934/ 
liver in, 933, 934/, 937/ 
oxidation in, 917/, 918-924, 
920/, 921/, 922 f 923f 924/ 
molecular weight of, 30 
in postabsorptive state, 933, 934/, 
935/ 

sources of, 933, 934/ 
transport of, 932 
in urine, 620, 621/, 980/ 
Ghicose-l-phosphate, 925, 925/ 
Ghicose-6-phosphatase, 917-918, 

925, 925/ 

Glucose-6-phosphate, 925, 925/ 
Glucose-dependent insulinotropic 

peptide (gastrie inhibitory 
peptide/GIP), 622/, 868/ 
Ghieose sparing, 603,933 
Ghieose toleranee, aging affeeting, 623 
Ghieose transporters, 932 

saturation of, urinary excretion of 
glucose and, 970 
Ghitamate, 416/, 417 

in cerebrovascular aeeident, 463 
eoeaine abuse and, 419 b 
in pain pereeption, 489 


Ghitamie aeid, 928, 928/ 

Ghitamine, renal metabolism of, 

ammonium ion excretion and, 
1008, 1009/ 

Ghiteal arteries 

inferior, 734/, 734/ 
superior, 734-735/, 734/ 

Gluteal lines, posterior/anterior/ 

inferior, 235, 236/ 

Gluteal nerves (superior and 

inferior), 508/, 509, 509/ 
Ghiteal surface, of ilium, 235 
Gluteal tuberosity, 238,239/ 
Ghiten-sensitive enteropathy (eeliae 

disease), 898 

Gluteus maximus muscle, 327/, 363/, 

366/, 367-368/, 380/ 

Gluteus medius muscle, 327/, 363/, 

366/, 367-368/, 380/ 

Gluteus minimus muscle, 363/, 366/, 

380/ 

Glyeerol, 45,45/ 

as ghieose source, 933, 934/ 
oxidation of, 926, 926/, 929/ 
Glyeine, 48/, 416/, 417 
Glycocalyx, 64/, 65-66, 66/ 

Glyeogen, 43,44/, 892 

breakdown of (glyeogenolysis), 
618, 619/, 925, 925/, 929/, 933, 
934/ 

formation of (glyeogenesis), 925, 
925/, 929/ 

as ghieose source, 933, 934/ 
Glyeogenesis, 925, 925/, 929/ 
Glyeogenolysis, 618, 619/, 925, 925/, 

929/, 933, 934/ 

Glyeogen phosphorylase, 925, 925/ 
Glyeogen storage disease, 948 
Glyeogen synthase, 925, 925/ 
Glyeolipids, 65 

in plasma membrane, 63, 64/, 65 
in Tay-Saehs disease, 87 
Glyeolysis/glyeolytie pathway, 298- 

299, 914, 914/, 916-917, 917/, 
918-919, 918/, 924/, 929/ 
nrnsele aetivity and, 298-299, 
299/300/311/ 

Glyeolytie fibers, 302 

fast, 302, 303, 303/, 303/ 
Glyeoproteins, 64/ 
Glyeosaminoglyeans, 127 
Glyeosomes, 279 
Glycosuria, 620, 621/, 980/ 

GnRH. See Gonadotropin-releasing 

hormone 

Goblet eells, 124, 125/, 877 

in respiratory mucosa of nose, 805 
in small intestine, 876/, 877 
Goiter, 609, 609/ 

G olf , 567, 567/ 

Golgi apparatus, 63/, 85, 85/, 86/, 

87/, 94/ 

Gomphoses, 250/, 251 
Gonad(s), 592/, 620,1018,1019. See 

also Ovaries; Testes 
aging affeeting, 623 
arteries of, 725/ 730/ 732/ 732/, 
1022 

deseent of, 1055-1057 
differentiation of, 1055, 1056/ 
hormones produced by, 620 
veins of, 736/, 742-743/, 742/ 


Gonadal arteries, 725 f 7 30f, 732f, 

732/, 1022 

Gonadal hormones, in male 

reproductive fhnetion, 1033, 
1034/ 

Gonadal ridges, 1055,1056/ 

Gonadal veins, 736/, 742-743/, 742/ 
Gonadoeortieoids, 612, 615, 616/. See 

also Sex hormones 
Gonadotropie eells, 605, 1033 
Gonadotropin(s), 605, 620. See also 

Follicle-stimulating hormone; 
Luteinizing hormone 
in female reproductive fimetion, 
1047, 1048-1049, 1048/, 
1049-1050, 1050/ 
human ehorionie (hCG), 
1070-1071, 1072/ 
in male reproductive fimetion, 
1033, 1034/ 

Gonadotropin-releasing hormone 

(GnRH), 601/, 603/, 605,1033 
in female reproductive fimetion, 
1047, 1048-1049, 1048/ 
in male reproductive fimetion, 
1033-1034, 1034/ 

Gonorrhea, 1053 

pelvie inflammatory disease and, 
1038, 1053 

Gout/gouty arthritis, 272 
gpl20/gp41 glyeoprotein, HIV 

infeetion and, 793 
G protein(s), 81, 82/, 419, 594 

in hormone meehanism of aetion, 
594, 594/ 

in taste transduction, 569 
G protein-linked (metabotropie) 

reeeptors, 81, 82/, 420-421, 
420/ 

in smell transduction, 567, 567/ 
Graeilis muscle, 326/, 364/, 365/, 380/ 
Graded muscle responses, 294-296, 

295/, 296/ 

Graded potentials, 399, 399-400, 

400/412-413/ 

aetion potentials eompared with, 
412-413/ 

on dendrites and eell body, 391 
information proeessing in retina 
and, 561-562, 562/ 
information transfer at ehemieal 
synapse and, 409/, 410 
postsynaptie potentials as, 410, 
413/ 

sensory integration at reeeptor 
level and, 488 

Gram molecular weight, 30 
Grand mal (tonie-elonie) seizures, 

453 

Granular (juxtaglomerular/JG) eells, 

962/, 963 

renin release/blood pressure and, 
963, 968 

Gramilation tissue, 142,143/ 
in bone repair, 191,191/ 

Gramile eells, amaerine, 567 
Granulocyte-colony-stimulating 

faetor (G-CSF), 642 
Granulocytes, 640, 640-642, 641/, 

643/, 644/. See also speeifie type 
Gramilomas, infectious, 771 
Granulosa eells, 1036,1045 


Granzymes, 789, 789/, 792/ 

Graves’ disease, 603/, 609/, 610, 794 
Gray commissure, 466,467/ 

Gray matter, 393,430 
of brain 

brain stem, 443 
eerebellar, 447 
eerebral, 438/, 450/. See also 
Cerebral cortex 
periaqueductal, 444 
of spinal eord, 466-468,467/ 

Gray ramus communicans/rami 

communicantes, 529/, 530 f 
531 

Great eardiae vein, 663-664/, 670, 

670/, 737/ 

Greater auricular nerve, 503/, 503/ 
Greater curvature of stomaeh, 865/, 

866 

Greater omentum, 866, 889/ 

Greater seiatie noteh, 235, 236/, 237/ 
Greater sphenoid wing, 203/, 204/, 

205/, 206/, 207/, 209, 209/ 
Greater troehanter, 238,239/ 

Greater tubercle, 228, 230/ 

Greater vestibular glands, 1035/, 

1040/, 1041 

Great saphenous vein, 737/ 744/ 744/ 
Great toe (hallux), 242, 243/ 

Green eones, 554/, 559 
Greenstiek fracture, 190/ 

Gristle, 134. See also Hyaline eartilage 
Groove (bone marking), 179, 180/ 
Gross (maeroseopie) anatomy, 2 
Ground substance, 127, 128/, 129/ 
of areolar eonneetive tissue, 130, 
131/ 

of eartilage, 129/, 132 
Group A fibers, 406 
Group B fibers, 406 
Group C fibers, 406 
Growth, 8 

eell division and, 8, 98-99 
growth hormone affeeting, 603, 
604/ 

Growth arrest lines, 183 
Growth eone, 423,423/ 

Growth eyele(s), hair, 159 
Growth faetor(s) 

bone storage of, 177 
hepatoeyte seeretion of, 881 
Growth hormone (GH/ 

somatotropin), 51 /, 601/, 
602-605, 602/, 604/, 605/ 
bone growth and, 186,187 
growth/protein synthesis and, 

603, 604/910 

metabolism and, 602-603, 604/, 
936/ 

Growth hormone-inhibiting 

hormone (GHIH/ 
somatostatin), 416/, 417, 601/, 
602/, 603/, 604, 866-867 
digestion/gastrie seeretion and, 
866-867, 868/ 
panereas producing, 618 
Growth hormone-releasing hormone 

(GHRH), 601/, 602/, 603-604 
Growth hormone replaeement 

therapy, 604-605 
Growth (proliferation) zone 

(epiphyseal plate), 185, 186/ 
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GTP (guanosine triphosphate), 73, 

594 

Guanine (G), 53, 54/ 

Guanosine diphosphate (GDP), 594 
Guanosine triphosphate, (GTP), 73, 

594 

Guanylyl eyelase, 417 
Gubernaculum, 1055 
Gum (gingiva), 856/, 860, 860/ 

Gum disease, 861 
Gummas, syphilitie, 1053 
Gustatory (taste) cortex, 434/, 436, 

569, 570/ 

Gustatory epithelial eells, 568, 568/, 

569 

Gustatory hairs, 568, 568/ 

Gustatory pathway, 569, 570/ 
Gustducin, 569 

Gut. See Gastrointestinal (GI) traet 
Gut brain, 852, 853/ 

Gut-brain peptides, 417 
Gyneeology, 1063 
Gyneeomastia, 1063 
Gyri (gyms), 431,432/ 

H. See Hydrogen 
Hageman faetor, 647í 
Hair(s), 157-160, 158/, 167 
Hair bulb, 157,158/ 

Hairbulge, 159 
Hair eells 

eoehlear, 574/, 578-579, 578/ 
in erista ampullaris, 581, 582/ 
in equilibrium, 580, 580/, 581, 
581/, 582/ 

in hearing, 574/, 578-579, 578/, 
584 

in maailae, 580, 580/, 581/ 

Hair folliele(s), 151/, 157-159, 158/ 
Hair folliele reeeptor (root hair plexus), 

151/157,163,485í, 486 
Hairloss, 159-160, 167 
Hair matrix, 158/, 159 
Hairpapilla, 158, 158/ 

Hair root, 151/, 157, 158/ 

Hair shaft, 151/, 157, 158/ 

Haldane effeet, 832 
Half-life, 598 
hormone, 598 
radioisotope, 28 
Halitosis, 859 
Halhieinations 
olfaetory, 570 
preseizure (auras), 453 
Hallux (great toe), 242,243 1 
Hamate, 232/, 233 t, 234 
Hammer (malleus), 571/, 572, 572/, 

577/ 

Hamstring muscles, 327f, 363 1 , 3 67 f, 

369t, 381/ 

Hamstring strain, 384 
Hand 

bones of, 232-234, 232/, 233f 
muscles eontrolling movement of, 
354-3576 355/, 357/ 
intrinsie muscles, 3546 360- 
3626 361/ 

Handedness, 437 

bone strength and, 189, 189/ 
Haploid ehromosomal mimber (n), 

1027, 1029 


Hapten(s), 774 

Hard (bony) callus, in bone repair, 

191, 191/ 

Hard (foveal) focus, 551 

Hard keratin, 157. See also Keratin 

Hard palate, 206/, 212, 214/, 803, 

804/, 856/, 857 
Hashimoto’s thyroiditis, 800 
Haustra (haustrum), 887, 888/ 
Haustral eontraetions, 8856 890 
Haversian (eentral) eanal, 136, 137/, 

181, 182/ 

Haversian system (osteon), 136,181, 

181/, 182/ 

Hb. See Hemoglobin 
HbF. See Fetal hemoglobin 
HbO r See Oxyhemoglobin 
HbS. See Hemoglobin S 
hCG. See Human ehorionie 

gonadotropin 

HCO/. See Biearbonate/biearbonate 

ion 

HDLs. See High-density lipoproteins 
He. See Helium 
Head. See also Skull 

arteries supplying, 725/, 726-727/, 
726-727Í 

muscles of/muscles eontrolling 
movement of, 326/, 3366 337/ 
faeial expression and, 326/, 
329/ 329-3306 331/ 
mastication/tongue eontrol 
and, 3326 333/ 
sympathetie pathways to, 531, 
532/ 

trauma to, brain injury and, 
462-463 

veins of, 736-737/, 738-739/, 73 8t 
Headaehe, sinus, 806 
Head (bone marking), 179, 180/ 
of femur, 238, 239/ 

ligament of (ligamentum 
teres), 238,267, 267/ 
of fibula, 240/, 241 
of humerus, 228, 230/ 
of metaearpals, 232/, 234 
of radius, 230/, 231/, 232 
of rib, 226, 226/ 
of ulna, 231/, 232 
Head of epididymis, 1021/, 1024 
Head injury, traumatic brain injury 

and,462-463 

Head of panereas, 875/, 882 
Head ofsperm, 1029-1032, 1032/ 
Healing, 142-144,143/, 768/, 769 
by first and seeond intention, 149 
fracture, 191-192,191/ 

Healthy Eating Pyramid, 907, 907/ 
Hearing, 575-579, 575/, 576/, 577/, 

578/, 579/, 585. See also Ear 
eortieal areas in, 434/, 436, 579 
Hearing loss, 584 

kmdness and, 576, 584 
vestibulocochlear damage 
causing, 498/ 

Heart, 658-691, 659. See also under 

Cardiac 

age-related ehanges affeeting, 
686-687 

anatomy of, 659-671, 660/, 
663-665/ 

apex of, 659, 660/, 663/ 


autonomic innervation/effeets 
and, 527/, 528/, 532/, 536/, 

540 b, 676-677, 677/, 682/, 

683,684 

base of, 659, 660/ 
before birth, 685-686, 686/, 1079, 
1080/ 

after birth, 686-687, 1080/, 1087 
blood flow through/perfusion of, 
659, 659/, 668, 669/, 670/, 712, 
712/715 

blood supply of (eoronary 
eirailation), 668-671, 670/ 
blood volume in, 699/ 
ease study and, 691 b 
ehambers of, 662, 663-665/ 

development of, 685-686, 686/ 
conduction system of. See also 
Conduction system of heart 
extrinsic, 676-677, 677/ 
intrinsie, 674-676, 674/, 675/ 
eongenital defeets of, 686 , 687/ 
eoverings of, 660-661, 661/ 
developmental aspeets of, 685- 
687, 686/, 687/ 

Frank-Starling law of, 682 
great vessels and, 662 
hormones produced by, 621, 622/. 
See also Atrial natriuretic 
peptide 

layers of, 661, 661/ 
muscle tissue of. See Cardiac 
muscle 

physiology of, 674-685 

eardiae output and, 681-685, 
682/, 683/ 

eleetrieal events and, 674-678, 
674/, 675/, 677/, 678/, 679/ 
heart sounds and, 678-679, 
679/ 

meehanieal events (eardiae 
eyele) and, 679-681, 680/ 
pulmonary circuit of, 659, 659/, 
668,669/ 

size/loeation/orientation of, 659, 
660/ 

systemie circuit of, 659,659 f, 668, 
669/ 

valves of. See Heart valves 
Heart attaek (myoeardial infaretion), 

671 

eardiae output and, 685 
Heart bloek, 676, 679/ 

Heartburn, 862-863 
pregnaney and, 1083 
Heart failure, 685 
Heart murmurs, 679 
Heart palpitation, 690 
Heart rate 

eardiae output and, 681, 682, 682/, 
683-684, 704, 705/, 709/ 
fetal, 684 

homeostatie imbalanees and, 676, 
684, 684-685 
normal, 684 
regulation of, 683-685 
resting, 684 

Heart sounds, 678-679, 679/, 680/ 
Heart tube, 685, 686/ 

Heart valves, 662-668, 665/, 666/, 

667/, 668/ 
aging and, 687 


heart murmurs and, 679 
homeostatie imbalanees and, 
667-668 

Heat. See also Body temperature 
heart rate affeeted by, 684 
in inflammation, 767, 768/ 
loss of, 163, 945, 945/, 946/, 947 
insensible, 163,945 
sensible, 163, 945 
rmiseles in generation of, 278, 

301, 944 

production of, 945-947, 946/ 
metabolie rate and, 941-944 
thermoregulatory responses to, 
537, 945, 946/ 

Heat eapaeity, of water, 38 
Heat eramps, 945 
Heat exchange, 944-945, 945/, 947 
blood in, 944, 945/ 

Heat exhaustion, 947 
Heat-loss eenter, 945, 946/ 
Heat-promoting eenter, 945, 946/ 
Heat shoek proteins (hsp), 51 
Heat stroke, 947 

Heat therapy, in eaneer treatment, 

14 6b 

Heat of vaporization, of water, 38, 

945 

Heavy (H) ehains, 781, 781/ 

Heavy metals, 60 

Heavy metal salts, skin penetrated by, 

162, 163 

Heimlieh maneuver, 809 
Helieobaeterpylori, peptie ulcers and, 

869, 869/ 

Helieotrema, 574/, 575, 577/ 

Helium 

atomie number of, 27 
atomie structure of, 25/, 27,27/ 
as ehemieally inert element, 31,31/ 
mass number of, 27 
Helix, of auricle, 570, 571/ 

Helper T eells, 784, 785/, 787-788, 

787/, 788/, 791/, 792t 
B eell aetivation and, 787-788, 
788/ 

CD8 eell aetivation and, 788, 788/ 
HIV infeetion and, 793 
innate immunity and, 788 
in phagoeytosis, 766 
Hematoerit, 632, 632/ 

erythropoietin affeeting, 637 
Hematology, 657 
Hematoma, 157,191, 657 
in bone repair, 191, 191/ 
Hematopoiesis (hemopoiesis), 636, 

654 

bone marrow as site of, 177, 636, 
654 

Hematopoietie hormones, for eaneer, 

642 

Hematopoietie stem eells, 128, 636, 

636/, 642, 643/, 645/ 
Hematopoietie tissue, loeation of in 

bones, 179 
Hematuria, 980f 
Heme, 635, 635/ 

Hemiazygos vein, 740-741/, 741 1 
Hemiplegia, 463,474 
Hemoehromatosis, 657,905 
Hemoeytoblast (hematopoietie stem 

eell), 128,636, 636/, 642, 643/ 
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Hemodialysis, 978 
Hemoglobin, 51 í, 634, 635, 635/, 828 
abnormal, 639-640, 639/ 

in siekle-eell anemia, 639-640, 
639/, 1100 
in thalassemia, 639 
as buffer, 1006 

earbon dioxide transport in, 635, 

829- 832, 833/ 
fetal, 640,654 

oxygen transport in, 635, 

828-829, 830-831/, 831/, 832/ 
reduced (deoxyhemoglobin), 

635, 828 

skin eolor affeeted by, 156 
in urine, 980f 

Hemoglobin F (fetal hemoglobin), 

640, 654 

Hemoglobin S (HbS), 639, 639/ 
Hemoglobin saturation, 828-829, 

830- 831/832/ 
altitude affeeting, 839 

Hemoglobinuria, 980f 
Hemolysis, transfusion reaetion 

causing, 652-653 
Hemolytie anemia, 639 
Hemolytie disease of newborn, 652 
Hemophilias (hemophilia A/B and 

C), 650-651 

Hemopoiesis (hematopoiesis), 636, 

654 

bone marrow as site of, 177, 636, 
654 

Hemorrhagie anemia, 638 
Hemorrhoidal veins, 888-890, 888/ 
Hemorrhoids, 699, 890 
Hemosiderin, 637, 638/ 

Hemostasis, 646-651, 646/, 6471, 

648/, 649/ 

Henle’s loop. See Nephron loop 
Henry’s law, 824-825 
Heparin, 649, 650 

in mast eells, 128, 649 
Hepatie artery, 878, 879/ 
eommon, 730/, 731/, 731/ 

Hepatie artery proper, 730/, 731/, 

731/ 

Hepatie ducts, 875/, 878 
eommon, 875/, 878 
Hepatie (right eolie) flexure, 887, 888/ 
Hepatie (stellate) maerophages, 697, 

766, 878, 880/ 

Hepatie portal system, 721, 742f, 854 
Hepatie portal vein, 737/, 742-743/, 

742f, 878, 879/ 

Hepatie veins, 736-737/, 742-743/, 

742í, 879/ 

Hepatitis, 881 

Hepatoeyte(s), 878-881, 880/ 

metabolie functions of, 935-938, 
937f 

Hepatopanereatie ampulla, 875, 875/ 
Hepatopanereatie sphineter, 875, 

875/, 883 

Hereeptin. See Trastuzumab 
Heredity, 1095-1107. See also 

Chromosome(s); Gene(s) 
ease study and, 1 107b 
environmental faetors in gene 
expression and, 1102 
genetie screening/counseling/ 
therapyand, 1103-1105,1104/ 


geneties vocabulary, 1095-1097, 
1096/ 

inheritanee patterns and, 1099- 
1101, 1099/, 1100/, 1101/ 
nontraditional inheritanee and, 
1102-1103 

sexual sources of genetie variation 
and, 1097-1099, 1097/, 1098/ 
Hering-Breuer (inflation) reflex, 838 
Hermaphrodites, 1055 
Hernia, 318, 384 
abdominal, 384 
hiatal, 863 
inguinal, 1063 

Herniated (prolapsed/slipped) dise, 

219-220, 220/ 
aging and, 245 
Herpes viras 

eold sores (fever blisters) caused 
by, 171 

genital herpes caused by, 1054 
Herpes zoster (shingles), 427 
Hertz (Hz), 576 
Heterogeneous mixture, 30 
Heterozygous (term), 1096 
Hexose sugars, 43,44/ 

Hiatal hernia, 863 
Hiccups, 505, 824f 
High blood pressure. See 

Hypertension 

High-density lipoproteins (HDLs), 

936, 936/ 

reeommended blood levels of, 737 
High-energy phosphate bonds, 55, 

55/ 

Higher mental hmetions. See 

Cognition/eognitive hmetion 
Hilton’s law, 510-511 
Hilum 

lymph node, 755, 756/ 
pulmonary, 814/815 
renal, 955, 955/ 
splenie, 757/ 

Hindbrain (rhombeneephalon), 429, 

429/ 

Hindgut, 898, 899/, 1076/ 

Hinge joints, 258,260/ 

Hinge region (antibody), 781, 781/ 
Hip bones (coxal bones/os coxae), 

234-235, 234, 235/, 236/, 243/ 
Hip dysplasia, 245 
Hip fracture, 238 

in osteoporosis, 192, 245 
Hip (pelvie) girdle, 200/, 234-238, 

235/, 236/, 237/, 243/ 

Hip (coxal) joint, 234, 255/, 266-267, 

267/ 

artifkial/replaeement, 271 b 
muscles crossing/muscles aeting 
on, 327/, 363-369/, 364/, 
367-368/ 

Hippocampus, 437,449,449/, 450 
brain dyshmetion and, 464 
in memory, 450,457/, 458 
Hirsutism, 159, 630 
His bundle (atrioventricular bundle), 

675, 675/ 

Histamine, 414,415/, 767, 770/, 795, 

866 

in basophils, 642 
digestion/gastrie seeretion and, 
866 , 868/, 870 


in immediate hypersensitivity, 

795,795/ 

in inflammatory response, 767, 
768/, 770/ 

in mast eells, 128, 767 
Histology, 2,117 
artifaets and, 118 
light and eleetron mieroseopy in, 
117-118 

tissue preparation for, 117-118 
Histones/histone proteins, 93-96, 93/ 
in DNA replieation, 97 
epigenetie marks and, 1102 
Histotoxic hypoxia, 829 
HIV (human immunodefkiency 

viras), 793-794 

vaginal dendritie eells and, 1040 
Hoarseness, 499, 809 
Hodgkin’s lymphoma, 763 
Holoerine glands, 125, 126/, 162 
Holoenzyme, 52 
Homeostasis, 8-11, 9/, 10/, 11/ 
eontrol meehanisms and, 9-11, 

9/, 10/, 11/ 

disturbances in (homeostatie 
imbalanees), 11. See also 
speeifie type or organ/system 
affeeted 

Homeostatie relationships 

of autonomic nervous system, 

540 b 

of cardiovascular system, 5/, 74 6b 
of digestive system, 5/, 900 b 
of endoerine system, 10, 62 6b 
of integumentary system, 5/, 168 b 
of lymphatie system, 76 ìb 
of muscular system, 314 b 
of reproductive system, 1059F 
of respiratory system, 5/, 843 b 
of skeletal system, 195 b 
of urinary system, 5/, 1013 b 
Homogeneous mixture, 29, 30 
Homologous ehromosomes 

(homologues), 1027,1029,1096 
Homozygous (term), 1096 
Hooke, Robert, 62 
Horizontal eells, in retina, 550/ 
Horizontal hssure, 814/, 815 
Horizontal (transverse) plane/seetion, 

14, 15/ 

Horizontal plates, 206/, 212,214/ 
Hormonal stimuli, for hormone 

release, 597, 597/ 

Hormone(s), 81,124, 592, 593-598. 

See also speeifie type 
absorptive state regulated by, 
932-933,932/ 
anabolie, 312, 313 b, 910 
blood pressure eontrol and, 707, 
707/, 708/ 

bone production of, 177, 622/, 623 
in bone remodeling, 187-188, 

188/ 

ehemistry of, 593 
in eontraeeption, 1090-1091 b 
eontrol of release of, 442, 596- 
597, 597/ 
in digestion, 868/ 
food intake regulation and, 940, 
940/ 

glomeralar hltration rate eontrol 
and, 967/, 968 


half-life/onset/duration of aetion 
of, 598 

heart rate affeeted by, 684 
hyperglyeemie, glucagon as, 618, 
619/, 933, 935/ 
hypoglyeemie, insulin as, 618, 
619/, 932, 932/ 

interaetion of at target eells, 598 
meehanisms of aetion of, 593- 
595, 594/, 596/ 

metabolism affeeted by, 932-933, 
932/, 933-935, 935/, 936/ 
non-endoerine tissues/organs 
producing, 621-623, 622/ 
in plasma, 633/ 

postabsorptive state regulated by, 
933-935, 935/ 
protein-based, 50, 51/ 
protein synthesis regulated by, 
603, 604/910-911 
reproductive hmetion regulation 
and 

female, 1047-1049, 1048/ 
male, 1033-1035, 1034/ 
smooth muscle eontraetion 
regulated by, 308-309, 311/ 
in sodium regulation, 1000 
target eell speeiheity and, 595-596 
tropie, 602 

Hormone (estrogen) replaeement 

therapy, 193, 1058 
Horner’s syndrome, 543 
Horns, hyoid bone, 215, 215/ 

Horny (eornihed) eells, 154 
Horseshoe kidney, 984 
Housemaid’s knee, 270 
HP. See Hydrostatie pressure 
HP c . See Capillary hydrostatie 

pressure 

HP . See Hydrostatie pressure, in 

capsular spaee 

HP ac . See Hydrostatie pressure, in 

glomeralar eapillaries 
HP. f See Interstitial huid hydrostatie 

pressure 

hPL. See Human plaeental laetogen 
HPV. See Human papillomaviras 
Human body. See also under Body 
levels of structural organization 
of, 3,4/ 

maintenanee of life and, 4-8, 5/ 
orientation to, 1-22 
Human ehorionie gonadotropin 

(hCG), 1070-1071, 1072/ 
Human ehorionie 

somatomammotropin (hCS/ 
human plaeental laetogen), 
1074,1083 

Human development, 1064-1094. See 

also speeifie aspeet 
assisted reproductive teehnology/ 
reproductive eloning and, 

1089 

embryonie, 1065 

eleavage/blastoeyst formation, 
1067, 1071/ 

extraembryonic membrane 
formation, 1073/, 

1074- 1075 

gastralation/germ layer 
formation, 1073/, 

1075- 1076, 1075/ 


1-26 


lndex 


Human development, (eontd.) 

implantation, 1067-1071, 
1071/, 1072/ 

organogenesis (germ layer 
differentiation), 1076- 
1081, 1076/, 1077/, 1078/, 
1079/, 1080/ 

plaeentation, 1071-1074, 

1073/ 

fertilization (egg to zygote), 1065- 
1067, 1065/, 1068-1069/, 1070/ 
fetal, 1065, 1081-1082, 1081/, 

1084í 

infant adjustment to extrauterine 
life and, 1087 

laetation and, 1087-1089, 1088/ 
parturition (birth) and, 1085- 
1087, 1085/, 1086/ 
pregnaney and, 1065, 1082-1085, 
1082/ 

Human gene therapy. See Gene 

therapy 

Human Genome Projeet, 1096 
Human herpes virus type 2, 1054 
Human immunodeficiency vims 

(HIV), 793-794 

vaginal dendritie eells and, 1040 
Human papillomavims 
eervieal eaneer and, 1038 
genital warts caused by, 1054 
vaeeine against, 1038 
Human plaeental laetogen, 1074, 

1083 

Hmneral artery 

anterior circumflex, 728/, 728 1, 
729/ 

posterior circumflex, 728 f, 728í, 
729/ 

Humerus, 200/, 228, 230/, 233 1 

muscles eontrolling movement of, 
350-352 1, 351-352/, 358f, 359/ 
structure of, 178/ 

Humoral (antibody-mediated) 

immunity, 765/, 773, 778-784, 
779 1, 791/ See also Antibodies 
aetive, 780, 780/ 

B eell aetivation/differentiation 
and, 778/, 779 

immunological memory and, 
779-780, 779/ 
passive, 780, 780/ 
primary response, 778/, 779, 779/, 
780 

seeondary response, 778/, 779, 
779/, 780 

Humoral stimuli, for hormone 

release, 596, 597/ 

Humors, of eye, 549 

Hunger, food intake regulation and, 

939, 940/ 

Huntingtin protein, 464 
Huntington’s disease, 464, 1099 
Hyaline eartilage, 129f, 134, 135/, 

174, 175/ 

in endoehondral ossifieation, 183, 
184/ 

skeletal, 174, 175/ 
in symphyses, 251, 251/ 
in synehondroses, 251, 251/ 
in synovial joints, 252, 252/ 
traeheal, 807/, 809, 810/ 
Hyalmonie aeid, 127, 130,132 


Hybridomas, 783 

Hydatid (hydatidiform) mole, 1094 
Hydration, hypotonie, 996, 997/ 
Hydration layers, 38 
Hydroearbon ehains, 45,45/ 
Hydrocephalus, 460-462,462/ 
Hydroehlorie aeid, 39, 1005 

parietal eell formation/seeretion 
of, 866, 867/, 870-871, 872/ 
peptie ulcers and, 869 
Hydroeortisone (eortisol), 612/, 614, 

616f 

excess levels of, 614,614-615,61 6t 
metabolism and, 936f 
sodium regulation and, 1000 
Hydrogen, 25, 2 6t. See also Hydrogen 

ions 

atomie structure of, 26,27, 27/ 
atomie weight of, 28 
as ehemieally reaetive element, 31/ 
isotopes of, 27/ 
in taste transduction, 569 
Hydrogen bonds, 34-35, 35/ 
Hydrogen gas, formation of, 32 
Hydrogen ions, 39. See also 

Hydrogen 

in aeid-base balanee/pH, 40,40/, 
1004,1005/ See also Aeid-base 
balanee 

renal regulation of 

biearbonate regeneration 
and, 1008,1008/ 
tubular seeretion and, 

1007, 1007/ 

respiratory regulation of, 832, 
836, 836/, 837, 1006 
aeids releasing, 39 
bases taking up, 39 
Hydrogen phosphate, in plasma/ 

interstitial fluid/ intracellular 
flmd, 992, 992/ 

Hydrogen sulfide (H 2 S), 417 
Hydrolase(s), 52, 86 
Hydrolysis reaetions, 38, 42/, 43 
ATP in, 55, 56 
in digestion, 38,42/, 43, 892 
Hydronephrosis, 956 
Hydrophilie polar head, of 

phospholipid, 45/, 47, 64/, 65 
Hydrophobie nonpolar tail, of 

phospholipid, 45/, 47, 64/, 65 
Hydrostatie-osmotie pressme 

interaetions, 717, 718-719/ 
Hydrostatie pressme, 71, 716-717, 

718-719/ 

in capsular spaee, 965/, 966 
fluid movement among 

eompartments and, 71, 993 
in glomemlar eapillaries, 965, 
965/, 966 
Hydroxide(s), 39 
Hydroxyapatites, 183, 187 
Hydroxyl ion(s), 39, 40,40/ 
Hydroxyurea, 640 
Hymen, 1035/, 1040, 1040/, 1056/ 
Hyoglossus muscle, 332f, 333/ 

Hyoid bone, 215, 215/, 804/, 807/, 

856/ 

Hyperaldosteronism (aldosteronism/ 

Conn’s disease), 614, 616f, 

1017 

Hyperalgesia, 489 


Hyperbarie oxygen ehambers, 825 
Hyperealeemia, 188, 998f 
heart fimetion and, 684 
hyperparathyroidism and, 611 
Hypereapnia, 836 
Hyperehloremia, 998/ 
Hypereholesterolemia, familial, 953 
Hyperemia, 713, 767, 768/ 
Hyperextension (body movement), 

256/, 257/, 258 

Hyperglyeemia, 616, 620, 621/, 624fr 
Hyperglyeemie hormone, glucagon 

as, 618, 619/, 933, 935/ 
Hyperinsulinism, 620 
Hyperkalemia, 998/ 

heart fimetion and, 684, 1001 
Hypermagnesemia, 998/ 
Hypernatremia, 998/ 

Hyperopia (farsightedness), 556, 

557/, 585 

Hyperparathyroidism, 611 
Hyperphosphatemia, 998/ 
Hyperplasia, 110 

smooth muscle, 309 
Hyperpnea, 838 
Hyperpolarization, 399, 399/ 
aetion potential and, 400,401, 
402-403/ 

photoreeeptor, information 

proeessing and, 561-562, 562/ 
Hyperprolaetinemia, 603/, 606 
Hypersensitivities, 774, 794-796, 795/ 
Hypersomnia, 482 
Hypertension, 710-711 
atheroselerosis and, 700fr 
eardiae output and, 685 
portal, 881 
pregnaney and, 1085 
sympathetie vasoeonstrietion 
and, 539 

Hyperthermia, 947. See also Fever 
metabolie rate and, 941 
Hyperthermia therapy, in eaneer 

treatment, 14 6b 

Hyperthyroidism, 603/, 609/, 610, 

941-942 

Hypertonie solutions, 71, 71/ 
Hypertrophie eardiomyopathy, 690 
Hypertrophie zone (epiphyseal plate), 

185, 186/ 

Hypertrophy, 115 
muscle 

eontraetion foree and, 301 
resistanee exercise and, 305 
Hyperventilation (respiratory 

alkalosis), 836, 1006,1009, 
1010/, 1011^7 

renal eompensations and, 1012 
Hypervitaminoses, 912/ 
Hypoadrenalism, 614, 616/ 
Hypoaldosteronism (Addison’s 

disease), 614, 616/, 997, 1000 
skin eolor in, 157 
Hypoblast, 1073/, 1074, 1075/ 
Hypoealeemia, 998/ 

heart fimetion and, 684 
hypoparathyroidism and, 611 
parathyroid hormone release and, 
611/898 
Hypoeapnia, 836 
Hypoehloremia, 998/ 

Hypoehondriae regions, 19, 20/ 


Hypodermis (superficial faseia/ 

subcutaneous tissue), 130, 

151, 151/, 167 

Hypogastrie plexus, inferior (pelvie), 

528/, 529 

Hypogastrie (pubic) region, 19, 20/ 
Hypoglossal eanal, 202, 207/ 216/, 500/ 
Hypoglossal nerve (eranial nerve 

XII) 332/, 444/, 446, 493/ 500, 
500/, 503/ 

Hypoglyeemia, 620 
Hypoglyeemie hormone, insulin as, 

618,619/932, 932/ 
Hypokalemia, 998/ 

heart fimetion and, 684, 1001 
Hypomagnesemia, 915/, 998/ 
hypoparathyroidism and, 611 
Hyponatremia, 996, 998/ 
Hyponychium (nail), 160, 160/ 
Hypoparathyroidism, 611 
Hypophosphatemia, 998/ 
Hypophyseal artery 
inferior, 600/ 
superior, 601/ 

Hypophyseal fossa, 207/, 209, 209/ 
Hypophyseal portal system, 599, 601/ 
Hypophyseal portal vein, 599, 601/ 
Hypophyseetomy, 630 
Hypophysis, 598. See also Pituitary 

gland 

Hypoproteinemia, 996-997 
Hypospadias, 984 
Hypotension, 711 

orthostatie, 539, 711 
Hypothalamie-hypophyseal traet, 

599, 600/ 

Hypothalamie nuclei, 441,442/ 
Hypothalamic-pituitary-gonadal axis, 

1033-1034, 1034/ 
Hypothalamie thirst eenter, 442, 

994-995,994/ 

Hypothalamus, 429,440/, 441-443, 

442/, 444/, 450/, 592/ 
autonomic regulation by, 442, 

538, 538/ 

development of, 429,429/, 476 
food intake regulation and, 442, 
939, 940/ 

hormone seeretion regulated by, 
442, 597, 597/ 
in labor, 1085,1085/ 
limbie system and, 442,449,449/ 
pituitary relationship and, 

599-601, 600-601/, 602-603/, 
1033-1034, 1034/ 
respiratory regulation and, 835/, 
837 

sleep and, 442,454 
in temperature regulation, 442, 
945, 945/ 

thirst regulated by, 442, 994-995, 
994/ 

Hypothenar eminenee, muscles of, 

360/, 361/ 

Hypothermia, 947 
Hypothyroidism, 609-610, 609/, 942 
Hypotonie hydration, 996, 997/ 
Hypotonie solutions, 71/, 72 
Hypoventilation (respiratory 

aeidosis), 839, 1006, 1009, 
1010/, 1011 b 

renal eompensations and, 1012 


Index 
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Hypovolemie shoek, 717, 720/, 967, 

995 

Hypoxemic hypoxia, 829 
Hypoxia, 637, 829 

erythropoietin release and, 637, 
637/ 

Hypoxia-inducible faetor (HIF), 637 
Hystereetomy, 1063 
H zones, 280/, 281, 284/, 285, 285/ 

I. See Iodine 
I bands, 281 

in eardiae muscle, 671, 672/ 
in skeletal muscle, 280/, 281,284/, 
285, 285/ 

ICF. See Intracellular fluid 

identieal twins, 1047 

IF. See Interstitial (tissue) fluid 

IFNs. See Interferons 

Ig(s) (immunoglobulins), 516 642, 

780-784, 781/, 782/, 783f. See 
also Antibodies 
IgA, 781, 783f 

in breast milk/colostrum, 1088 
seeretory, 783 1 
IgA antibodies, in saliva, 859 
IgD, 781, 783 1 
IgE, 781, 783 1 

in immediate hypersensitivity, 
783f, 795, 795/ 

IgG, 781, 783 t 

IgM, 781, 783 t 

IL. See under Interleukin 

Ileoanal juncture, 890 

ileoeeeal valve/sphineter, 875, 

886-887, 8866 888/ 
ileoeolie artery, 730/, 7326 733/ 
Ileostomy, 890 
Ileum, 850/, 875, 888/ 

Ileus, 905 
iliae arteries 

eommon, 724/, 7246 725 f 730/, 
732/, 7326 733/, 734-735/, 

734 1 

external, 725/, 734-735/, 734f 
internal, 725/, 734-735/, 734f 
iliae erest, 234, 235/, 236/ 
iliae fossa, 235, 235/, 236/ 
iliae (inguinal) regions, 19,20/ 
iliae spines, 234-235, 235/, 236/ 
Iliaais muscle, 3636 364/ 
iliae veins 

eommon, 736-737/, 7366 
742-743/, 744/, 744f 
external, 737/, 742-743/, 744/, 

744f 

internal, 737/, 742-743/, 744/, 

744 1 

ilioeostalis cervicis/lumborum/ 

thoraeis muscles, 3386 339/ 
Iliofemoral ligament, 267,267/ 
iliohypogastrie nerve, 507/, 507f 
Ilioinguinal nerve, 507/, 507f 
Iliopsoas muscle, 326/, 3636 364/, 

380f 

Iliotibial traet, 327/ 

Ilium, 234-235, 235/, 236/ 

Imaging (medieal), 16—17^? 

Imatinib, 14 6b 
Immediate (acute/type I) 

hypersensitivity, 795, 795/ 


Immune (antigen-antibody) 

complexes, 781, 782/ 

Immune complex (type III) 

hypersensitivity, 796 
Immune response. See Immunity/ 

immune response 
Immune surveillance, 789 
Immune system, 7/, 764-800, 765. 

See also Immunity; Lymphatie 
system 

adaptive defenses and, 765, 765/, 
773-796, 791/, 792t 
autonomic nervous system and, 
540 b, 796 

cardiovascular system and, 746 b 
eells of, 774-778, 775/, 776/, 777/, 
7796 7926 See also speeifie type 
genetieally modified, in eaneer 
treatment, 14 6b 
ehimerie, 792 

developmental aspeets of, 796 
digestive system and, 900fr 
endoerine system and, 626 b 
homeostatie imbalanees/disorders 
of, 792-796, 795/ 
aging and, 111 

HIV infeetion/AIDS, 793-794 
innate defenses and, 764, 765- 
773, 765/, 7706 791/. See also 
Innate defenses 

integumentary system and, 1 6Sb 
lymph nodes in aetivation of, 755 
nervous system and, 796 
reproductive system and, 1059 b 
respiratory system and, 761 b, 

843 b 

skeletal system and, 195 b 
stem eells of, 796 
urinary system and, 76ìb, 1013 b 
Immune toleranee. See also Self- 

toleranee 

transplantation and, 792 
Immunity/immune response, 7/, 

142, 764. See also Immune 
system 

aetive, 780, 780/ 
artifieially acquired, 780, 780/ 
eelhilar (eell-mediated), 7796 
784-790, 785/, 786/, 787/, 

788/, 789/, 7906 791/ See 

also Cellular (eell-mediated) 
immunity; T lymphoeytes 
homeostatie imbalanees of, 
792-796, 795/ 

humoral (antibody-mediated), 
765/, 773, 778-784, 779/, 

7796 780/, 781/, 782/, 7836 
791/ See also Antibodies; 
Humoral (antibody-mediated) 
immunity 

naturally acquired, 780, 780/ 
passive, 780, 780/ 
primary, 778/, 779, 779/, 780 
seeondary, 778/, 779, 779/, 780 
Immunization, 800 
Immunocompetence, 775-776 
Immunodeficiency, 793-794 
Immunogenicity, 774 
Immunoglobulin(s), 516 642, 

780-784, 781/, 782/, 7836 
791/, 7926 See also speeifie type 
under Ig and Antibodies 


Immunological memory, 773, 779- 

780, 779/ See also Memory 
eells 

Immunology, 800 
Immunopathology, 800 
Immunosuppressive therapy, after 

transplant, 790-792 
impaeted teeth, 859 
Impaired hmetion, in inflammation, 

767, 768/ 

Impetigo, 171 

Implantation, 1067-1071,10716 

1072/ 

Imprinting, genomie, 1102-1103 
inaetivation gate, aetion potential 

and, 400,401,403/ 

Inborn errors of metabolism, 948 
Inborn (intrinsie) reflex, 513 
ineisive fossa, 205/, 206/, 212, 217f 
ineisors, 859-860, 860/ 

Inclusions, 81, 946 95f 
ineompetent heart valve, 668, 679 
ineomplete antigen, 774 
ineomplete dominanee, 1100 
ineomplete fracture, 191 
ineomplete proteins, 9096 910 
ineomplete (unfused) tetanus, 294, 

295/ 

ineontinenee, urinary, 982, 985,1083 
ineretins, 6226 625 b 
Incus (anvil), 571/, 572, 572/, 577/ 
Independent assortment, 1097-1098, 

1097/ 

Indifferent stage, of gonadal 

development, 1055, 10566 
1057/ 

indireet muscle attaehments, 279 
indireet (extrapyramidal) pathways, 

469, 471-473,4736 512 
Indolamines, 414 

Infant, adjustment to extrauterine life 

by, 1087 

Infant respiratory distress syndrome 

(IRDS), 821 

infaret 

myoeardial, 671, 685 
renal, 989 
infeetion 

burn injury and, 166 
tissue repair in, 143 
Infectious gramilomas, 771 
Infectious mononucleosis, 645, 763 
Inferior (term), 126 
Inferior angle of scapula, 228, 229/ 
Inferior articular proeess, 219/, 220- 

221, 222/, 223f 

Inferior eerebellar peduncles, 444/, 

445, 445/, 447, 448/ 

Inferior eervieal ganglion, 531, 532/ 
Inferior colliculus, 444,444/, 445/, 

579, 579/ 

Inferior eostal faeet, 222,222/, 223 1 
Inferior ganglion, 499f 
Inferior gemellus muscle, 368/, 368f 
Inferior gluteal artery, 734/, 734f 
Inferior gluteal line, 235,236/ 
Inferior gluteal nerve, 508/, 509, 509t 
Inferior horns, 431/, 439/ 

Inferior hypogastrie (pelvie) plexus, 

528/, 529 

Inferior hypophyseal artery, 600/ 
Inferior iliae spines, 234, 235/, 236/ 


Inferior mesenterie artery, 725/, 730/, 

732/, 7326 733/ 

Inferior mesenterie ganglion, 531,532/ 
Inferior mesenterie vein, 737/, 

742-743/, 742 1 

Inferior nasal eonehae, 203/, 212, 

214/2176 804/805-806 
Inferior nasal meatus, 213,214/, 804/ 
Inferior nuchal line, 203, 203/, 206/ 
Inferior oblique muscle, 547, 547/ 
Inferior olivary nuclei, 446 
Inferior orbital fissure, 203/, 212, 217í 
Inferior pharyngeal eonstrietor 

muscle, 335/, 335 1 
Inferior phrenie arteries, 7306 7316 

732/ 

Inferior phrenie veins, 742-743/, 742í 
Inferior pubic ramus, 235, 236/ 
Inferior rectus muscle, 547, 547/ 
Inferior sagittal sinus, 738-739/, 738 1 
Inferior salivatory nuclei, 528 
Inferior suprarenal artery, 722t 
Inferior thyroid artery, 606, 606/ 
Inferior tibiofibular joint, 240f, 241, 

255f 

Inferior vena eava, 662, 663-665/, 

669/, 736-737/, 7366 742- 
743/, 742 1 

Inferior vestibular ganglion, 573/, 580 
Infertility, male, 1033 
Inflammation/inflammatory 

response, 142, 143/, 767-771, 
768/, 769/, 770t 
aging and, 111 

in antibody meehanism of aetion, 
782, 782/ 

in tissue repair, 142, 143/, 768/ 
Inflammatory bowel disease, 905 
Inflammatory ehemieals. See 

Chemical mediators 
Inflammatory joint disease, 270-272, 

272/ 

Inflation (Hering-Breuer) reflex, 838 
Infrahyoid muscles, 3346 335/ 
Infraorbital foramen, 203/, 206/, 211/, 

212, 217£ 

Infrapatellar bursa, 262/ 

Infrapatellar fat pad, 262/ 
Infraspinatus muscle, 327/, 348-349/, 

3506 351/352Í 
Infraspinous fossa, 228, 229/ 
Infratemporal fossa, 268/, 269 
Infundibulum, 441 

hypothalamic-pituitary gland, 

441, 442/, 444/, 598, 600/ 
uterine tube, 1035/, 1037, 1037/ 
Ingestion (food intake), 851, 851/, 

8856 See also Food, ingestion/ 
intake of 

Inguinal hernia, 1063 
Inguinal ligament, 235 
Inguinal lymph nodes, 753/ 

Inguinal (iliae) regions, 19, 20/ 
Inhalation. See Inspiration 
inheritanee, 1099-1101, 1099/, 11006 

1101/, 1102-1103. See also 
speeifie type 
Inhibin, 1033 

in female reproductive hmetion, 
1048/, 1049 

in male reproductive hmetion, 
1033,1034/ 
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Inhibiting hormones, hypothalamie, 

442, 599 

Inhibitory neurotransmitters, 415- 

416f,418, 525 

Inhibitory postsynaptie potentials 

(IPSPs), 410/, 411, 413í 
information proeessing in retina 
and, 561, 562/ 

summation by, 411 -413,411/ 
Inhibitory synapses, 411 
Initiation 

in transeription, 103, 103/ 
in translation, 105,106/ 

Initiator tRNA, 105, 106-107/ 

Inlet, pelvie, 237f, 238 

Innate defenses, 764, 765-773, 765/, 

770f, 791/ 

helper T eells affeeting, 788 
internal (eells/ehemieals), 764, 
765/, 766-773, 767/, 768/, 769/, 
770f, 771/, 772/, 791/ 
surface barriers (skin/mucosae), 
162-163, 764, 765-766, 765/, 
770f, 791/ 

Inner eellmass, 1067, 1071/, 1072/ 
Inner ear. See Internal (inner) ear 
Inner fiber, rod and eone, 557, 558/ 
Inner hair eells, 574/, 578 
Inner layer of eye, 548/, 550/, 551- 

552, 551/ See also Retina 
Inner mitoehondrial membrane, 

83, 83/ 

Inner segments, rod and eone, 557 
Innervation, of epithelial tissue, 118 
Inorganie eomponents, of bone, 183 
Inorganie compounds, 38-41, 38. See 

also speeifie type 
Inositol trisphosphate, 595 
Inotropie agents, positive and 

negative, 683 

Inotropie (ehannel-linked) reeeptors, 

420, 420/ 

Input (reeeptive) regions, 391, 391/ 
Insensible heat loss/perspiration, 

163, 945 

Insensible water loss, 945, 994, 995 
Insertion (muscle), 256, 278 
Insoluble fiber, 908 
Insomnia, 455 

Inspiration, 802, 818-819, 818/, 819/ 
first after birth, 841-842,1087 
muscles used in, 340 1, 341/ 818/, 

819 

Inspiratory eapaeity, 822, 822/ 
Inspiratory muscles, 340f, 341/, 818/, 

819 

Inspiratory reserve volume, 821, 822/ 
Insufficient heart valve, 668, 679 
Insula, 431, 432/ 

Insulators, 396 

Insulin, 51f, 618, 618-620, 618/, 619/, 

624 b 

absorptive state regulated by, 
932-933,932/ 

defieit of/diabetes and, 620, 62 lf, 
624-625fi 932 

excess (hyperinsulinism), 620 
in food intake regulation, 940, 
940/ 

meehanism of aetion of, 595 
metabolism and, 618-620, 619/, 
931/932, 933, 936f 


in postabsorptive state regulation, 
933 

Insulin-dependent (type 1) diabetes 

mellitus (IDDM), 620, 

624-625 b, 794, 948 
Insulin-like growth faetor(s) (IGFs), 

602f, 603 

Insulin resistanee, 625 b 
Integral proteins, 64/, 65 
Integrase inhibitors, for HIV 

infeetion/AIDS, 793 
Integration, 387, 387/, 421-423,421/, 

422/ 

motor, 511-513, 512/ 
sensory, 487-490,488/, 490/ 
Integration eenter, in reflex are, 422, 

422/ 513,513/ 533,533/ 
Integrins, 80 
Integument. See Skin 
Integumentary system, 5/, 6/, 150- 

172. See also Skin 
autonomic nervous system and, 

540 b 

in body defense, 5, 5/, 6/ 
boundary maintenanee and, 5, 5/, 
6/, 118, 162-163 

cardiovascular system and, 1 6Sb, 
746 b 

ease study and, Ì72b 
developmental aspeets of, 167 
digestive system and, 1 6Sb, 900 b 
endoerine system and, 168 b, 62 6b 
fimetions of, 6/, 162-164 
homeostatie relationships of, 5 f, 

168 b 

lymphatie system/immunity and, 
168fi 76lb 

muscular system and, 1 6Sb, 314 b 
nervous system and, 168fi 540 b 
reproductive system and, 168fi 
105% 

respiratory system and, 168fi 843 b 
skeletal system and, 168F, 195 b 
thyroid hormone affeeting, 6071 
urinary system and, 168fi 1013 b 
Intensity of sound waves, relative, 579 
Interatrial septum, 662 
interealated eells, 959/, 960 
type A, 960 

hydrogen seeretion by, in aeid 
basebalanee, 1007,1008, 
1008/ 

in potassmm regulation, 1003 
type B, 960 

biearbonate seeretion by, 1009 
interealated dises, 138, 139/, 671, 672/ 
interearpal joint, 254f 
intereelhilar elefts, 697, 697/ 
intereondylar eminenee, 240/, 241 
intereondylar fossa, 239, 239/ 
intereostal arteries 

anterior, 728/, 729/, 729 1 
posterior, 728/, 729/, 729 1 
Intereostal muscles, 326/, 340f, 341/, 

818/819 

external, 340f, 341/, 819, 819/ 
internal, 340f, 341/ 
intereostal nerves, 501/, 502/, 509, 

834 

muscles of respiration supplied 

by, 340f, 834 
in respiration, 834 


intereostal spaees, 225,225/ 
intereostal veins, posterior, 740-741/, 

740f, 741 1 

Interferons (IFNs), 770f, 771, 771/, 

790 1 

Interleukin(s), 642, 790f, 947 
Interleukin 1, 787, 790t 
Interleukin 2, 787, 790t 
Interleukin 4, 790t 
Interleukin 5, 790 1 
Interleukin 10, 790 1 
Interleukin 12, 790t 
Interleukin 17, 790 1 
Interlobar arteries, 957, 958/ 
Interlobar veins, 957, 958/ 
Interlobular (eortieal radiate) arteries, 

renal, 957, 958/ 

Interlobular veins, hepatie, 880/ 
Intermaxillary suture, 206/, 212 
Intermediate (term), 12 1 
Intermediate ameiform bone, 241/, 

242, 243 1 

Intermediate filaments, 63/, 88, 88/, 

9 5f 

in desmosomes, 66, 67/ 
in neurons (neurofibrils), 390 
in skeletal muscle (desmin 
filaments), 281 
in smooth muscle, 307, 307/ 
Intermediate mass (interthalamie 

adhesion), 440/, 441 
Intermediate mesoderm, 1077, 1078/, 

1079/ 

Intermediate part (membranous) 

urethra, 981, 981/, 1019/, 

1023/, 1024 

Intermittent claudication, 315 
Internal (term), 12 1. See also under 

Deep 

Internal acoustic meatus, 205/, 207/, 

208, 497f 

Internal anal sphineter, 887, 888/ 
Internal capsule, 437,438/ 

Internal earotid artery, 725/, 726/, 

726 f, 727/ 

Internal (inner) ear, 208, 571/, 572- 

575, 573/, 574/, 576t 
Ménière’s syndrome and, 584 
sound transmission to, 577, 577/ 
Internal feedbaek, in motor 

integration, 512 

Internal iliae arteries, 725/, 734-735/, 

734f, 1039 

Internal iliae vein, 737/, 742-743/, 

744/, 744f 

Internal intereostal muscles, 340f, 

341/ 

Internal jugular veins, 736-737/, 736f, 

738-739/, 738f, 740-741/ 
Internal oblique muscles, 326/, 342f, 

343/ 

Internal os, 1037/, 1038 

Internal pudendal artery, 734/, 734f, 

1027 

Internal (open) reduction of fracture, 

191 

Internal respiration, 802, 827-828 
Internal spermatie faseia, 1020/ 
Internal strabisnms, 497f 
Internal tension, 301 
Internal thoraeie (internal mammary) 

artery, 727/, 728/, 729/, 729 1 


Internal urethral sphineter, 981, 981/ 
Interneurons (assoeiation neurons), 

395, 395f 

in posterior horns, 466 
Internodal pathway, of eardiae 

conduction system, 675, 675/ 
Interoeeptors (viseeroeeptors), 484- 

485, 485f, 486f 
Interossei muscles 
of foot, 378 f, 379/ 
of hand, 361/, 362 1 
Interosseous artery, eommon, 728/, 

728 f, 729/ 

Interosseous membrane 
in forearm, 231, 231/ 
in leg, 239, 240/ 

Interphalangeal joints 
of fingers, 254f 
of toes, 255f 

Interphase, 96, 96-97, 97/, 98/, 100/, 

1030/ 

Interspinous ligament, 219/ 
Interstitial eells of Cajal, 873 
Interstitial endoerine eells (Leydig 

eells), 1021-1022, 1021/ 
Interstitial (tissue) fluid, 68, 991, 991/ 
eleetrolytes in, 992/ 
gas/nutrient/water/waste 
exchanges and, 993, 993/ 
in ground substance, 127 
Interstitial fluid eolloid osmotie 

pressure, 717, 718-719/ 
Interstitial fluid hydrostatie pressure 

(HP. f ), 717, 718-719/ 
Interstitial growth, of eartilage, 174 
Interstitial lamellae, 181, 182/ 
Intertarsal joint, 255f 
Interthalamie adhesion (intermediate 

mass), 440/, 441 

intertroehanterie erest, 238,239/ 
intertroehanterie line, 238, 239/ 
Intertubercular sulcus (bieipital 

groove), 228-230,230/ 
Interventricular artery 
anterior, 663/, 668, 670/ 
posterior, 664/, 670, 670/ 
Interventricular foramen, 430, 431/, 

440/ 

Interventricular septum, 662, 665/ 
Interventricular sulcus 
anterior, 662 
posterior, 662 

Intervertebral dises, 219-220, 219/, 

222/, 254 1 

herniated (prolapsed/slipped), 
219-220, 220/ 
aging and, 245 
as symphyses, 252 
Intervertebral foramen, 218/, 219/, 

220 

Intervertebral joint, 254f 
Intervillous spaees, in stratum 

fimetionalis, 1072, 1073/ 1074/ 
Intestinal arteries, 730/, 732 f, 733/ 
Intestinal erypts, 876/, 877 
Intestinal flora, 890 
Intestinal (enterie) gastrin, 622f, 868/, 

871/, 872. See also Gastrin 
Intestinal juice, 877 
Intestinal motility 

large intestine, 890-891 
small intestine, 886-887, 886/ 



Index 


1-29 


Intestinal phase, of gastrie seeretion, 

871-872, 871/ 

Intestinal pits, 877 
Intestinal tmnk, 753, 753/ 

Intestine(s). See also Large intestine; 

Small intestine 

arteries supplying, 730/, 7326 733/ 
autonomic innervation/effeets 
and, 528/, 532/, 536f, 540fr 
mucosa-associated lymphoid 
tissue (MALT) in, 854/, 855 
parathyroid hormone affeeting, 
611/ 

Intracapsular ligaments, of synovial 

joints, 252 

of knee joint, 263. See also 
Cruciate ligaments 
IntraeelMar fluid, 63, 991, 991/ 
eleetrolytes in, 992-993, 992/ 
extracellular fluid eompared with, 
992-993, 992/ 
gas/nutrient/water/waste 
exchanges and, 993, 993/ 
resting membrane potential and, 
397, 398/ 

IntraeelMar fluid eompartment, 991, 

991/ 

IntraeelMar reeeptors, in hormone 

meehanism of aetion, 593, 

595, 596/ 

Intraeranial dural sinuses. See Dural 

venous sinuses 
Intraeranial hemorrhage, 463 
Intraepithelial lymphoeytes, 877 
Intrafusal muscle fibers, 487, 514, 

514/515/ 

Intramembranous ossifieation, 183, 

185, 185/ 

Intramolecular bonds, hydrogen 

bonds as, 35 
Intramural ganglia, 528 
Intraocular pressure, in glaucoma, 

553 

Intraperitoneal (peritoneal) organs, 

853 

Intrapleural pressure, 817, 817/, 819, 

819/ 

Intrapulmonary pressure, 816, 817/, 

818/819,819/ 

Intrauterine deviee, 1090 b 
Intravenous pyelogram (IVP), 979/, 

988 

intrinsie (deep) baek muscles, 

336-3386 339/ 

intrinsie eardiae conduction system, 

674-676, 674/, 675/, 678, 679/ 
intrinsie faetor, 639,870, 897, 912 
gastrie seeretion of, 866, 870, 897 
intrinsie foot muscles, 376-3776 

377/, 379/ 

intrinsie nerve plexuses, of 

alimentary eanal, 852, 853/, 
854/, 855 

intrinsie palm muscles, 3546 360- 

3626 361/ 

intrinsie pathway, 647, 648, 648/ 
intrinsie (inborn) reflex, 513 
intrinsie (minor) salivary glands, 858 
intrinsie tongue muscles, 3326 857 
Introns, 102 

mRNA proeessing and, 103-104 
RNA eoding and, 105-106 


Inulin, glomemlar filtration rate 

estimated by elearanee rate 
of, 978 

Inversion (body movement), 258,259/ 
of lower limb, 3806 381/ 

In vitro fertilization, 1089 
Involuntary muscle, 138. See also 

Cardiac muscle; Smooth 
muscle 

Involuntary nervous system, 387, 

524. See also Autonomic 
nervous system 

Iodide, in thyroid hormone synthesis, 

608, 608/ 

Iodine, 266 9156 

in thyroid hormone synthesis, 

608, 608/ 

Iodine-131, 28 
Ion(s), 24, 32, 32/ 

tubular reabsorption of, 969-970, 
970/, 973/ 

Ion ehannels, 65, 69, 396-397, 396/ 

See also speeifie type and 
Channels 

Ionie bonds, 32, 32/, 34/ 

Ionizing radiation, 28, 60 

IP 3 (inositol trisphosphate), 595 

Ipsilateral fibers, eerebellar, 447 

Ipsilateral reflex, 515 

IPSPs. See Inhibitory postsynaptie 

potentials 

Iris, 545/, 548/, 549-551, 549/, 552/ 
autonomic innervation/effeets 
and, 536f 
Iron, 266 9156 

absorption of, 898 
dietary, 915/ 

erythropoiesis and, 637, 638/ 

Iron barrier, mucosal, 898 
iron-defieieney anemia, 638-639 
Irregular bones, 176, 176/, 177 
Irregular dense eonneetive tissue, 

1296 132, 133/ 

Irritability. See Excitability 
Irritable bowel syndrome, 891 
Isehemia, 463 

myoeardial, 674, 678 
in stroke, 463 

isehemie (stagnant) hypoxia, 829 
isehemie (Meolytie) phase, of 

ovarian eyele, 1047 
Isehial ramus, 235, 236/ 

Isehial spine, 235, 236/ 

Isehial tuberosity, 235,236/ 
Ischiocavernosus muscle, 3446 345/ 
Isehiofemoral ligament, 267, 267/ 
Isehhim, 235, 235/, 236/ 

Islets of Langerhans (panereatie islets), 

618,618/ 883,624-625É? 
Isograffs, 790 
Isomers (ghieose), 43 
Isometrie eontraetion, 293, 297/, 298 
Isometrie exercises, muscles affeeted 

by, 305 

Isotonie eontraetion, 293, 297-298, 

297/ 

Isotonie soMions, 71, 71/ 

Isotopes, 27, 27/ 

radioaetivity exhibited by, 28. See 
also Radioisotopes 
Isovolumetric eontraetion phase, 

680/, 681 


Isovohimetrie relaxation phase, 680/, 

681 

Isthmus 

of fauces, 804/, 806 
of thyroid gland, 606, 606/ 
ofuterine tube, 1037, 1037/ 
ofuterus, 1037/, 1038 
Iteh reeeptor, 496 

Jaundice, 156, 882, 1088,1094 
Jaw/jawbone. See Mandible; 

Maxillary bones/maxilla(e) 
Jaw joint. See Temporomandibular 

joint 

Jejunum, 850/, 875, 875/ 

Joint(s), 249-275, 2536 254-2556 See 

also speeifie joint 
arthritis/osteoarthritis affeeting, 
270-272, 272/ 
artifieial (prosthetie), 271 b 
cartilaginous, 251-252, 251/, 253 1 
ease study and, 275 b 
elassifieation of, 249-250, 2536 
eommon injuries of, 269-270,269/ 
developmental aspeets of, 

272-273 

fibrous, 250-251, 250/, 253f 
homeostatie imbalanees and, 
269-272 

inflammatory/degenerative 
eonditions of, 270-272, 272/ 
innervation of, 252-253, 510-511 
muscles in stabilization of, 255,277 
synovial, 252-269, 252/, 253 1 
Joint (articular) capsule, 252, 252/ 

See Articular (joint) capsule 
Joint (articular/synovial) eavities, 20, 

252, 252/ 

ofknee joint, 262/, 263 
of shoulder joint, 265/ 

Joint kinesthetie reeeptors, 4866 487 
Jugular foramen, 206/, 207/, 208, 

2166 4996 500f 

Jugular lymph saes, 760 
Jugular (suprasternal) noteh, 225, 

225/ 

Jugular tmnks, 753, 753/ 

Jugular veins 

external, 736-737/, 738-739/, 
7386 740-741/ 
internal, 736-737/, 7366 738- 
739/, 7386 740-741/ 
Junctional folds, 286, 287/ 

Junctional rhythm, 676, 679/ 
Juxtaglomerular (JG/granular) eells, 

962/, 963, 968 

Juxtaglomerular complex (JGC), 614, 

962-963, 962/ 
sodium regulation and, 999, 

1001 /, 1002 / 

tubuloglomerular feedbaek and, 
966, 967/ 

Juxtamedullary nephrons, 961/, 962 
osmotie gradient ereated by, 973, 
974-975/ 

K. See Potassium 
Kaposi’s sareoma, in AIDS, 793 
Karyotype, 1096 
Keloid, 149 


Keratin, 50, 516 122,152, 765, 770 1 
in desmosomes, 66, 67/ 
in hair, 157 
in nails, 160 

in skin, 122, 152, 765, 770t 
Keratin filaments, 66 
Keratinization, 122,152, 160 
Keratinized epithelia, 122 
Keratinoeytes, 152, 153/ 
Keratohyaline granules, 152 
Ketoaeidosis, diabetie, 620, 62 ìt 
Keto aeids, 919, 920/, 927, 928/, 929 
Ketogenesis, 927, 927/ 
Ketone(s)/ketone bodies, 620, 927, 

927/, 1004 

Ketonuria, 620, 6216 927, 980f 
Ketosis, 60, 927 

Kidney(s), 954-955, 955/, 979/. See 

also under Renal 
in aeid-base balanee, 972, 973/, 
1006-1009, 1007/, 1008/, 1009/ 
eompensations for 

abnormalities and, 1011, 
1012 

aging affeeting, 985 
anatomy of, 955-963 
internal, 956-957, 957/ 
location/external anatomy, 
955-956, 956/ 
nephrons, 958-963, 959/, 

960/, 961/, 962/ See also 
Nephron(s) 

arteries supplying, 725/, 730/, 

732/, 732f 

autonomic innervation/effeets 
and, 532/, 5366 537 
blood pressure regulation and, 
708-710, 708/, 709/, 1002/ 
blood supply/blood flow/ 
perfusion of, 712, 712/, 
957-958, 958/ 

in ealehim regulation, 1003-1004 
elinieal evaluation of, 977-979 
developmental aspeets of, 983,984/ 
erythropoietin produced by, 
636-637 

in fluid balanee, 999-1000, 1000/, 

1001 /, 1002 / 

hormones produced by, 621-623, 
622 1 

infeetion of (pyelitis/ 

pyelonephritis), 956-957, 982 
nerve supply of, 957-958 
parathyroid hormone affeeting, 
611,611/ 

physiology of, 2, 963-977, 963/ 

See also Urine, formation of 
polyeystie, 984 

potassium balanee regulation and, 
1002-1003 
pregnaney and, 1083 
sodirnn balanee regulation and, 
999-1000,1000/, 1001/, 1002/ 
urine formation by, 963-977, 963/ 
urine transport/storage/ 
elimination and, 979-982, 

979/, 980/ 

veins of, 736-737/, 742-743/, 742f 
Kidney failure, 978 
Kidney stones (renal ealeiili), 979-980 
Killer eells, natural (NK), 766-767, 

7706 789 
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Kiloealories, 907 
Kinesins, 88, 392 

Kinesthetie reeeptors, joint, 486í, 487 
Kinetie energy, 24 

in aetive transport, 73, 74/, 78/ 
in diffusion, 68, 72/ 
enzyme aetion and, 52, 52/ 
Kinetoehore(s), 100/ 

Kinetoehore microtubules, 100/ 
Kinins, 767, 768/, 770/ 

Kinocilium, 578, 580, 580/, 581/ 
Klinefelter’s syndrome, 1054-1055 
Kneeeap (patella), 200/, 238, 239, 

239/, 243f 

Knee-jerk reflex, 474, 515, 516/ 

Knee joint, 255í, 262-264, 262-263/ 
artifieial/replaeement, 271 b 
femoropatellar, 255 1, 262, 263 
injuries of, 264, 264/, 269, 269/ 
muscles erossing/imiseles aeting 
on, 363-369 1, 364/, 367-368/, 
380/, 381/ 

tibiofemoral, 255/, 262, 263 
Knob, ATP synthase, 923, 923/ 
Knuckle (metaearpophalangeal joint), 

234, 254/ 

Korotkoff sounds, 710 

K-ras oneogene, in eoloreetal eaneer, 

145 b 

Krebs, Hans, 919 

Krebs eyele, 914/, 916-917, 917/, 919, 

920/, 924/, 929/ 

Kwashiorkor, 953 
Kyphosis, 218, 219/, 245 

Labia (lips) of mouth, 856-857, 856/ 
eleff, 244/, 899 
Labial frenulum, 856/, 857 
Labia majora (labium majus), 1035/, 

1040/, 1041, 1055, 1057/ 

Labia minora (labium minus), 1035/, 

1040/, 1041, 1055, 1057/ 
Labioserotal swellings, 1055, 1057/ 
Labor, 1085-1087,1085/, 1087/ 
oxytocin in, 11, 599, 602/, 1085, 
1085/ 

Labyrinth (inner/internal ear), 208, 

571/, 572-575, 573/, 574/, 576/ 
bony, 573, 576/ 
membranous, 573, 573/, 576/ 
Ménière’s syndrome and, 584 
sound transmission to, 577, 577/ 
Labyrinthitis, 590 
Laerimal apparatus, 546, 546/ 
Laerimal bones, 203/, 204/, 212, 

217/ 

Laerimal canaliculi, 546, 546/ 
Laerimal eamnele, 545, 545/ 

Laerimal fossa, 204/, 212,217/ 
Laerimal gland, 546, 546/ 

autonomic innervation/effeets 
and, 528/, 532/, 536/ 

Laerimal nuclei, 528 
Laerimal puncta, 546, 546/ 

Laerimal sae, 212, 546, 546/ 

Laerimal seeretion (tears), 546, 770/ 
Laetase, 892, 893/, 894 
Laetation, 1041, 1042/, 1087-1089, 

1088/ 

oxytocin and, 599, 602/, 1088, 
1088/ 


Laeteals, 753, 876/, 877 
Laetie aeid, 299, 299/, 918/, 919, 1004 
Lactiferous ducts, 1041,1042/ 
Lactiferous sinus, 1041, 1042/ 
Laetogen, human plaeental, 1074, 

1083 

Laetose, 43,44/, 892, 893/ 

Laetose intoleranee, 894 
Lacunae 

bone, 136, 137/, 181, 182/ 
eartilage, 134, 135/, 174 
in stratum fimetionalis 

(intervillous spaees), 1072, 
1073/, 1074/ 

Lagging strand, 97, 98/ 

Lambdoid suture, 201, 201/, 202, 

203/, 204/, 205/ 

Lamellae (bone), 136, 137/, 181, 181/, 

182/ 

Lamellar bone, 181, 182/, 185/ See 

also Compact bone 
Lamellar (Paeinian) corpuscles, 151/, 

154, 163, 486/, 487 
Lamellar granules, 152 
Lamina(e) 

basal. See Basal lamina 
nuclear, 92, 92/ 
osseous spiral, 573, 574/ 
reticular, 118 
vertebral, 220,220/ 

Lamina propria, 142, 855 

of alimentary eanal mucosa, 854/, 
855 

of areolar eonneetive tissue, 130, 
131/ 

Laminar flow (streamlining), 702 
Lamineetomy, 248 
Laminin, 127 
Lamins, 92, 92/ 

Langerhans, islets of (panereatie islets), 

618,618/ 883,624-625 b 
Langerhans eells (epidermal dendritie 

eells), 152, 153/, 163 
Language, 455-456 
Lanugo eoat, 167 
Laparoseopy, 905,1063 
Large eell (medial) nuclear group, 

450 

Large granular lymphoeytes, 766 
Large intestine, 850/, 885/, 887-892, 

888/, 889/ 

autonomic innervation/effeets 
and, 528/, 532/ 

digestive proeesses occurring in, 
851/, 885/, 890-892, 891/ 
Laryngeal eartilages, 174, 175/, 804/, 

807-808, 807/ 

Laryngeal prominenee (Adam’s 

apple), 807, 807/ 

Laryngitis, 809 

Laryngopharynx, 804/, 806, 856/, 861 
Laryngotraeheal bud, 841, 842/ 
Larynx (voiee box), 802/, 804/, 805/, 

807-809, 807/, 808/ 
eartilages in, 174,175/, 804/, 
807-808, 807/ 

Lasix. See Furosemide 
Lateh state, 308 
Latent period, 293, 295/ 

excitation-contraction coupling 
during, 293 
after orgasm, 1027 


Latent syphilis, 1053 
Lateral (term), 12/ 

Lateral angle of scapula, 228 
Lateral apertures, 430,431/ 

Lateral (axillary) border of scapula, 

228, 229/ 

Lateral eervieal (eardinal) ligaments, 

1037/, 1038 

Lateral circumflex femoral artery, 

734-735/, 734/ 

Lateral commissure/canthus, 545, 

545/ 

Lateral eompartment of leg, muscles 

of, 370/, 372/, 373/, 380/, 381/ 
Lateral eondyle 

of femur, 238, 239/ 
of tibia, 239-241, 240/ 

Lateral eords, braehial plexus, 504/, 

505, 505/ 

Lateral eortieospinal traet, 469/, 472/, 

473/ 

Lateral cuneiform bone, 241 f, 242, 

243/ 

Lateral cutaneous braneh of 

intereostal nerve, 502/ 

Lateral epieondyle 
of femur, 238, 239/ 
of humerus, 230, 230/ 

Lateral excursion, 268-269, 268/ 
Lateral femoral cutaneous nerve, 

507/, 507/ 

Lateral fornix, 1037/, 1040 
Lateral funiculi, 467/, 468 
Lateral geniculate bodies/nuclei, 441, 

442/, 563, 564/, 565 
Lateral horns, 466,467/, 529, 530/ 
Lateral hypothalamie area, 442/ 
food intake regulation and, 939, 
940,940/ 

Lateral inhibition, 565 
Lateralization, 433,437 
Lateral lemnisais, 579, 579/ 

Lateral ligaments, of 

temporomandibular joint, 

267, 268/ 

Lateral longitudinal areh of foot, 242, 

242/ 

Lateral malleolus, 240/, 241 
Lateral mass 

of atlas, 221, 221/ 
of ethmoid bone, 210 , 210/ 

Lateral meniscus of knee, 262-263/ 
Lateral (small eell) nuclear group, 450 
Lateral patellar retinaculum, 262/, 

263 

Lateral plantar artery, 734-735/, 735/ 
Lateral plantar nerve, 509, 509/ 
Lateral plantar vein, 744/ 

Lateral plate mesoderm, 1077, 1078f, 

1079/ 

Lateral pterygoid muscle, 332/, 333/ 
Lateral rectus muscle, 547, 547/ 
Lateral reticulospinal traet, 469/, 473/ 
Lateral rotation, 257/, 258 
of lower limb, 380/, 381/ 
of upper limb, 358/, 359/ 

Lateral saeral erest, 224, 224/ 

Lateral semicircular eanal, 573, 573/ 
Lateral spinothalamie traet, 469,469/, 

470/471/ 

Lateral sulcus, 431,432/ 

Lateral supracondylar line, 238, 239/ 


Lateral supracondylar ridge, 230, 230/ 
Lateral thoraeie artery, 728f, 728/, 

729/ 

Lateral ventrieles, 429/, 430,431/ 

Late seeondary folliele, 1045, 1046/ 
Latissimus dorsi muscle, 327/, 346/, 

348-349/, 350/, 351/, 351/, 

358/ 

Laughing, 824/ 

LDLs. See Low-density lipoproteins 
L-dopa, for Parkinson’s disease, 464 
Leader sequence, 105, 108/ 

Leading strand, 97, 98/ 

Lead salts, skin penetrated by, 162, 

163 

Leakage ehannels, 69, 396 
Learned (acquired) reflex, 513 
Leeithin, 896, 908 
Leetin(s), 772 

Leetin pathway, of eomplement 

aetivation, 772, 772/ 

Left anterior deseending artery 

(anterior interventricular 
artery), 663/, 668, 670/ 

Left aseending lumbar vein, 741/, 

742-743/ 

Left atrium, 659, 662, 663-665/, 669/ 
Left braehioeephalie vein, 736-737f, 

736/ 

Left bundle braneh, 676 
Left eolie artery, 730/, 732/, 733/ 

Left eolie (splenie) flexure, 887, 888/ 
Left eommon earotid artery, 724/, 

724/, 726/, 728/ 

Left eommon iliae artery, 724/, 724/, 

732/ 

Left eoronary artery, 663/, 668, 670/, 

724/, 724/ 

Left gastrie artery, 730/, 731/, 731/ 

Left gastroepiploie artery, 730/, 731/, 

731/ 

Left hypoehondriae region, 19, 20/ 
Left iliae (inguinal) region, 19, 20/ 

Left lobe, of liver, 878, 879/ 

Left lower quadrant (LLQ), 19, 19/ 
Left himbar region, 19, 20/ 

Left main (primary) bronchus, 802/, 

810,811/ 

Left marginal artery, 670 
Left pulmonary artery, 663-665/, 

722/, 722/, 814/ 

Left pulmonary vein, 663-665f, 722f, 

722/, 814/ 

Left subclavian artery, 724/, 724/, 

726/, 728/, 729/ 

Left suprarenal vein, 736/, 743/ 

Left upper quadrant (LUQ), 19, 19/ 
Left ventriele, 659, 662, 663-665/, 

668, 669/, 670/ 

Leg 

bones of, 239-241, 240/, 243/ 
muscles of/muscles eontrolling 
movement of, 326/, 327/, 
363-369/, 364/, 367-368/, 
370-373/, 371/372/374- 
375/, 380/, 381/ 

Length-tension relationship, 302 
eardiae muscle, 682 
skeletal muscle eontraetion foree 
and, 301/, 302, 302/ 
smooth muscle eontraetion and, 
309 
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Lens (of eye), 548/, 552/, 553 
aeeommodation of, in elose 
vision, 556 

clouding of (eataraet), 553, 553/ 
development of, 585 
in light foaising, 555/, 556 
suspensory ligament of, 548/, 549, 
552/ 

Lens erystallins, 553 
Lens epithelium, 552/, 553 
Lenses, refraetion and, 554, 554/, 555/ 
Lens fibers, 553 
Lens vesiele, 585 
Lentiform nucleus, 441 
Leptin, 621, 622f, 940-941, 940/ 
bone density affeeted by, 188 
in female reproductive fimetion, 
1047, 1051 
Lesion, 149 

Lesser curvature of stomaeh, 865f, 

866 

Lesser oeeipital nerve, 503/, 503/ 
Lesser omentum, 866, 889/ 

Lesser seiatie noteh, 235, 236/ 

Lesser sphenoid wing, 205/, 207/, 

209, 209/ 

Lesser troehanter, 238, 239/ 

Lesser tubercle, 228,230/ 

Let-down reflex, 599,602í, 1088,1088/ 
Lethal dominant genes, 1099 
Lethal hit, cytotoxic T eell, 789 
Lethargy, 453 
Letrozole, 1043 
Leukemias, 645 

Leukocyte(s) (white blood eells), 128, 

129f, 137/, 632, 632/, 640-645, 
641/, 643/, 644f. See also 
speeifie type 

agranulocytes, 640, 641/, 642, 

643/, 644f 

granulocytes, 640, 640-642, 641/, 
643/, 644f 
in urine, 980 1 

Leukocyte count, 640, 641/ 
differential, 641/, 653-654 
Leukocytosis, 640, 769, 769/ 
Leukocytosis-inducing faetors, 769 
Leukopenia, 644 
Leukoplakia, 145 b 
Leukopoiesis, 642-644, 643/ 
Leukotrienes, 4 6t, 593 
Levator ani muscle, 344f, 345/, 888/, 

981 

Levator labii superioris nrnsele, 330 1, 

331/ 

Levator palpebrae superioris muscle, 

545, 545/ 

Levator scapulae muscle, 346f, 348- 

349/, 348 1 

Levator veli palatini, 334 1, 335/ 
Lever(s)/lever systems, 323-324, 

323-324/, 325/ 

Leydig (interstitial endoerine) eells, 

1021 - 1022 , 1021 / 

LH. See Luteinizing hormone 
Lids (eyelids), 545, 545/, 546 
Life 

eelhilar basis of, 62, 62/, 63/ 
maintenanee of/neeessary 
fimetions and, 4-8, 5/ 
Ligament(s), 132, 252, 252 f See also 

speeifie named ligament 


sprains of, 269-270 
syndesmoses eonneeted by, 250, 
250/ 

of synovial joints, 252,252/ 
joint stability and, 255 
of vertebral column, 219,219/ 
Ligamentum arteriosum, 663/, 686, 

1080/, 1087 

Ligamentum flavum, 219, 219/ 
Ligamentum nuchae, 203, 339/ 
Ligamentum teres (ligament of head 

of femur), 238,267, 267/ 
Ligamentum teres (round ligament), 

878, 879/, 1080/, 1087 
Ligamentum venosum, 1080/, 1087 
Ligand(s), 81, 82/ 

Ligand-gated (ehemieally-gated) 

ehannel(s), 396, 396/ 
muscle eontraetion and, 287/, 288, 
288/, 289 
Ligase, 97 

Light, 553-556, 554/, 555/ 

capture of by visual pigments, 
560-561 

focusing of on retina, 554-556, 
555/ 

pupillary reflex and, 549, 563 
refraetion of, 554, 554/, 555/ 
visual disorders related to, 

556, 557/ 

wavelength/color of, 553-554, 
554/ 

Light adaptation, 563 
Light (L) ehains, 781, 781/ 

Light ehain kinase (myosin), 307, 

308/ 

Light energy, 24 

Light mieroseopy, tissue stains for, 

117-118 

Light transduction 

(phototransduction), 556, 
560-561, 561/ 

Limb(s) (appendages/extremities). 

See Lower limbs; Upper limbs 
Limb buds, 1077, 1078/ 

Limbie assoeiation area, 437 
Limbie system, 436,449-450,449f, 

450 1 

autonomic regulation and, 538, 
538/ 

olfaetory sensation and, 436,449, 
567 

Line (bone marking), 180f 
Linea alba, 342f, 343/ 

Linea aspera, 238, 239/ 

Linear aeeeleration, macular response 

to, 580-581,581/ 

Lingual artery, 726/, 726/, 727/ 
Lingual frenulum, 856/, 857 
Lingual lipase, 857, 859, 893/ 

Lingual tonsils, 759, 759/, 804/, 806, 

856/, 857, 857/ 

Linked genes, 1098, 1098/ 

Linker DNA, 93, 93/ 

Linker proteins, 67, 67/ 

Linoleie aeid, 908 
Lip(s) (labia), 856-857, 856/ 
eleff, 244/, 899 

Lipase(s), 883, 893/, 895, 895/ 
ehief eell seeretion of, 866 
gastrie, 866, 893/ 
lingual, 857, 859, 893/ 


lipoprotein, 896, 932 
panereatie, 883, 893/, 895, 895/ 
Lipid(s), 43-47,45/, 46/. See also 

Fat(s)/lipid(s) 

as neurotransmitters, 416/, 417 
in plasma membrane, 64-65, 64/ 
Lipid bilayer, plasma membrane, 

63, 64/ 

Lipidemia, 653 

diabetie, 620, 621/, 624 b 
Lipid rafts, 63, 65 

eaveolae assoeiated with, 76 
Lipid-soluble hormones, 593 
Lipid-soluble substances, skin 

penetrated by, 162 
Lipofiisein (aging pigment), 390 
Lipogenesis, 926-927, 927/, 929/ 
Lipolysis, 927, 927/, 929/, 933, 934/ 
Lipoprotein(s), 46/, 936-937, 936/. 

See also speeifie type 
in atheroselerosis, 700h, 937-938 
Lipoprotein (a), 700 b 
Lipoprotein lipase, 896, 932 
Liposomes, 115, 164 
Liposuction, 943 b 
Liquid(s), 24 

Lithium, atomie structure of, 27, 27/ 
Lithotripsy 

for gallstones, 882 
shoek wave, for renal calculi, 980 
Liver, 875/, 878-882, 879/, 880/. See 

also under Hepatie 
autonomic innervation/effeets 
and, 527/, 528/, 532/, 536/ 
bile eomposition and, 881-882 
bleeding disorders and, 650 
digestive fimetion of, 878, 885/ 
glyeogenolysis in, 933, 934/ 
lipid transport to, 936-937 
lipolysis in, 927, 933, 934/ 
metabolie fimetions of, 931/, 934/, 
935-938, 937/ 

absorptive state and, 931/, 932 
eholesterol regulation and, 

927, 935-938, 936/ 
postabsorptive state and, 933, 
934, 934/ 

round ligament of (ligamentum 
teres), 878, 879/, 1080/, 1087 
Liver eells (hepatoeytes), 878-881, 

880/ 

metabolie fimetions of, 935-938, 
937/ 

Liver lobules, 878, 880/ 

Liver sinusoids, 878, 880/ 

Load (bone), growth/remodeling and, 

188-189,189/ 

Load (muscle), 293, 304, 304/ 
eontraetion duration/velocity 
affeeted by, 304, 304/ 
in lever system, 323, 323-324f, 
325/ 

Lobar arteries, 722/, 722/ 

Lobar (seeondary) bronehi, 810, 811/ 
Lobe(s) 

of eerebral hemispheres, 431,432/ 
of kidney, 956 
of liver, 878, 879/ 
of hmgs, 814/, 815, 815/ 
mammary gland, 1041, 1042/ 
of multicellular exocrine gland, 124 
thyroid gland, 606, 606/ 


Lobule(s) 

of ear (earlobes), 570, 571/ 
of liver, 878, 880/ 
of hmg, 814/815 
mammary gland, 1041, 1042/ 
oftestis, 1020,1021/ 
thymie, 758, 758/ 

Lockjaw, 318 
Locus (gene), 1096 
Longbones, 175,176/, 177-179, 178/ 
endoehondral ossifieation in, 183, 
183-185,184/ 

postnatal growth of, 185-187, 

186/ 

Longissimus eapitis/eervieis/thoraeis 

muscles, 338/, 339/ 
Longitudinal arehes of foot, 242, 242/ 
Longitudinal fissure, 431,432/ 
Longitudinal layer of smooth muscle, 

305, 306/ 

in alimentary eanal muscularis, 
854/, 855 

in stomaeh muscularis, 865/, 867/ 
Longitudinal ligaments, 219, 219/ 
Long reflexes, 852, 853/, 886, 886/ 
Long-term memory (LTM), 456,456/ 
Long-term potentiation (LTP), 413, 

458 

Long thoraeie nerve, 504/, 505/ 

Loop diuretics, 976 

Loop of Henle. See Nephron loop 

Loose eonneetive tissue, 129/, 130, 

131-132/ 

Lordosis, 219,219/, 245,1082 
Loudness, 576, 576/ 
deteetion of, 579 
hearing loss and, 576, 584 
Lou Gehrig’s disease (amyotrophie 

lateral selerosis/ALS), 474 
Low-density lipoproteins (LDLs), 

700h, 936, 936/ 
atheroselerosis and, 700 b, 

937-938 

reeommended blood levels of, 
937-938 

Lower limbs. See also Foot; Leg; 

Thigh 

arteries of, 725/, 734-735/, 
734-735/ 

bones of, 200/, 238-243, 239/, 

240/, 241/, 242/, 243/ 
innervation of, 501/, 506-509, 
507/, 507/, 508/, 509/ 
veins of, 736-737/, 744/, 744/ 
Lower motor neurons, 469,472/, 512 
Lower tmnk, braehial plexus, 504/ 505 
Lumbar arteries, 730/, 732/, 732/ 
Lumbar curvature of spine, 218, 218/, 

244 

abnormal, 219, 219/ 

Lumbar enlargement, 465/, 466, 501/ 
Lumbar faseia, 343/, 367/ 

Lumbar nerves, 465/, 501, 501/ 
Lumbar plexus, 501/, 506, 507/, 507/ 
Lumbar puncture/tap, 464-466,466/ 
Lumbar regions, 19,20/ 

Lumbar splanehnie nerves, 531, 532/ 
Lrnnbar tmnks, 753, 753/ 

Lumbar veins, 736/, 740/, 742-743 fi 

742/ 

Lumbar vertebrae, 218, 218/, 222, 

222/, 223/ 
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Liimbosaeral plexus, 506-509, 507/, 

507/, 508/, 509/ 

Lumbosacral tmnk, 506, 507/, 508/ 
Lumbrical muscles 
of foot, 376 /, 377/ 
of hand, 361/, 362/ 

Lumen, 693 

alimentary eanal, 854/ 
blood vessel, 693, 694/ 
Lumpectomy, 1043 
Lunate, 232/, 233/, 234 
Lung(s), 802/, 805f, 812-816, 814/, 

815, 815/ See also under 
Pulmonary and Respiratory 
autonomic innervation/effeets 
and, 527/, 528/, 532/, 536f 
blood supply/blood flow/ 
perfusion of, 715, 814/, 
815-816 
eollapse of, 817 

developmental aspeets of, 841- 
842,842/ 

innervation of (pulmonary 
plexus), 528, 532/, 816, 816 
Lung (respiratory) alveoli, 805f, 811, 

812/, 813/, 842 

gas partial pressures in, 825, 825f 
Lung eaneer, 841 
Lung eomplianee, 821 
Lung reeoil 

in expiration, 818/819 
intrapleural pressure and, 817 
Lung root, 814/815 
Lung vohime reduction surgery, 840 
Lunule, 160, 160/ 

Lupus erythematosus, systemie (SLE), 

794, 800 

Luteal phase of ovarian eyele, 1046/, 

1047, 1050/ 

Luteinizing hormone (LH), 601/, 

603f, 605,1033 

in female reproductive fmietion 
ovarian cycle/ovulation, 1047, 
1048-1049,1048/, 1049, 
1050/ 

uterine (menstraal) eyele, 

1049, 1050/ 

in male reproductive hmetion, 
1033, 1034/ 

Luteolytic (isehemie) phase, of 

ovarian eyele, 1047 
Luxation(s)/dislocation(s), 270 
Lyme disease, 272 
Lymph, 751, 752, 754 
Lymphadenopathy, 763 
Lymphangiography, 763 
Lymphangitis, 754 
Lymphatie eapillary valves, 752, 752/ 
Lymphatie eapillaries, 695/, 752-753, 

752/ 

Lymphatie eolleeting vessels, 752/, 

753, 753/ 

Lymphatie ducts, 752/, 753/, 754 
Lymphaties. See Lymphatie vessels 
Lymphatie system, 7/, 695/, 751, 

752-754, 752/, 753/ 
autonomic nervous system and, 
540 b, 761b 

cardiovascular system and, 746 b, 
761b 

ease study and, 763 b 

eells and tissues of, 754-755, 755/ 


developmental aspeets of, 

759-760 

digestive system and, 761 b, 900 b 
endoerine system and, 62 6b, 761 b 
hmetions of, 7/ 

homeostatie relationships of, 761b 
integumentary system and, 1 6Sb, 
761 b 

lymph nodes in, 695/, 751, 752/, 
753/, 755-757, 755/, 756/ 
muscular system and, 314fr, 761 b 
organs of, 751, 756/, 757-759, 
757/, 758/, 759/, 760/ 
reproductive system and, 761b, 
1059 b 

respiratory system and, 761 b, 

843 b 

skeletal system and, 195 b, 761b 
urinary system and, 761 b, 1013 b 
vessels of (lymphaties), 695/, 751, 

752 

Lymphatie tissues. See Lymphoid 

tissues 

Lymphatie tranks, 752/, 753, 753/ 
Lymphatie vessels (lymphaties), 695/, 

751, 752-754, 753 f See also 
speeifie type and Lymphatie 
system 

afferent and efferent, 755-756, 
756/ 

Lymphedema, 754 

Lymph node(s), 695/, 751, 752/, 753/, 

755-757, 755/, 756/ See also 
speeifie type 
in eaneer, 756 
in infeetion, 756 
malignaney of (Hodgkin’s 
lymphoma), 763 
sentinel, 763 

Lymph node capsule, 755, 756/ 
Lymphoeytes, 128, 128/, 137/, 634/, 

641/, 642, 644 1, 754, 755/, 773, 
775-777, 775/, 776/. See also B 
lymphoeytes; T lymphoeytes 
intraepithelial, 877 
large granular, 766 
Lymphoeytie leukemia, 645 
Lymphoid eells, 754, 755/ 

Lymphoid follicles/nodules, 755, 756/ 
aggregated (Peyer’s patehes), 755, 
756/, 759, 760/ 

Lymphoid organs, 751, 756/, 757- 

759, 757/, 758/, 759/, 760/ See 
also speeifie type and Lymph 
node(s) 

developmental aspeets of, 

759-760 

primary/seeondary, 776 
Lymphoid stem eells, 642, 643/, 644 
Lymphoid tissues, 751, 754-755 
eaneer of 

Hodgkin’s lymphoma, 763 
non-Hodgkin’s lymphoma, 
763 

developmental aspeets of, 

759-760 

mucosa-associated (MALT), 759, 
854/, 855, 876/ 

Lymphoma, 763 
Lymph saes, 759-760 
Lymph sinuses, 755 
Lysine, 48/ 


Lysis, eell, in antibody meehanism of 

aetion, 782, 782/ 

Lysosomal enzymes 

in bone resorption, 187 
in thyroid hormone synthesis, 
608/, 609 

Lysosomes, 63/, 75, 76/, 86-87, 86/, 

87/, 9 5t 

in phagoeytosis, 75, 77/, 766, 767/ 
in Tay-Saehs disease, 87 
Lysozyme, 765 

intestinal seeretion of, 877 
in laerimal fluid, 546 
in mucus, 805 
in saliva, 859 

M2A swallowable imaging capsule, 

17 b 

MAC (membrane attaek complex), 

772-773, 772/ 

Maeroeytes, 639 
Macromolecules, 47 
Maerophage(s), 75,128-129, 128/, 

642, 643/, 754, 755/, 766, 

767/, 769-771, 777. See also 
Phagoeytosis/phagoeytes 
alveolar, 812, 813/ 
antigen presentation by, 163, 777 
dermal, 163 

in PNS nerve fiber regeneration, 
491,492/ 

stellate (hepatie), 697, 766, 878, 
880/ 

in tissue repair, 142, 143/ 
Maeroseopie (gross) anatomy, 2 
Macula(e), of utricle and saccule, 573, 

573/, 576 1, 580-581, 580/, 581/ 
Macula densa, 962/, 963 

tubuloglomerular feedbaek and, 
966, 967/, 968 

Macula lutea, 548/, 551, 551/ 

Macular degeneration, age-related 

(ARMD), 590 
Magnesmm, 2 6t, 915t 

balanee/imbalanee of, 998f, 1012 
dietary, 915 í 

in plasma/interstitial fluid/ 
intracellular fluid, 992/ 
Magnetie resonanee imaging (MRI), 

14,15/, 17b, 433/ 
in diagnosis of CNS dysfimetion, 
474 

Magnetie resonanee speetroseopy 

(MRS), 17b 

Magnitude estimation, 489 
Main (primary) bronehi, 802/, 810, 

811/ 

Main panereatie duct, 875/, 882 
Major ealyees, 956, 957/ 

Major duodenal papilla, 875, 875/ 
Major histoeompatibility complex 

(MHC)/MHC proteins, 774, 
784-786, 785/, 786t 
positive/negative seleetion and, 
776, 776/ 

transplantation and, 790 
Major histoeompatibility complex 

(MHC) restrietion, 785-786 
Major mitrients, 907 
Major (extrinsic) salivary glands, 858 
Malabsorption, 898 


Male(s) 

pelvis in, 23 7t, 238 
pubertyin, 1034, 1034/, 1058 
urethra in, 981-982, 981/, 1019, 
1019/ 

Male infertility, 1033 
Male pattern baldness, 159 
Male pronucleus, 1066-1067,1070/ 
Male reproductive system, 7/ See also 

speeifie organ or structure 
anatomyof, 1019-1026, 1019/, 
1020/, 1022/, 1023/ 
embryologie/fetal development 
of, 1054-1057, 1056/, 1057/ 
fimetions/physiology of, 7/, 8, 
1026-1035, 1031/, 1032/ 
hormonal regulation of, 1033- 
1035, 1034/ 

Male sexual response, 1026-1027 
Malignant neoplasm, 14 5b. See also 

Cancer 

Malleoli, medial and lateral, 240/, 241 
Malleus (hammer), 571/, 572, 572/, 

577/ 

MALT. See Mucosa-associated 

lymphoid tissue 
Maltase, 892, 893/ 

Maltose (malt sugar), 43,44/, 892,893/ 
Mammary artery, internal (internal 

thoraeie artery), 727/, 728/, 
729/, 729/ 

Mammary glands (breasts), 161, 

1041-1043, 1042/, 1043/ 
eaneer of, 1042-1043 
laetation and, 1041, 1042/, 1087- 
1089, 1088/ 

pregnaney affeeting, 1082 
prolaetin affeeting, 603/, 605, 606, 
1088-1089, 1088/ 

Mammillary bodies, 440/, 441, 442/, 

444/, 449/ 

Mammography, 145 b, 1042, 1043/ 
Mandible, 203/, 204/, 205/, 211-212, 

211/, 217/, 267, 268/ 
Mandibular angle, 204/, 211, 211/ 
Mandibular braneh of faeial nerve, 

497/, 498/ 

Mandibular division of trigeminal 

nerve (eranial nerve V 3 ), 332/, 

496/ 

Mandibular foramina, 205/, 211-212, 

211/217/ 

Mandibular fossa, 206/, 208, 208/, 

211/, 216/, 267, 268/ 
Mandibular noteh, 204/, 211, 211/ 
Mandibular ramus/rami, 204/ 211,211/ 
Mandibular symphysis, 203/ 211,217/ 
Manganese, 26/, 915/ 

Manubrium, 225, 225/ 

Marasmus, 953 
Marfan’s syndrome, 149 
Marginal artery 
left, 670 

right, 663/, 670, 670/ 

Margination, 769, 769/ 

Marrow (bone). See Bone marrow 
Marrow (medullary) eavity, 178, 

178/, 179 
Masculinization 

in adrenogenital syndrome, 615, 
616/ 

hirsutism and, 159 
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Mass, 24 

Masseter muscle, 326/, 331/, 332í, 

333/ 

Mass movements/peristalsis, 885í, 

890 

Mass number, 27 
Mast eells, 128,128/, 642, 767 
in immediate hypersensitivity, 

795, 795/ 

Masteetomy, 1043 
Mastieation (chewing), 851, 851/, 

859, 863, 885í 
muscles of, 332í, 333/ 

Mastoid air eells, 209, 572 
Mastoid antmm, 572 
Mastoid fontanelle, 244/ 

Mastoiditis, 209 

Mastoid proeess, 203/, 204/, 206/, 208, 

208/, 216í 

Maternal antibodies, passive 

immunity and, 780, 780/ 
Maternal ehromosome, 1027 
Matrix 

blood (plasma), 129f, 136,137/ 
bone, 136, 137/ 
eartilage, 129/, 132, 135/, 174 
eentrosome, 63/, 89, 89/ 
extracellular, 110,127, 128/, 129/, 
174 

hair, 158/, 159 

mitoehondrial, 83, 83/, 917, 917/ 
nail, 160, 160/ 

Matrix metalloproteinases, 167 
Matter, 24 

in eombination (molecules/ 
mixtures), 28-30, 29/ 
eomposition of, 25-28, 25/, 26/, 
27/ 

living. See Bioehemistry 
states of, 24 

Maxillary artery, 726/, 727f 
Maxillary bones/maxilla(e), 203/, 

204/, 205/, 206/, 211/, 212, 

214/, 217/, 803, 803/ 

Maxillary division of trigeminal nerve 

(eranial nerve V 2 ), 496/ 
Maxillary sinuses, 212, 215/ 

Maximal stimulus, 296 
Mean arterial pressure, 703, 703 f 

709/ 

Meatus (bone marking), 180/ 
Meehanieal advantage, 323, 323/ 
Meehanieal breakdown (food), 851- 

852, 851/885/ 

Meehanieal disadvantage, 323, 324/ 
Meehanieal energy, 24 
Meehanieally gated ehannel(s), 396 
Meehanieal stress, bone remodeling 

and, 188, 189/ 

Meehanoreeeptors, 484,485/, 486/ 
laetation and, 1088, 1088/ 
Meeonmm, 1088 
Medial (term), 12/ 

Medial (vertebral) border of scapula, 

228, 229/ 

Medial circumflex femoral artery, 

734-735/, 734/ 

Medial commissure/canthus, 545, 

545/ 

Medial eondyle 

of femur, 238, 239/ 
of tibia, 239-241, 240/ 


Medial eords, braehial plexus, 504/, 

505, 505/ 

Medial cuneiform bone, 241 f 242, 

243/ 

Medial epieondyle 
of femur, 238, 239/ 
of humerus, 230, 230/ 

Medial geniculate bodies/nuclei, 441, 

442/, 579, 579/ 

Medial lemniscus, 446,469,470/ 
Medial longitudinal areh of foot, 242, 

242/ 

Medial malleolus, 240/, 241 
Medial meniscus of knee, 262-263/, 

264,264/ 

Medial muscles/muscle 

eompartment, of hip and 
thigh, 364/, 365/, 380/, 381/ 
Medial (large eell) nuclear group, 450 
Medial patellar retinaculum, 262/, 

263 

Medial plantar artery, 734-735/, 735/ 
Medial plantar nerve, 509, 509/ 

Medial plantar vein, 744/ 

Medial pterygoid muscle, 332/, 333/ 
Medial rectus muscle, 547, 547/ 
Medial reticulospinal traet, 469/, 473/ 
Medial rotation, 257/, 258 
of lower limb, 380/, 381/ 
of upper limb, 358/, 359/ 

Medial supracondylar line, 238, 239/ 
Medial supracondylar ridge, 230, 230/ 
Medial umbilical ligaments, 1080/, 

1087 

Median antebraehial vein, 740-741f, 

740/ 

Median aperture, 430,431/ 

Median cubital vein, 737/, 740-741/, 

740/ 

Median nerve, 354/, 504/, 505/, 506 
in earpal trnrnel syndrome, 234, 
506 

Median palatine suture, 206/, 212, 

217/ 

Median (midsagittal) plane/seetion, 

14, 15/ 

Median saeral artery, 730/, 732/, 732/ 
Median saeral erest, 224, 224/ 
Mediastinal arteries, 729/ 
Mediastinum, 14, 18/, 659 
heart in, 659, 660/ 

Mediators, ehemieal, inflammatory, 

767, 768/, 770/ 

Medieal imaging, 16-1 7b 
Medieations, skin penetrated by, 162 
Medulla 

adrenal. See Adrenal medulla 
hair, 157, 158/ 
lymph node, 755, 756/ 
ovarian, 1036, 1036/ 
renal, 956, 957/, 959/ 

Medulla oblongata, 429,430/, 440/, 

443/, 444-445/, 445-447, 451/ 
blood pressure regulation and, 

707 

cardiovascular eenter in, 447, 605 
development of, 429,429/, 430/ 
respiratory eenters in, 447, 834, 
834/, 835/ 

respiratory rate/rhythm 

affeeted by, 835-838, 835/, 
836/, 1006 


Medullary (marrow) eavity, 178, 

178/, 179 

formation of, 184, 184/ 

Medullary ehromafhn eells, 615, 616 
Medullary eords, lymph node, 755, 

756/ 

Medullary osmotie gradient, 973, 

974-975/ 

urea reeyeling and, 976, 977/ 
Medullary (renal) pyramids, 956, 

957/ 

Medullary respiratory eenters, 447, 

834,834/, 835/ 

respiratory rate/rhythm affeeted 

by, 835-838,835/, 836/, 1006 
Medtillary (lymph) sinuses, 755, 755/, 

756/ 

Megakaryoblasts, 645, 645/ 
Megakaryoeytes, 645, 645/. See also 

Platelet(s) 

Meibomian (tarsal) glands, 545/, 546 
Meiosis, 98,1027-1029,1028/, 1030/, 

1044/ 

ehromosome segregation in, 
1097-1098, 1097/ 
fertilization and, 1044/, 1045, 
1066-1067, 1070/ 
mitosis eompared with, 1027- 
1029, 1028/ 

in oogenesis, 1043,1044,1044/ 

1045 

in spermatogenesis, 1029, 1031/, 
1045 

Meiosis I, 1028/, 1029, 1030/, 1031/, 

1044-1045, 1044/ 
ehromosome segregation in, 
1097-1098, 1097/ 
erossover and genetie 

reeombination and, 1028/, 
1029, 1030/, 1098, 1098/ 
Meiosis II, 1028/, 1029,1030/, 1031/, 

1044/ 

fertilization and, 1044/, 1045, 
1066-1067, 1070/ 

Meissner’s (taetile) corpuscles, 154, 

163,486f, 487 
Melanin, 152, 153/, 156 

proteetive hmetion of, 152, 156, 
162 

skin eolor and, 156 
Melanoeytes, 152, 153/, 156 

hair pigment made by, 157, 158/ 
Melanoma, 164-165,164/ 
Melanopsin, 564 
Melanosomes, 152, 156 
Melatonin, 442, 617-618 
Memantine, for Alzheimer’s disease, 

464 

Membrane(s). See also speeifie type 
basement, 118 

bodyeavity, 18, 19/, 141/, 142 
ofbone, 178-179, 178/ 
boundary maintenanee and, 5, 

118 

eell. See Plasma membrane 
eovering and lining, 118, 

140-142, 141/ 

cutaneous, 140,141/ See also 
Skin 

mucous (mucosa), 141-142, 141/ 
See also Mucous membranes 
mielear, 63/, 87/, 92-93, 92/, 9 6t 


permeability of, 68. See also 
Membrane transport 
aetion potential and, 400,401, 
402-403/ 

diffusion and osmosis and, 
70-71, 70/ 

resting membrane potential 
and, 79-80, 79/, 397, 398/ 
plasma. See Plasma membrane 
serous (serosa), 18- 19,19/, 

141/, 142. See also Serous 
membranes 
synovial, 252, 252/ 

Membrane attaek complex (MAC), 

772-773, 772/ 

Membrane bones, 183 
Membrane-bound ribosomes, 84 
Membrane lipids, 64-65, 64/ 
Membrane potentials, 79, 395-407, 

412-413f 

eleetrieity prineiples and, 395- 
397, 396/ 

resting, 79-80, 79/, 397, 397/, 

398/ 

in eardiae muscle eells, 674 
as signals, 397-407, 399/, 
402-403/, 404/, 405/, 406/, 
412-413Í. See also Aetion 
potential; Graded potentials 
Membrane proteins, 64/, 65 
in exocytosis, 77, 77/ 
in reeeptor-mediated endoeytosis, 
76, 76/ 

as reeeptors, 65, 81, 82/ 
Membrane reeeptors, 65, 81, 82/ 
in hormone meehanism of aetion, 
593, 593-595, 594/ 

Membrane transport, 67-79, 68/ 
aetive, 68, 72-79, 74/, 75/, 76/, 77/, 
78 1 . See also Aetive proeesses/ 
transport 

passive, 68-72, 68/, 69/, 70/, 71/, 

72 1 . See also Passive proeesses/ 
transport 

Membranous (intermediate part) 

urethra, 981, 981/, 1019/, 
1023/, 1024 

Membranous labyrinth, 573, 573/ 
Membranous organelles, 83 
Memory, 456-458,456/, 457/ 
immunological, 773, 779-780, 
779/ 

prefrontal cortex and, 434/, 437, 
457/, 458 

Memory eells, 777, 779, 792t 
B eells, 777, 778/, 779, 791/ 

T eells, 777, 784, 785/, 787/, 791/ 
Memory eonsolidation, 456 
Memory loss, in Alzheimer’s disease, 

458,463 
Menarehe, 1047 
Mendel, Gregor, 1095 
Ménière’s syndrome, 584 
Meningeal artery, middle, 210, 726 1 
Meningeal braneh, 503 
Meningeal layer of dura mater, 459, 

459/ 

Meninges 

brain, 459-460,459/, 460/ 
spinal, 464,465/, 466/, 467/ 
Meningitis, 460 
Meningoeele, 476 
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Menisei (articular dises), 253 
of knee, 262-263,262-263/ 

injuries of, 264, 264/ 269, 269/ 
of temporomandibular joint, 267, 
268/ 

Menix, 459. See also Meninges 
Menopause, 1058 
Menses, 1049, 1050/ 

blood/iron loss and, 898 
Menstmal (uterine) eyele, 1049- 

1051, 1050/ 

Menstmal phase of uterine 

(menstmal) eyele, 1049, 1050/ 
Menstmation, 1049, 1050/ 
blood/iron loss and, 898 
Mental foramen/foramina, 203/, 204/, 

211 , 211/, 217f 

Mental functioning. See Cognition/ 

eognitive function 
Mentalis muscle, 330í, 331/ 

Mercury salts, skin penetrated by, 162 
Merkel (taetile) eells, 152, 153/, 486 
Merkel (taetile) dises, 152,163,485/, 

486 

Meroerine glands, 125, 126/ 
apoerine sweat glands, 161 
eeerine sweatglands, 151 f 160- 
161, 161/ 

Mesangial eells 

extraglomerular, 962/, 963 
glomemlar, 962/, 965 
Meseneephalon (midbrain), 429, 

430/, 440/, 443-445, 443/, 
444-445/, 45 1/ 

development of, 429,429/, 430/ 
Mesenehymal eells, 129 

in intramembranous ossifieation, 
185, 185/ 

Mesenehymal stem eell regeneration, 

in joint therapy, 271 b 
Mesenehyme, 127, 129 
mesoderm as, 1076 
Mesenterie arteries 

inferior, 725/, 730/, 732/, 732/, 
733/ 

superior, 725/, 730/, 731/, 732/, 

732/, 733/, 888/ 

Mesenterie ganglia/plexuses, inferior 

and superior, 529, 531, 532/ 
Mesenterie veins 

inferior, 737/, 742-743/, 742í 
superior, 737/, 742-743/, 742í 
Mesentery (mesenteries), 852-853, 

853/, 854/, 889/ 

Mesoeolons, 887, 888/, 889/ 
Mesoderm, 144, 144/, 1073/, 1075/, 

1076 

differentiation of, 1076/, 1077- 
1081, 1078/, 1079/, 1080/ 
intermediate, 1077, 1078/, 1079/ 
lateral plate, 1077, 1078/, 1079/ 
somatie, 1077, 1079/ 
splanehnie, 1077, 1079/ 
Mesometrium, 1037/, 1038 
Mesonephrie (Wolífian) ducts 
in gonadal development, 1055, 
1056/ 

in kidney development, 983, 984/ 
Mesonephros, 983, 984/, 1056/ 
Mesosalpinx, 1037, 1037/ 
Mesothelmm, 120 

in viseeral peritoneum, 854/, 855 


Mesovarium, 1036, 1037/ 

Messenger RNA (mRNA), 55, 102, 

102/, 109/ 

proeessing of, 102/, 103-104 
in transeription, 102-104, 103/ 
in translation, 105, 106-107/ 
Messenger RNA complex proteins, 

104 

Metabolie aeidosis, 927, 1010, 1010Í, 

1011 b 

respiratory eompensations and, 
1011-1012 

Metabolie alkalosis, 1010, IOIOí, 

1011 b 

respiratory eompensations and, 
1011-1012 

Metabolie eontrols, of blood flow, 

713,714/715 
Metabolie rate, 941-944 
aging and, 941, 948 
heat production and, 941-944, 
946-947 
of neurons, 390 
thyroid hormone/thyroxine 
affeeting, 607, 607/, 941 
Metabolie syndrome, obesity and, 

943b 

Metabolie water (water of oxidation), 

994 

Metabolism, 5, 6/, 7/, 913-938. See 

also speeifie aspeet 
absorptive state and, 931, 931- 
933, 931/932/ 

anabolism and eatabolism, 913- 
914,914/ 

ATP synthesis, 916-917, 916/, 
917/ 

autonomic effeets and, 536/, 537 
ease study and, 953 b 
developmental aspeets of, 

948-949 

hormone influences and, 932- 
933, 932/, 933-935, 935/, 936/ 
growth hormone, 602-603, 
604/ 

inborn errors of, 948 
liver in, 931/, 934/, 935-938, 937/ 
absorptive state and, 931/, 932 
postabsorptive state and, 933, 
934, 934/ 

nrnsele, 298-301, 299/, 300/ 
glyeogenolysis and, 933, 934/ 
mitrient. See also speeifie nutrient 
oxidation-reduction reaetions/ 
eoenzymes and, 36-37, 
914-916 

postabsorptive state and, 931, 
933-935, 934/ 
pregnaney affeeting, 1083 
steady state and, 930-931, 930/ 
thermoregulation and, 941-944, 
946-947 

thyroid hormone/thyroxine 
affeeting, 607, 607/, 936/, 941 
Metabotropie (G protein-linked) 

reeeptors, 81, 82/, 420-421, 
420/ 

in smell transduction, 567, 567/ 
Metaearpal(s), 200/, 232 f 233t, 234 
muscles eontrolling movement of, 
354/, 360-362/, 361/ 
Metaearpal arteries, 728/, 728/ 


Metaearpal veins, 740/ 
Metaearpophalangeal joint (kmiekle), 

234, 254/ 

Metacarpus (palm of hand), 234 
bones of (metaearpals), 200/, 232/, 
233/, 234 

muscles of, 354/, 360-362/, 361/ 
Metalloproteinases, matrix, 167 
Metanephros, 983, 984/, 1056/ 
Metaphase 

in meiosis, 1028/, 1029, 1030/ 
in mitosis, 97/, 98,101/, 1028/ 
Metaphase plate, 101/ 

Metaphysis, 178 
Metarteriole, 695/, 698, 698/ 
Metastasis, 14 5b 
Metastatie ealeifieation, 611 
Metatarsal arteries 

dorsal, 734-735/, 734/ 
plantar, 734/, 735/ 

Metatarsals, 200/, 241/, 242, 243/ 
Metatarsal veins, dorsal, 737/, 744/ 
Metatarsophalangeal joints, 255/ 
Metatarsus, bones of (metatarsals), 

200/, 241/, 242, 243/ 
Meteneephalon, 429, 429/, 430/ 
Methamphetamine abuse, 418 b 
Methane gas, formation of, 32-33, 33/ 
Mg. See Magnesium 
MHC proteins, 774, 784-786, 785/, 

786/ 

positive/negative seleetion and, 
776, 776/ 

transplantation and, 790 
MHC restrietion, 785-786 
Mieelles, 895/, 896 
Mieroeephaly, 482 
Microcirculation, 698, 698/ 
Mieroeytes, 639 

Mierofilaments, 87-88, 88/, 89/, 95/ 
Mieroglial eells, 389, 389/ 

MieroRNAs (miRNAs), 55, 104, 105, 

1102 

Mieroseopie anatomy, 2 
Mieroseopy, preparing tissue for, 

117-118. See also Histology 
Microtubule(s), 63/, 88-89, 88/, 89/, 

95/, 100/ 
in eilia, 90, 90/ 
kinetoehore, 100/ 
polar, 100/ 

Microtubule organizing eenter, 89 
Mierovilli, 67/, 91, 91/, 95/, 118,877 
in proximal convoluted tubule, 
959/, 960, 960/ 

in small intestine, 876/, 877, 877/ 
Micturition, 979, 982, 983/, 984-985 
Micturition eenter, pontine, 982, 983/ 
Midbrain (meseneephalon), 429, 

430/, 440/, 443-445, 443/, 
444-445/, 451 / 

development of, 429,429/, 430/ 
Midbrain flexure, 429,430/ 

Middle eardiae vein, 670, 670/ 

Middle eerebellar peduncles, 444/, 

445, 445/, 447, 448/ 

Middle eerebral arteries, 726/, 726/, 

727/ 

Middle eervieal ganglion, 531, 532/ 
Middle eolie artery, 730/, 732/, 733/ 
Middle eranial fossa, 201,201/ 207/ 

208 


Middle ear (tympanie eavity), 20, 

208, 571/, 572, 572/ 

Middle meningeal artery, 210, 726/ 
Middle nasal eonehae, 203/, 210, 210/, 

214/, 217/, 804/, 805-806 
Middle nasal meatus, 213, 214/, 804/ 
Middle phalanx 

finger, 232/, 233/, 234 
toe, 241/, 243/ 

Middle pharyngeal eonstrietor 

muscle, 335/, 335/ 

Middle sealene muscle, 336/, 337/ 
Middle suprarenal arteries, 730/, 732/, 

732/ 

Middle thyroid vein, 738-739/ 
Middle tmnk, braehial plexus, 504/, 

505 

Midpalmar imiseles, 360/, 361/, 362/ 
Midpieee of sperm, 1032, 1032/ 
Midsagittal (median) plane/seetion, 

14, 15/ 

Migrating motor complex (MMC), 

886 , 886f 
Milia, 167 

Milk ejeetion, oxytocin and, 599, 

602/, 1088,1088/ 

Milk intoleranee, 894 

Milk production, prolaetin and, 603/, 

605,606, 1088-1089,1088/ 
Milk teeth (deciduous/primary 

dentition), 859, 860/ 
Milliequivalents per liter, 992 
Milligrams per deeiliter, 29 
Millimole(s), 30 
Milliosmol, 973 

milliequivalent per liter and, 992 
Millivolt(s), 396 
Mineral(s), 8, 913, 915/ 
dietary, 913, 915/ 
storage of in bone, 177 
storage of in liver, 937/ 
Mineraloeortieoids, 612,612-614, 

616/, 617/ 

Mineral salts, in bone tissue, 183 
Minipill, for eontraeeption, 1090 b 
Minivalves, lymphatie eapillary, 752, 

752/ 

Minor ealyees, 956, 957/ 

Minor (intrinsie) salivary glands, 858 
Minoxidil, 159 
Minute ventilation, 823, 823/ 
Mitoehondria, 63/, 83, 83/, 94/ 

ATP production in matrix of, 
917,917/ 

in eardiae muscle, 671, 672/ 
free radieals in, 111 
Mitoehondrial DNA/genes, 83, 83/, 

1103 

Mitoehondrial (extranuclear) 

inheritanee, 1103 

Mitoehondrial theory of aging, 111 
Mitosis, 97/, 98, 100-101/, 1027, 

1028/ 

meiosis eompared with, 1027- 
1029, 1028/ 

in oogenesis, 1043,1044/ 
in spermatogenesis, 1029, 1031/ 
Mitotie (M) phase of eell eyele, 

96, 97/, 98-99. See also Cell 
division 

Mitotie spindle, 100/ 

Mitral eells, olfaetory, 566/, 567 
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Mitral (bicuspid) valve, 662, 665/, 

666 / 

Mitral valve prolapse, 690-691 
Mittelsehmerz, 1047 
Mixed nerves, 490 
Mixture(s), 29-30, 29/ 

compounds differentiated from, 
30 

M lines, 280/, 281, 284/, 285, 285/ 
Modiolus, 573, 574/ 

Molarity, 29 

pH seale and, 40 
Molars, 860, 860/ 

Mole (eoneentration unit), 29-30 
Mole(s) (skin), 156, 165 
Molecular biology, 2 
Molecular ehaperones, 50-51, 51/ 
Molecular formula, 36 
Molecular mimiery, in diabetes 

mellitus, 624b 
Molecular weight, 29-30 
Molecule(s), 3,4/, 28 
Molybdemim, 26í, 915í 
Monoblasts, 643/, 644 
Monoelonal antibodies, 783 
Monoeytes, 634/, 641/, 642, 643/, 644, 

644f, 766 

maerophages derived from, 642, 
643/, 766, 769 

Monoglyeerides, 893/, 895, 895/, 896 
Monohydrogen phosphate, 1008, 

1008/ 

Monoiodotyrosine (MIT/T/, 608/, 

609 

Monomer(s), 42,42/, 44/ 
antibody, 781, 781/ 
in digestion, 892 
Mononucleosis, 645, 763 
Monosaeeharides, 43,44/, 892, 908 
absorption of, 896, 897/ 
Monospermy, 1066 
Monosynaptie reflex, 513, 515 
Monounsaturated fats, 46 
Mons pubis, 1035/, 1040/, 1041 
Morbid obesity, 942 b 
Morning-after pill, 1090fr, 1091 b 
Morning siekness, 1083 
Momla, 1067, 1071/ 

Motilin, 868f, 886, 886í 
Motility, intestinal. See Intestinal 

motility 

Motion siekness, 583 

Motor areas, 432,433-435,434/, 435/ 

Motor eontrol, levels of, 511-513, 

512/ 

Motor cortex, primary (somatie), 

433,434/, 435,435/ 

Motor (efferent) division of 

peripheral nervous system, 
387, 388/ 

Motor endings, 511 
Motor fibers 

somatie, 387, 388/, 490 
viseeral, 490 

Motor homunculus, 433,435/ 

Motor integration, 511-513, 512/ 

Motor memory, 457 

Motor molecules/proteins, 88-89, 

89/, 392 

in eilia/flagella, 90, 90/ 

Motor (efferent) nerves, 293, 294/, 

490 


Motor (efferent) neurons, 293, 294/, 

391/395, 395í 
a, 514, 515/ 

in autonomic versus somatie 
nervous system, 525, 526/ 
in muscle eontraetion, 286, 286/, 
287/311Í 

stimulus frequency ehanges 
and, 294-295,295/ 301- 
302,301/ 

stimulus strength ehanges 
and, 296, 296/ 

in neuromuscular junction, 286, 
287/ 

in reflex are, 422,422/, 513, 513/, 
533, 533/ 

somatie (SM), 286, 286/, 287/, 

31 lí, 468,468/ 

upper and lower, 469,472/, 512 
viseeral (autonomic), 468,468/ 
Motor nuclei, dorsal, 528 
Motor output, 387, 387/ 

Motor (deseending) pathways/tracts, 

468, 469-473, 469/, 472/, 473f 
Motor proteins/molecules, 88-89, 

89/, 392 

in eilia/flagella, 90, 90/ 

Motor speeeh area (Broea’s area), 

433-435, 434/ 

Motor unit(s), 293,294/ 

foree of eontraetion affeeted by 
number of, 301, 301/ 
Mountain siekness, acute, 838 
Mouth (oral eavity), 19, 850/, 856- 

861, 856/, 885f. See also speeifie 
structure 

development of, 898, 899/ 
digestive proeesses occurring in, 
851/, 863-864,864/, 885f, 892, 
893/ 

Movement, 5. See also speeifie type 
eerebellar proeessing and, 

447-448 

muscular system and, 5, 6/, 256, 
277 

skeletal system/bones and, 5, 6/, 
176 

at synovial joints, 9/, 256-258, 
256-257/ 

M (mitotie) phase of eell eyele, 96, 

97/, 98-99. See also Cell 
division 

M-phase promoting faetor (MPF), 

eell division eontrol and, 99 
mRNA. See Messenger RNA 
Mucin, 124, 765, 859 
Mucosa(e), 141. See also Mucous 

membranes 

Mucosa-associated lymphoid tissue 

(MALT), 759, 854/, 855, 876/ 
Mucosal barrier, 867-869 
Mucosal iron barrier, 898 
Mucous eells, 124, 858 

in salivary glands, 858, 858/ 
in stomaeh, 866, 867/ 

Mucous membranes (mucosae), 

141-142, 141/ 

of alimentary eanal, 854/, 855 
of anal eanal, 888 
in body defense, 764, 765-766, 
765/, 770t 

of esophagus, 862/, 863 


of large intestine, 887-888 
nasal, 805, 806 

autonomic innervation/effeets 
and, 528/, 532/, 536f 
of pharynx, 804/ 
respiratory, 805 
of stomaeh, 866, 867, 867/ 
traeheal, 809, 810/ 
of ureters, 979, 980/ 
vaginal, 1040 

Mucous neek eells, 866, 867/ 

Mucus, 124, 858 

in body defense, 770 1 
eervieal glands producing, 1038, 
1049, 1051 

in eystie fibrosis, 842 
duodenal glands seereting, 877 
in gastrie mucosal barrier, 867 
mucosa of alimentary eanal 
producing, 855 
mucous neek eells producing 
(aeidie), 866 

nasal glands producing, 805 
salivary glands producing, 858 
submucosa of traehea producing, 
809 

Mhllerian (paramesonephrie) ducts, 

1055,1056/ 

Multiaxial movement, 256, 261/ 
Multicellular glands, 124 
exocrine, 124-125, 126/ 
Multimodal assoeiation areas, 434/, 

436-437 

Multineuronal pathways, 469, 

471-473, 473 1 
Multinucleate eells, 91 
Multipennate faseiele pattern/ 

muscles, 322/, 323 

Multiple-allele inheritanee, 1100,1100 1 
Multiple eleetrolyte solution, for 

volume restoration, 653 
Multiple motor unit summation 

(reemitment), 296, 296/, 304 
Multiple selerosis, 405-406, 794 
Multipolar neurons, 393, 394-395 1 
Multi unit smooth muscle, 309 
Mumps, 858 
Murmurs, heart, 679 
Muscarinic agents, autonomic 

aetivity and, 535, 535 1 
Muscarinic reeeptors, 415f, 534, 534f 
Muscle(s)/muscle tissue, 117/, 

136-138, 138-139/276-318, 
283 1. See also speeifie type and 
Muscular system; Skeletal 
muscle(s) 

eardiae, 138, 139/, 277, 310-31H 
developmental aspeets of, 
312-315, 312/, 313^7 
fiinetions of, 277-278 
homeostatie imbalanees and, 
312-315 

homeostatie relationships of, 314 b 
skeletal, 138, 138/, 277, 278-305, 
283f, 310-31 lf 

smooth, 138,139/, 277, 305-309, 
310—31lf 

speeial eharaeteristies of, 277 
types of, 277 

Muscle atrophy, disuse causing, 305 
Muscle attaehments, 278-279 
naming muscles and, 320 


Muscle-bound, 305 

Muscle eells/fibers, 138, 138/, 277, 

310/. See also Cardiac muscle 
eells; Skeletal muscle fibers/ 
eells; Smooth muscle fibers/ 
eells 

eontraetion of. See Muscle 
eontraetion 

development of, 312-315, 312/ 
types/elassifieation of, 303-304, 
303/, 303/ 

Muscle eontraetion, 285, 311/ 

eardiae muscle, 311/, 671-673,673/ 
heat production during, 278, 301, 
944 

movement and, 5, 277 
muscle fatigue and, 295, 300-301 
skeletal muscle, 277, 285-293, 
285, 285/, 286/, 287/, 288/, 
293-298, 294/, 295/, 296/, 

297/, 311/. See also Skeletal 
muscle(s)/skeletal muscle 
tissue, eontraetion of 
smooth muscle, 307-309, 308f, 
311/ 

Muscle eramps, heat, 945 
Muscle faseieles, 278, 279/, 283/ 
arrangement of, 322-323, 322/ 
naming muscles and, 320 
Muscle fatigue, 295, 300-301 
Muscle fibers/eells. See Muscle eells/ 

fibers 

Muscle kinase, in muscle fiber 

formation, 311 

Muscle metabolism, 298-301, 299/, 

300/ 

glyeogenolysis and, 933, 934/ 
Muscle spasm, 318 
Muscle spindle, 486/, 487, 514, 514/, 

515/516/ 

adjusting sensitivity of, 517 
Muscle strain, 318 
Muscle streteh 

eardiae muscle eontraetion and, 
311/, 682 

skeletal muscle eontraetion and, 
301/ 302, 302/ 311/ 
smooth muscle eontraetion and, 
309,311/ 

Muscle tension, 293 

skeletal muscle eontraetion and, 
293 

smooth muscle eontraetion and, 
309 

Muscle tone, 298 

joint stability and, 255,277 
smooth muscle, 308 
Muscle twitch, 293-294,295/ 
Muscular (distributing) arteries, 695/, 

696, 696/ 

Muscular dystrophy, 312-315 
Muscularis externa 

of alimentary eanal, 854/, 855 
of esophagus, 862/, 863 
of small intestine, 876/877 
of stomaeh, 865/, 866, 867/ 
of ureter, 979, 980/ 
of vagina, 1040 

Muscularis mucosae, of alimentary 

eanal mucosa, 854/, 855 
in small intestine, 876/ 
in stomaeh, 867/ 
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Muscular pump, venous return and, 

704, 704/, 705/, 709/ 

Muscular system, 6/, 319-385. See 

also Muscle(s)/muscle tissue; 
Skeletal muscle(s) 
aetions/interaetions of, 319-320, 
321/ 

autonomic nervous system and, 
311/, 540 b 

cardiovascular system and, 314 b, 
74 6b 

ease study and, 318 b, 38 5b 
digestive system and, 3ì4b, 900 b 
endoerine system and, 314 b, 62 6b 
functions of, 6/, 277-278 
homeostatie imbalanees and, 
312-315 

homeostatie relationships of, 314 b 
integumentary system and, 1 6Sb, 
3l4b 

lymphatie system and, 3l4b, 761^ 
meehanies of (faseiele 
arrangement/leverage), 
322-324, 322/, 323-324/, 325/ 
movement and, 5, 6/, 256, 277 
naming muscles and, 320-322 
nervous system and, 31 1/, 3ì4b, 
540b 

reproductive system and, 314 b, 
1059^7 

respiratory system and, 314 b, 843 b 
skeletal system and, 195 b, 3l4b 
lever systems and, 323-324, 
323-324/, 325/ 

in thermoregulation, 278,301,944 
thyroid hormone affeeting, 607í 
urinary system and, 314 b, 1013 b 
Musculocutaneous nerve, 504 f, 505/, 

506 

Mutation(s), 115, Ì45b, 1107 
in eareinogenesis, 145 b, 146 
in imprinted genes, 1103 
in mitoehondrial genes, 1103 
Myalgia, 318 

Myasthenia gravis, 286, 535, 794 
Myeleneephalon, 429, 429/, 430/ 
Myelinated axons/fibers, 392, 392/ 
aetion potential conduction 
veloeity and, 405,406/ 
Myelination, 392-393, 392/, 477 
in CNS, 393 

conduction veloeity of aetion 
potential and, 405,406/ 
homeostatie imbalances/multiple 
selerosis and, 405-406 
in PNS, 392-393, 392/ 

Myelin sheath(s), 392, 392/ 
conduction veloeity of aetion 
potential and, 405,406/ 
neuroglia forming, 389/, 390, 
392-393,392/ 

Myelin sheath gaps (nodes of 

Ranvier), 391/, 393 
Myelitis, 482 
Myeloblasts, 642, 643/ 

Myeloeytes, 642, 643/ 

Myelogram, 482 
Myeloid leukemia, 645 
Myeloid stem eells, 636, 642, 643/ 
Myelomeningoeele, 476,476/ 
Myeloproliferative disorder, 657 
Myenterie nerve plexus, 854/, 855 


Mylohyoid muscle, 334/, 335/ 

Myo (prefix), 277 
Myoblasts, 312,312/ 

Myoblast transfer therapy, for 

muscular dystrophy, 313 
Myoeardial infaretion (heart attaek), 

671 

eardiae output and, 685 
Myoearditis, 691 
Myocardium, 661, 661/ 665/ 
Myoclonus, 482 
Myofaseial pain syndrome, 318 
Myofibrils, 279, 310/ 

eardiae muscle, 310/, 671 
skeletal muscle, 279-282, 280/, 
282/, 283/, 284/, 310/ 
Myofilaments, 136-137, 281 

in skeletal muscle, 280/, 281, 282/, 
283/ 

in smooth muscle, 307, 308/ 
Myogenie eontrols, of blood flow, 

713, 714/ 

eerebral flow and, 715 
glomemlar filtration rate and, 

966, 967/ 

Myoglobin, 279 
Myogram, 293, 295/ 

Myoid eells, 1020, 1021/ 

Myomesin, 282 
Myometrmm, 1037/, 1038 
Myopathy, 318 

Myopia (nearsightedness), 556, 557/ 
Myosin, 51/, 281, 282/ 311/ 
elot retraetion and, 649 
eross bridge aetivity and, 281, 
284/, 289, 292/ 
in excitation-contraction 
coupling, 291/ 

in sliding filament model, 285 
unconventional, 88 
Myosin (thiek) filaments, 136, 281 
in eardiae muscle, 671 
in skeletal muscle, 280/, 281, 282/, 
283/ 

in sliding filament model, 285 
in smooth muscle, 307, 308/, 311/ 
Myosin heads, 281, 282/, 283/ 
in eross bridge eyele, 281, 284/, 
289, 292/ 

in sliding filament model, 285 
in smooth muscle, 307 
Myosin kinase (myosin light ehain 

kinase), 307, 308/ 

Myosin tail, 281, 282/ 

Myotome, 1077, 1078/, 1079/ 
Myotonie dystrophy, 318 
Myotubes, 312, 312/ 

MyPlate, 907, 907/ 

Myringotomy, 572 
Mys (prefix), 277 
Myxedema, 603/, 609 
Myxovirus, mumps caused by, 858 

N. See Nitrogen 
Na. See Sodium 

Na + -glucose symport transporter, 

75/, 897/ 

Na + -K + ATPase, 73 

aetion potential and, 401 
earbohydrate absorption and, 

896, 897/ 


in primary aetive transport, 73, 
74/, 75/ 

tubular reabsorption of 
sodium and, 969, 970/ 
resting membrane potential and, 
80, 397, 398/ 

in seeondary aetive transport, 73 
tubular reabsorption of 
nutrients/water/ions and, 
969, 970/ 

tubular reabsorption of 
sodium and, 969, 970/ 
Nail(s), 160, 160/ 

Nailbed, 160, 160/ 

Nailfolds, 160, 160/ 

Nailmatrix, 160, 160/ 

Nail plate/nail body, 160, 160/ 

Nail root, 160, 160/ 

Naive lymphoeytes, 776 
Nareolepsy, 455 

Nares (nostrils), 802/, 803, 803/, 804/ 
Nasal apertures, posterior (ehoanae), 

803, 804/ 

Nasal bones, 203/, 204/, 205/, 212, 

214/217/, 803, 803/ 

Nasal eartilages, 174,175/ 

Nasal eavity, 19, 213-215,214/, 802/, 

803-806, 804/, 805/ 

Nasal eilia, 805 

Nasal eonehae, 215, 565, 566/, 804/, 

805-806 

inferior, 203/, 212, 217/, 804/, 
805-806 

middle, 203/, 210, 210/, 214/, 217/, 
804/, 805-806 

superior, 210, 214/, 217/, 804/, 
805-806 

Nasal glands, 805, 844 

Nasal meatuses, 213,214/, 804/, 806 

Nasal mucosa, 805, 806 

autonomic innervation/effeets 
and, 528/, 532/, 536/ 

Nasal polyps, 848 
Nasal septum, 215, 803, 848 
Nasal spine, anterior, 211/, 212, 214/ 
Nasal vestibule, 803, 804/ 
Nasolaerimal duct, 546, 546/ 
Nasopharynx, 804/, 806 
Natriuretic peptide, atrial. See Atrial 

natriuretic peptide 
Natural killer (NK) eells, 766-767, 

770/, 789 

Naturally acquired immunity 
aetive, 780, 780/ 
passive, 780, 780/ 

Nausea and vomiting, pregnaney 

and, 1083 

Navel (umbilicus), 19,1080/ 
Naviailar, 241/, 242, 243/ 

Near point of vision, 556 
Nearsightedness (myopia), 556, 557/ 
Nebulin, 282 
Neek 

arteries supplying, 726-727/ 
726-727/ 

innervation of, 503-505, 503/, 
503/. See also Cervical nerves 
muscles of, 326/, 327/, 329/, 331/, 
336/, 337/ 

head movement and, 336/, 337/ 
swallowing eontrol and, 
334-335/, 335/ 


veins of, 736-737/, 738-739/, 

738/ 

Neek of bone 

of femur, 238,239/ 
of humerus 

anatomieal, 228, 230/ 
surgical, 230, 230/ 
of radius, 230/, 231/ 
of rib, 226, 226/ 

Neek of tooth, 860/, 861 
Neerosis, 115 

Negative ehronotropie faetors, 684 
Negative feedbaek, 9, 596 
in homeostasis, 9-10, 10/ 
hormone seeretion and, 596, 597/ 
ovarian fimetion and, 1048-1049, 
1048/, 1049 

Negative inotropie agents, 683 
Negative nitrogen balanee, 910 
Negative seleetion, 776, 776/ 
Neisseria gonorrhoeae, 1053 
Neon, as ehemieally inert element, 

31,31/ 

Neonatal period, 1087 
Neonate. See Newborn 
Neoplasm, 145bt. See also Cancer 
Neostigmine, autonomic aetivity 

and, 535 

Nephron(s), 958-963, 959/, 960/, 

961/, 962/ 

blood vessels/eapillary beds of, 
961/, 962 

eortieal, 960, 961/ 
juxtamedullary, 961/, 962 

osmotie gradient ereated by, 
973, 974-975/ 

Nephron loop (loop of Henle), 959/, 

960, 961/ 

as countercurrent multiplier, 973, 
974-975/, 976 

reabsorptive eapability of, 971- 
972,971/ 

Nephrotoxin, 988 

Nerve(s), 387, 390,490-492,491/, 

492/ 

eranial, 387, 388/, 492-501,493/, 
494-500/ 

spinal, 387, 388/, 465/, 466,467/, 
468, 468/, 501-511, 501/, 502/ 
Nerve eell(s). See Neuron(s) 

Nerve eell adhesion molecule 

(N-CAM), 423 

Nerve conduction studies, 523 
Nerve deafness, vestibulocochlear 

damage causing, 498/ 

Nerve endings 

encapsulated, 486-487,486/. See 
also speeifie type 

nonencapsulated (free), 151/, 154, 
163, 395,485-486,487/ 

Nerve faseieles, 490, 491/ 

Nerve fibers, 391, 490,491/ See also 

Axon 

elassifieation of, 406-407 
regeneration of, 491-492,492/ 
Nerve growth faetor, 423, 539 
Nerve impulse(s), 24, 395,400-407, 

402-403/, 404/, 405/, 406/, 
412-413/. See also Aetion 
potential 

generation of, 391,400-401, 
402-403/ 


Index 
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in muscle/muscle fiber 

eontraetion, 286, 286/, 287/ 
propagation of, 404, 404/, 407 
Nerve plexuses, 503. See also speeifie 

type 

Nerve roots, spinal. See speeifie type 

and Spinal roots 

Nervous system, 6/, 386-427, 388/ 

See also speeifie division and 
Nerve eells; Nervous tissue 
autonomic, 387, 388/, 524-543, 
525/, 526/, 527/. See also 
Autonomic nervous system 
cardiovascular system and, 540 b, 
74 6b 

ease study and, 42 7b 
eentral, 387, 388/. See also Central 
nervous system 

developmental aspeets of, 423,423/ 
digestive system and, 900 b 
divisions of, 387, 388/ 
endoerine system and, 540 b, 626b 
fimetions/physiology of, 2, 6/, 

387, 387/ 

in homeostasis, 9, 10/ 
hormone release eontrolled by, 
597, 597/ 

immune system and, 796 
integumentary system and, 1 68 b 
lymphatie system and, 540 b, 76ìb 
muscular system and, 311 1, 314 b 
peripheral, 387, 388/. See also 
Peripheral nervous system 
reproductive system and, 540 b, 
105 % 

respiratory system and, 843 b 
responsiveness/excitability and, 

5, 6/, 400 

skeletal system and, 195 b, 540 b 
thyroid hormone affeeting, 607, 
607t 

urinary system and, 540 b, 1013 b 
Nervous tissue, 117/, 140, 140/, 387- 

395. See also Neuron(s) 
ease study and, 42 7b 
developmental aspeets of, 423, 
423/ 

histology of, 387-395 
membrane potentials and, 395- 
407, 397/, 398/, 402-403 f 404/, 
405/, 406/, 412-413f 
neurotransmitters/receptors and, 
414-421, 415-416f, 418-419fi 
420/ 

supporting eells (neuroglia), 140, 
388-390, 389/ 
synapses and, 407-414, 408/ 

Net filtration pressure (NFP), 717, 

718-719/, 965/, 966 
Net osmosis, 70 
in digestion, 898 
Neural erest, 423, 475, 475/, 539, 

1077, 1078/ 

autonomic nervous system 
derived from, 539, 1077 
Neural folds, 475, 475/, 1077, 1078/ 
Neuralgia, 523 

Neural groove, 475, 475/, 1077, 1078/ 
Neural integration, 387, 387/, 421- 

423, 421/, 422/ 
motor, 511-513, 512/ 
sensory, 487-490,488/, 490/ 


Neural integrators, axon hilloek 

membranes as, 413 
Neural layer of retina, 550/, 551 
N eural plate, 475, 475, 475/, 1077, 

1078/ 

Neural proeessing, 421-423,422/ 
Neural stimuli 

blood pressure regulation and, 
705-707, 705/, 706/ 
digestion eontrol and, 852, 853/ 
food intake regulation and, 939, 
940/ 

glomeralar filtration rate eontrol 
and, 967-968, 967/ 
for hormone release, 597, 597/ 
respiratory eontrol and, 834-835, 
834/, 835/ 

Neural tube, 423, 429, 429/ 475, 

1076/, 1077, 1078/, 539 
Neurilemma (outer eollar of 

perinuclear eytoplasm), 392/, 
393 

Neuroblastoma, 427 
Neuroblasts, 423 
Neurocardiogenic (vasovagal) 

syneope, 543 
Neuroendocrine organ, 

hypothalamus as, 592 
Neuroepithelial eells, 423 
Neurofibrillary tangles, 464 
Neurofibrils/neurofilaments, 390 
Neurogenic shoek, 717 
Neuroglia (glial eells), 140, 388-390, 

389/ 

Neurohormones, 598 
Neurohypophysis, 598. See also 

Posterior pituitary gland 
Neuroimaging, 474-475 

fimetional MRI (fMRI), 17 b, 433/ 
Neurokinin A, 416/ 
Neurolemmocytes (Schwann eells), 

389/, 390, 391/ 

myelin sheaths formed by, 389/, 
390, 392-393, 392/ 
in PNS nerve fiber regeneration, 
491,492/ 

Neurologist, 427 
Neuromodulators, 419 
Neuromuscular junction(s), 286, 

287/288, 288/, 311/, 511 
axon terminals at, 286, 287/, 288/, 
293, 294/511 

Neuron(s) (nerve eells), 140, 140/, 

390-395, 391/ 394-395/ 
assoeiation (interneurons), 395, 
395/ 

in autonomic versus somatie 
nervous system, 525, 526/ 
ease study and, 42 7b 
eell body (perikaryon/soma) of, 
390, 391/ 394/ 
circuit types and, 421, 422/ 
elassifieation of, 393-395,394-395/ 
developmental aspeets of, 423,423/ 
eleetrieally coupled, 407 
enterie, 533, 855. See also Enterie 
nervous system 

motor (efferent), 311/, 391/, 395, 
395/. See also Motor (efferent) 
neurons 

in muscle fiber eontraetion, 
286, 286/, 287/ 


in reflex are, 422,422/, 513, 
513/ 533,533/ 

organization of (neuronal pools), 
421,421/ 

postsynaptie, 407, 409/ 
presynaptie, 407, 409/ 
proeesses of, 140,140/, 390-393, 
391/, 394/ 

regeneration of, 144 
responsiveness/excitability and, 

5, 6/, 400 

sensory (afferent), 395, 395/. 

See also Sensory (afferent) 
neurons 

in reflex are, 422,422/, 513, 
513/, 533, 533/ 

somatie motor, 286, 286/, 287/, 
311/, 468,468/ 
somatie sensory, 468,468/ 
synaptie communication and, 
407-414,409/ 
viseeral (autonomic) motor 
(VM), 468, 468/ 
viseeral sensory, 468,468f, 533, 
533/ 

Neuronal circuits, 421, 422/ 
sensory integration at level of, 
487,488,488/ 

Neuronal growth eone, 423, 423/ 
Neuronal pathways, 468-473,469/ 
aseending, 468,468-469,469/, 
470/471/ 

deseending, 468,469-473,469/, 
472/, 473/ 

Neuronal pools, 421, 421/, 422/ 
Neuropathy, 427 
autonomic, 537 
peripheral, 523 
Neuropeptide(s), 416/, 417 

in food intake regulation, 939, 
940,940/ 

Neuropeptide Y, in food intake 

regulation, 939, 940, 940/ 
Neuropharmacology, 427 
Neurophysiology, 2, 387, 387/ 
Neuroses, 482 
Neurotoxin, 427 
Neurotransmitter(s), 81, 391, 

414-421, 415-416/, 418-419fi 
420/, 533-535, 534/ 
in autonomic nervous system, 
533-535, 534/ 
in parasympathetie versus 
sympathetie divisions, 529/ 
somatie nervous system 
eompared with, 525, 526/ 
in axonal terminals, 391 
elassifieation of 

by ehemieal structure, 414- 
417,415-416/ 
by fimetion, 415-416/, 
417-419 

direet versus indireet aeting, 
418-419,420/ 

excitatory and inhibitory, 415- 
416/, 418, 525 

information transfer at ehemieal 
synapse and, 408,409/, 410 
in neuromuscular junction, 286, 
286/, 287/, 288, 288/ 
reeeptors for, 420-421,420/, 
533-535, 534/ 


in smooth muscle eontraetion, 
308 

Neurotransmitter reeeptor region, 

407 

Neurotropins, 423 
Neurulation, 1077, 1078/ 

Neutral fats, 45, 908. See also 

Triglyeerides 

Neutralization, by antibodies, 782, 

782/ 

Neutralization reaetion, 40-41 
Neutron(s), 25, 25/, 27/ 

Neutrophils, 128,128/, 137/, 634/, 

641, 641/, 643/, 644/, 766. See 
also Phagoeytosis/phagoeytes 
Nevi, pigmented (moles), 156, 165 
Newborn 

adjustment to extrauterine life 
by, 1087 

eirailation in, 1080/, 1087 
digestive system in, 899 
first breath by, 841-842,1087 
genetie sereening of, 1103-1105, 
1104/ 

hemolytie disease of, 652 
hydrocephalus in, 460-462,462/ 
immune system in, 796 
physiologieal jaundice in, 1088, 

1094 

skin in, 167 
skull in, 244, 244/ 

Nexus. See Gap junction(s) 

NH 3 . See Ammonia 
NH 4 + . See Ammonium ion 
Niaein (vitamin B 3 ), 912/, 916 
Nieotinamide adenine dinucleotide 

(NAD + ), 916 
Nieotine 

hypertension and, 711 
pregnaney and, 1083 
Nieotinie agents, autonomic aetivity 

and, 535/ 

Nieotinie reeeptors, 415/, 534, 534/ 
Night blindness, 563, 912/ 

Nipple(s), 1041, 1042/ 

Nissl bodies (ehromatophilie 

substance), 390, 391/ 

Nitrie oxide (NO), 81,416/, 417, 713 
blood flow regulation and, 713, 
714/ 

in ereetion/ereetile dysfimetion, 
1027 

in platelet plug formation, 646 
production of from saliva, 859 
Nitrie oxide synthase, 417 
Nitrogen, 25, 26/ 

partial pressure of (P N2 ), 824, 825/ 
solubility of, 824 
Nitrogen balanee, 910 
Nitrogen gas, formation of, 33 
Nitrogenous wastes, 978, 979 
exchanges of among fluid 
eompartments, 993, 993/ 
in plasma, 633/ 

NK eells. See Natural killer (NK) eells 
NMDA (N-methyl-D-aspartate) 

reeeptors 

pain aetivating, 489 
synaptie potentiation and, 413 
Noble gases, 31 

Noeieeptors (pain reeeptors), 154, 

484, 485/, 486/, 489 
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lndex 


Nocturia, 985 

Nocturnal emiresis (NE), 988 
Nodes of Ranvier (myelin sheath 

gaps), 391/, 393 

Nodule(s), lymphoid (lymphoid 

follieles), 755, 756/ 
aggregated (Peyer’s patehes), 755, 
756/, 759, 760/ 

Noise. See also Loudness 
hearing loss and, 576, 584 
Nonaxial movement, 256,260/ 
Nondeelarative memory, 457,457/ 
Nondisjunction, 1054,1107 
Nondisplaeed fracture, 191 
Noneleetrolytes, 991 
Nonencapsulated (free) nerve 

endings, 151/, 154, 163, 395, 
485-486, 487f 

Nongated (leakage) ehannels, 69, 

396 

Non-Hodgkin’s lymphoma, 763 
Non-insulin-dependent (type 2) 

diabetes mellitus (NIDDM), 
620, 62 5b, 948 

Nonkeratinized epithelia, 122 
Nonmembranous organelles, 83 
Nonmyelinated axons/fibers, 392, 393 
aetion potential conduction 
veloeity and, 405,406/ 
Nonpolar molecules, 33-34, 34/ 
Nonpolar tails, of membrane 

phospholipids, 45/, 47, 64/, 65 
Non-rapid eye movement (NREM) 

sleep, 454,454/ 

Nonrespiratory air (gas) movements, 

823,824í 

Nonself antigens, 774 
Nonshivering (ehemieal) 

thermogenesis, 947 
Nonspeeifie (innate) defenses, 764, 

765-773, 765/, 770f, 791/ 
helper T eells affeeting, 788 
internal (eells/ehemieals), 764, 
765/, 766-773, 767/, 768/, 769/, 
770í, 771/, 772/, 791/ 
surface barriers (skin/mucosae), 
162-163, 764, 765-766, 765/, 
770/, 791/ 

Nonsteroidal antiinflammatory dmgs 

(NSAIDs) 

peptie ulcers and, 869 
prostaglandins and, 47 
Nonstriated muscle. See Smooth 

muscle 

Nontraditional inheritanee, 1102- 

1103 

Nonvolatile (fixed) aeid, 1006 
Noradrenaline. See Norepinephrine 
Norepinephrine, 414,415/, 525, 534, 

534/, 615, 616, 616/, 707 
adrenal seeretion of, 533, 612/, 
615,616,616/ 

in autonomic versus somatie 
nervous system, 525, 526/, 

534, 537 

blood pressure and, 707, 707/, 
709/ 

eardiae eontraetility affeeted by, 
683, 683/ 

glomemlar filtration affeeted by, 
967-968 

heart rate affeeted by, 684 


reeeptors for, 534-535, 534/ 
stress response/sympathetie 
stimulation and, 616, 617/ 
Normal saline, for volume 

restoration, 653 

Nose, 803-806, 803/, 804/, 805/. See 

also under Nasal 
Nosebleed (epistaxis), 848 
Nostrils (nares), 802/, 803, 803/, 804/ 
Noteh (bone marking), 180/ 
Notoehord, 1076, 1076/, 1077,1078/, 

1079/ 

Nuchal lines, 203, 203/, 206/ 

Nuclear envelope/membrane, 63/, 

87/, 92-93, 92/, 96/ 

Nuclear lamina, 92, 92/ 

Nuclear pores/nuclear pore 

complexes, 92/, 93 
Nucleases, 883, 895 
Nucleic aeids, 53-55, 54/, 55/. See also 

DNA; RNA 

absorption of, 893/, 897 
digestion of, 893/, 895 
Nucleolar organizer regions, 93 
Nucleoli (nucleolus), 63/, 92/, 93, 96/ 
Nucleoplasm, 93 
Nucleosidases, 893/, 895 
Nucleoside, 53 
Nucleosome(s), 93, 93/ 
Nucleotides/nucleotide bases, 53, 54/, 

99, 895 

Nucleus (atomie), 25, 25/ 

Nucleus (eell), 62, 63/, 91-96, 92/, 93/, 

95-96/ 

division of. See Mitosis 
Nucleus (neural), 390,490 
basal. See Basal nuclei 
cuneatus, 446,470/ 
graeilis, 446,470/ 
hypothalamie, 441,442/ 
septal, 449,449/ 
thalamie, 441,442/ 

limbie system and, 449,449/ 
Nucleus accumbens, 41 Sb 
Nucleus pulposus, 219, 219/, 220/ 
formation of, 1077,1079/ 

Nursing (breast feeding). See 

Laetation 

Nutrient(s), 8, 907. See also speeifie 

type 

absorption of. See Absorption 
essential, 907-908 
exchanges of among fluid 
eompartments, 993, 993/ 
major, 907 

malabsorption of, 898 
in plasma, 633/ 
transport of, 716, 716/ 
tubular reabsorption of, 969-970, 
970/ 

Nutrient arteries, 178/ 

Nutrient foramina, 178 
Nutrient pools, 930, 930/ 

Nutrient signals, food intake 

regulation and, 940, 940/ 
Nutrition, 907-913 
burn injury and, 165 
ease study and, 953 b 
developmental aspeets of, 

948-949 

medieations affeeting, 948 
pregnaney and, 948,1083 


Nyetalopia (night blindness), 563,912/ 
Nystagmus, vestibular, 581 

O. See Oxygen 
Obesity, 939, 942-943 b 
diabetes and, 625 b 
hypertension and, 711 
leptin and, 940-941 
Obligatory water losses, 995 
Obligatory water reabsorption, 969 
Oblique fissure, 814/815 
Oblique layer, of stomaeh muscularis, 

865/, 866, 867/ 

Oblique muscles 
of abdominal wall 

external, 326/, 342/, 343/ 
internal, 326/, 342/, 343/ 
of eye, 547, 547/ 

Oblique popliteal ligament, 262/, 263 
Oblique seetions, 14 
Obstmetive jaundice, 882 
Obstmetive pulmonary diseases 
ehronie (COPD), 839-840, 839/ 
pulmonary fimetion testing in, 

823 

Obturator artery, 734-735/, 734/ 
Obturator externus muscle, 368/, 

368/, 380/ 

Obturator foramen, 235, 236/ 
Obturator internus muscle, 368/, 

368/, 380/ 

Obturator nerve, 506, 507/, 507/ 
Oeeipital artery, 726/, 726/, 727/ 
Oeeipital belly, of epicranius, 327/, 

329/, 329/, 331/ 

Oeeipital bone, 202-203, 204/, 205/, 

206/, 207/, 216/, 244/ 

Oeeipital eondyles, 202, 203/, 206/, 

216/ 

Oeeipital erest, external, 203, 203/, 

206/, 216/ 

Oeeipital lobe, 431,432/, 434/, 563, 

564/ 

Oeeipital nerve, lesser, 503/, 503/ 
Oeeipital protuberance, external, 

202-203, 203/, 205/, 206/, 216/ 
Oeeipital vein, 738-739/ 
Oeeipitofrontalis (epicranius) muscle, 

326/, 327/, 329/, 329/, 331/ 
Oeeipitomastoid suture, 202, 203/, 

204/, 205/ 

Oetet mle (mle of eights), 31 
Ocular fundus, 551, 551/ 

Oculomotor nerve (eranial nerve III), 

444/, 493, 493/, 495/, 528, 528/ 
extrinsic eye muscles supplied by, 
495/, 547, 547/ 

Oailomotor nuclei, 444, 538 
Odontoblast, 861 
Odorants, 565 

transduction of, 567, 567/ 

Odor sensation. See Olfaetion 
Ohm’s law, 396 
Oil(s), triglyeerides as, 45 
Oil (sebaceous) glands, 125, 126/, 

151/, 161-162, 161/, 167 
Oleeranon/oleeranon proeess, 230/, 

231-232, 231/ 

Oleeranon bursitis, 270 
Oleeranon fossa, 230, 230/ 

Oleoresins, skin penetrated by, 162 


Olfaetion (sense of smell), 565-567, 

566/, 567/ 

eortieal areas for, 434/, 436, 567 
developmental aspeets of, 584-585 
disorders/homeostatie imbalanees 
and, 570 

physiology of, 567 
taste sensation and, 569 
Olfaetory adaptation, 567 
Olfaetory auras, 570 
Olfaetory axons, 566, 566/, 567 
Olfaetory bulbs, 434/, 449/, 566/, 567 
Olfaetory eilia, 566, 566/ 

Olfaetory (smell) cortex, primary, 

434/, 436, 567 

Olfaetory epithelium, 565-567, 566/, 

804/, 805 

Olfaetory filaments, 566, 566/ 
Olfaetory gland, 566/ 

Olfaetory hallucinations, 570 
Olfaetory mucosa, 805. See also 

Olfaetory epithelium 
Olfaetory nerve (eranial nerve I), 

492-493, 493/, 494/, 804/ 
filaments of, 492-493,493/, 494/, 
566, 566/ 

Olfaetory pathway, 567 
Olfaetory pits, 841 
Olfaetory plaeodes, 841, 842/ 
Olfaetory sensory neurons/olfactory 

reeeptors, 565-566, 566/ 
aetivation of, 567 
speeifieity of, 566-567 
sperm, 1066 

Olfaetory stem eells, 566, 566/ 
Olfaetory traet, 434/, 566/, 567 
Olfaetory transduction, 567, 567/ 
Oligodendroeytes, 389/, 390 

CNS fiber regeneration and, 492 
myelin sheaths formed by, 389/, 
390,393 

Oligosaeeharides, 893/ 

01iguria, 995 
Olivary nuclei 
inferior, 446 
superior, 579, 579/ 

Olive(s), 444/, 446 
Omega-3 fatty aeids, 47, 938 
Omentmn (omenta), greater and 

lesser, 853,866, 889/ 
Omohyoid muscle, 334/, 335/, 337/ 
Oneogenes, 14 5b 
Oneotie pressure (eapillary eolloid 

osmotie pressure/OP c ), 717, 
718-719/ 

One-molar solution, 30 
Ooeyte(s), 1036,1044/ See also Ova 
primary, 1043, 1044/, 1046/ 
seeondary, 1044-1045, 1044/, 
1046/ 

fertilization of, 1044/, 1045. 

See also Fertilization 
sperm-binding reeeptors on, 

1067, 1069/ 

Oogenesis, 1043-1045, 1044/ 

spermatogenesis eompared with, 
1045 

Oogonia, 1043, 1044/ 

Oophoreetomy, 1063 

OP. See Colloid osmotie pressure 

OP c . See Capillary eolloid osmotie 

pressure 


Index 


1-39 


Open (compound) fracture, 191 
Open (internal) reduction of fracture, 

191 

OP gc . See Oolloid osmotie pressure, in 

glomemlar eapillaries 
Ophthalmie artery, 726/, 726/, 727/ 
Ophthalmie division of trigeminal 

nerve (eranial nerve V ), 496/ 
Ophthalmie vein, 738-739/, 738/ 
Ophthalmology, 590 
OP. f See Interstitial fluid eolloid 

osmotie pressure 
Opponens digiti minimi muscle, 

360í, 361/ 

Opponens pollieis muscle, 360í, 361/ 
Opposition (body movement), 258, 

259/ 

Opsins, 559 
Opsonins, 766 
Opsonization, 766, 772/, 773 
Optie eanals, 203/, 207/, 209/, 210, 

216í 

Optie ehiasma, 440/, 444/, 563, 564/ 
Optie cups, 585 

Optie dise (blind spot), 548/, 550/, 

551,551/ 

Optie nerve (eranial nerve II), 444/, 

493, 493/, 494f, 548/, 550/, 

563, 564/ 

damage to, 494/, 565 
Optie radiation, 563, 564/ 

Opties, 553-556, 554/, 555/, 557/ 
Optie traets, 444/, 563, 564/ 

Optie vesieles, 585 

Optometrist, 590 

Oral eavity (mouth), 19, 850/, 

856-861, 856/ See also speeifie 
structure 

development of, 898, 899/ 
digestive proeesses occurring in, 
851/, 863-864, 864/, 885í, 892, 
893/ 

Oral eavity proper, 857 
Oral eontraeeptive pill, 1090 b 
Oral membrane, 898, 899/ 

Oral orifiee, 856 

Oral vestibule, 856/, 857 

Ora serrata, 548/, 551 

Orbicularis oculi muscle, 326/, 330í, 

331/, 545, 545/ 

Orbiailaris oris muscle, 326/, 330í, 

331/856 

Orbit(s) (orbital eavity), 19, 202,202/, 

213,213/ 

Orbital fissure 

inferior, 203/, 212, 217f 
superior, 203/, 209/, 210,216f 
Orbital model of atom/orbitals, 25/, 

26,31 

Orbital plates, 210, 210/ 

Orbital proeess, 212 
Orbitofrontal cortex, 434/ 
Orehieetomy, 1022 
Orehitis, 1022 
Orexins, 455, 940/ 

Organ(s), 3,4/ See also speeifie organ 
Organ of Corti. See Spiral organ 
Organelles, 3,4/81, 83-89, 94-95 1. 

See also speeifie type 
degradation of, 109-110 
Organie aeid (carboxyl) groups, 47, 

48/, 1005 


Organie eomponents, in bone, 183 
Organie compounds, 38,41-56. See 

also speeifie type 

Organie solvents, skin penetrated by, 

162,163 

Organism/organismal level, 

structural organization at, 3,4/ 
Organization, in tissue repair, 142, 

143/ 

Organ level, structural organization 

at, 3,4/ 

Organogenesis (germ layer 

differentiation), 1076-1081, 
1076/, 1077/, 1078/, 1079/, 
1080/ 

Organ systems, 3,4/, 6-7/. See also 

speeifie system 

interrelationships among, 5/ 
structural organization at level 
of, 3,4/ 

Organ transplants, 790-792 
Orgasm 

in female, 1052 
in male, 1027 

Orientation. See Equilibrium/ 

orientation 

Origin (muscle), 156, 278 
naming muscles and, 320 
Origins of replieation, 97 
Orlistat, 943 b 

Oropharynx, 804/, 806, 856, 856/, 861 
Orthoehromatie erythroblast, 636, 

636/ 

Orthodonties, 905 

Orthopedist/orthopedie surgeon, 248 
Orthopnea, 848 

Orthostatie hypotension, 539, 711 
Oseillating circuits, 422/ 

Os coxae (hip bones/coxal bones), 

234-235, 234, 235/, 236/, 243f 
Osmol, 72, 973 

Osmolality, extracellular fluid, 993- 

997, 994/, 996/, 997/ See also 
Water balanee 
Osmolarity, 70-71, 70/, 72 
Osmoreeeptors, 442, 599, 994, 994/, 

995,999 t 

Osmosis, 68, 69-71, 69/, 70/, 72, 72 1 
in digestion, 898 
Osmotie diuresis, 62 ìt 
Osmotie diuretics, 976 
Osmotie gradient, medullary, 973, 

974-975/ 

urea reeyeling and, 976, 977/ 
Osmotie pressure, 71, 718-719/ 
eolloid, 717, 718-719/ 
in capsular spaee, 965 
in glomemlar eapillaries, 965/, 
966 

fluid movement among 

eompartments and, 71, 993 
Osseous spiral lamina, 573, 574/ 
Osseous tissue, 129f, 136,137/. See 

also Bone(s)/skeletal tissue 
Ossieles, auditory, 571 f 572, 572 f 

577, 577/ 

Ossifieation (osteogenesis), 183-187, 

184/, 185/, 186/ 
endoehondral, 183,183-185, 

184/ 

intramembranous, 183,185, 185/ 
of skull bones, 244,244/ 


Ossifieation eenters 

in endoehondral ossifieation, 183, 
184, 184/ 

in intramembranous ossifieation, 
185/ 

primary, 183, 184/ 
seeondary, 184, 184/ 
in skull, 244, 244/ 

Ossifieation (osteogenie) zone 

(epiphyseal plate), 185,186/ 
Ostealgia, 197 
Osteitis, 197 

Osteitis fibrosa eystiea, 611 
Osteoarthritis (degenerative joint 

disease), 270 

Osteoblasts, 128,129 1, 136,179-180, 

179/ 

hormones produced by, 623 
Osteoealein, 177, 623 
Osteoehondral grafting, in joint 

therapy, 271 b 
Osteoelasts, 179/, 181,187 

parathyroid hormone release and, 
611,611/ 

Osteoeytes, 129 1, 136, 137/, 179/, 180 
in bone remodeling, 187 
Osteogenesis (ossifieation), 183-187, 

184/, 185/, 186/. See also 
Ossifieation 

Osteogenesis imperfeeta (brittle bone 

disease), 149,198 
Osteogenie eells, 178,179, 179/ 
Osteogenie layer, of periosteum, 178 
Osteogenie (ossifieation) zone 

(epiphysealplate), 185, 186/ 
Osteoid, 183, 185/ 

Osteoid seam, 187 
Osteomalaeia, 192 
Osteomyelitis, 198 

Osteon (Haversian system), 136,181, 

181/, 182/ 

Osteoporosis, 192-193, 192/ 
hip fracture and, 192, 245 
of spine, 192,245 

Osteoprogenitor (osteogenie) eells, 

178,179, 179/ 

Osteosareoma, 198 
Otalgia, 590 

Otie ganglia, 499f, 528, 528/ 

Otie pit, 585 

Otie plaeode, 585 

Otie vesiele, 585 

Otitis externa, 590 

Otitis media, 572 

Otoacoustic emissions, 590 

Otolithie membrane, 580, 580 f 

581/ 

Otoliths, 580, 580/ 
Otorhinolaryngology, 848 
Otoselerosis, 584 
Outer eollar of perinuclear 

eytoplasm, 392/, 393 
Outer ear. See External ear 
Outer fiber, rod, 557, 558/ 

Outer hair eells, 574/, 578 
motility of, 578-579 
Outer mitoehondrial membrane, 

83, 83/ 

Outer segments, rod and eone, 550/, 

557 

Outlet, pelvie, 237f, 238 
Ova (eggs), 620, 1019,1045 


fertilization of, 1044/, 1045,1065- 
1067,1065/, 1068-1069/, 

1070/ See also Fertilization 
production of (oogenesis), 1043- 
1045,1044/ 

Oval window, 571/ 572, 577, 577/ 
Ovarian arteries, 732/, 732f, 1036 
Ovarian braneh, of uterine arteries, 

1036 

Ovarian eaneer, 1063 
Ovarian cortex, 1036, 1036/ 

Ovarian eyele, 1045-1047, 1046f, 

1050/ 

hormonal regulation of, 1047- 
1049, 1048/ 

Ovarian eysts, 1063 

Ovarian follieles, 1036, 1036/, 1045- 

1047, 1046/, 1050/ 
dominant, 1044,1047 
preantral, 1047 

primary, 1036/, 1043, 1044/, 1045, 
1046/, 1050/ 

primordial, 1036,1043, 1044/, 
1045, 1046/ 

seeondary, 1036/, 1044/, 1045, 
1046/, 1050/ 
late, 1045, 1046/ 
vesiailar (antral/tertiary), 1036, 
1036/, 1044/, 1045-1047, 

1046/, 1047, 1050/ 

Ovarian ligament, 1036,1037/ 
Ovarian medulla, 1036, 1036/ 
Ovarian vein, 742/ 

Ovaries, 592/, 620, 1018,1035, 1035/, 

1036/, 1037/ 
aging affeeting, 623 
eaneer of, 1063 
deseent of, 1055 
embryologie/fetal development 
of, 1055, 1056/ 
polyeystie, 1063 
surgical removal of 

(oophoreetomy), 1063 
Overflow ineontinenee, 982 
Overhydration, 996, 997/ 

urine eoneentration and, 976,977/ 
Overload prineiple, in exercise, 305 
Ovemse injuries, 305 
tendonitis, 270 
Overweight, 939 

Oviducts (uterine tubes), 1035, 1035/, 

1037-1038,103 IfSee also 
IJterine (fallopian) tubes 
Ovulation, 1036, 1044/, 1046/, 1047, 

1048/, 1049, 1050/ 
awareness of, eontraeeptive 
methods and, 1090 b 
laetation and, 1089 
Ovum. See Ova 
Oxaloacetic aeid, 919, 920/ 
Oxidase(s), 51/, 52, 85-86,916 
Oxidation, 914-916 
beta, 926, 926/, 929/ 
in Krebs eyele, 919, 920/ 
water of (metabolie water), 994 
Oxidation-reduction (redox) 

reaetions, 36-37, 916 
Oxidative deamination, 928, 928/, 

929,929/ 

Oxidative fibers, 302 
fast, 302, 303/, 304 
slow, 302-303, 302, 303/, 303/ 
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Oxidative phosphorylation, 914/, 

916/917, 917/, 920-923, 921/, 
922/, 923/, 924/ 
metabolie poisons and, 923 
Oxidized reaetant, in redox reaetion, 

36 

Oxygen, 8, 25,2 6t 

in blood, erythroeytes earrying, 
635 

as ehemieally reaetive element, 

31 / 

exchange of, 802, 811, 813/, 
825-827, 826/, 827/ 
hyperbarie, 825 
maximum amount used in 
aerobie metabolism, aging 
affeeting, 842 

partial pressure of (Po 2 ), 824, 825 1 
alveolar, 825, 825 1 
external respiration 

(pulmonary gas exchange) 
and, 826, 82 6t 
hemoglobin saturation 

affeeted by, 828, 830-831/ 
internal respiration and, 826/, 
827 

perfusion affeeted by, 826- 
827, 827/ 

respiratory rate and depth 
affeeted by, 836-837, 837 
sohibility of, 824 
supplemental, for COPD, 840 
as survival requirement, 8 
transport of, 635, 828-829, 
830-831/, 832/, 833/ 

Oxygen debt (excess postexercise 

oxygen consumption), 301 
Oxygen gas, formation of, 33/ 
Oxygen-hemoglobin dissoeiation 

curve, 828, 830-831/ 

Oxygen toxicity, 825 
Oxyhemoglobin, 635, 828 
Oxyphil eells, 610/611 
Oxytocin, 599, 600/, 602f, 1085 
homeostatie eontrol of, 11 
labor and, 11, 599, 602 1, 1085, 
1085/ 

laetation and, 599,602f, 1088,1088/ 

P. See Phosphoms 
pl6 gene, in eaneer, 14 Sb 
p53 gene 

in eaneer, 99,145 b 
eell division eontrol and, 99 
UV radiation affeeting, 164 
Paeemaker, 675. See also Paeemaker 

eells 

Paeemaker eells 

in eardiae muscle, 311 1, 674 

aetion potential initiation and, 

674- 675, 674/ 
defeets in, 676 
sequence of excitation and, 

675- 676, 675/ 
enterie, 873 

respiratory rhythm and, 835 
in smooth muscle, 307, 311 1 
Paeemaker potentials (prepotentials), 

674, 674/ 

Paeinian (lamellar) corpuscles, 151/, 

154, 163, 486f, 487 


Paeked red eell transfusions, 650 
Pagetie bone, 193 
Paget’s disease, 193 
Pain 

in inflammation, 767, 768, 768/ 
pereeption of, 489-490,490/ 
referred, 490,490/ 
viseeral, 490 

Pain reeeptors (noeieeptors), 154, 

484, 485f, 486f, 489 
Pain threshold, 489 
Pain toleranee, 489 
Palate, 803, 857 

eleft, 244,244/, 898-899 
hard, 206/, 212, 214/, 803, 804/, 
856/, 857 

soft, 803, 804/, 856/, 857 
Palatine bones, 205/, 206/, 212, 214/, 

217 f 

Palatine proeesses, 205f, 20 6f, 212, 

214/217Í 

Palatine raphe, 856/ 

Palatine suture, median, 20 6f, 212, 

217 f 

Palatine tonsils, 759, 759/, 804/, 806, 

856/, 857/ 

Palatoglossal arehes, 856/, 857, 857/ 
Palatopharyngeal arehes, 856/, 857, 

857/ 

Pallor, 156 
Palmar arehes 

arterial, 725/, 728/, 728 f, 729/ 
venous, 740 1 

Palmar interossei muscle, 361/, 362f 
Palmaris longus muscle, 326/, 354f, 

355/, 358f 

Palm of hand (metacarpus), 234 
bones of (metaearpals), 200/, 232/, 
233f, 234 

muscles of, 354f, 360-362Í, 361/ 
Palpation, 2 

Palpebrae (eyelids), 545, 545/ 
Palpebral conjunctiva, 545/, 546 
Palpebral fissure, 545, 545/ 
Palpitation, heart, 690 
Pampiniform venous plexus, 1020/, 

1022 

Panereas, 592/, 618-620, 618/, 619/, 

62lf, 850/, 875/, 882-883, 

882/, 883/ 

autonomic innervation/effeets 
and, 527/, 528/, 536f 
in digestion, 850/, 875/, 882-883, 
882/, 883-884, 884/, 885f 
endoerine, 592/, 618-620, 618/, 
619/621Í 

transplantation of for diabetes, 
624-625 b 

Panereatie amylase, 883,892, 893/ 
Panereatie ducts, 875/, 882, 882/ 
Panereatie enzymes. See Panereatie 

juice 

Panereatie islets (islets of 

Langerhans), 618, 618/, 883, 
624-625 b 

Panereatie juice/pancreatic enzymes, 

882, 893/ 

eomposition of, 883, 883/ 
regulation of seeretion of, 883- 
884, 884/ 

Panereatie lipase, 883, 893/, 895, 895/ 
Panereatie nucleases, 883, 895 


Panereatie polypeptide, 618 
Panereatie proteases, 883, 883/, 894/, 

895 

Panereatitis, 905 
Paneth eells, 877 

Pannus, in rheumatoid arthritis, 272 
Panoramie vision, 564 
Pantothenie aeid (vitamin B 5 ), 912f 
Papanicolaou (Pap) smear, 1038 
Papilla(e) 

dermal, 151/, 154 
duodenal, major, 875, 875/ 
hair, 158, 158/ 
renal medullary, 956, 957/ 
of tongue, 568, 568/, 857, 857/ 
Papillary layer of dermis, 151 f, 154- 

155, 154/ 

Papillary muscles, 662, 665/, 666/, 

667, 667/ 

Papilledema, 590 
Papillomavims, human 
eervieal eaneer and, 1038 
genital warts caused by, 1054 
vaeeine against, 1038 
Pap smear, 1038 
Paraeelhilar route, of tubular 

reabsorption, 968, 969/ 
Paraerines, 81, 592-593 
in digestion, 868f 
in glomemlar filtration rate 
regulation, 968 

Parafollicular (C) eells, 606/, 607, 610 
Parahippoeampal gyrus, 434/, 437, 

449,449/ 

Parallel after-diseharge circuits, 422/ 
Parallel faseiele pattern/muscles, 322, 

322/ 

Parallel proeessing, 422-423 
Paralysis, 474 

spinal eord damage causing, 474 
stroke (motor cortex damage) 
causing, 435,463 

Paramesonephrie (Miillerian) ducts, 

1055, 1056/ 

Paranasal sinuses, 215, 215/ 805/, 806 
Paraneuron(s), 621 
Paraplegia, 474 
Parasagittal plane/seetion, 14 
Parasitie infeetions, 783 
Parasympathetie (eraniosaeral) 

division of autonomic nervous 
system, 387, 388/, 525/, 526, 
526/, 527-529, 527/, 528/, 529 1 
heart regulation and, 527/, 528/, 
676, 677/, 682/, 684, 705/ 
salivation eontrol and, 859 
Parasympathetie motor fibers, 388/ 
Parasympathetie tone, 537 
Parasympathomimetie agents, 

autonomic aetivity and, 535/ 
Parathyroid eells, 610/611 
Parathyroid glands, 592 f 610-611, 

610/611/ 
aging affeeting, 623 
Parathyroid hormone (PTH/ 

parathormone), 187, 611, 898, 
972, 1003 

bone and, 187-188,188/ 611,611/ 
ealemm relationship and, 188, 
188/, 596, 597/, 611, 611/, 898, 
1003-1004 

in tubular reabsorption, 972, 973/ 


Paraventricular nuclei, 442,442/, 599 
Paravertebral (sympathetie tmnk/ 

ehain) ganglia, 502/, 529-531, 
530/, 532/ 

Paresthesia, 474, 523 

spinal eord trauma causing, 474 
Parietal bones, 202, 203/, 204/, 205/, 

206/, 207/, 216/, 244/ 

Parietal eells, 866, 867/ 

eontrol of aeid seeretion by, 
870-871, 872/ 

Parietal layer 

of glomemlar capsule, 958, 959/, 
964/ 

ofserous pericardium, 18, 19/, 
141/, 660, 661/ 

Parietal lobe, 431, 432/, 434/ 

Parietal pericardium, 18, 19/, 141/, 

660, 661/ 

Parietal peritoneum, 18,141/, 852, 

853/, 889/ 

Parietal pleura, 18, 141/814/816 
Parietal serosa, 18, 19/ 
Parieto-oeeipital sulcus, 431, 432/, 

434/ 

Parkinson’s disease, 444, 464 
Parotid duct, 858, 858/ 

Parotid glands, 850/, 858, 858/ 
autonomic innervation/effeets 
and, 528/ 

mumps affeeting, 858 
Paroxysmal atrial taehyeardia, 691 
Partial pressures, 824, 825f. See also 

speeifie gas 

external respiration (pulmonary 
gas exchange) and, 826, 826f 
internal respiration and, 826/, 827 
Partial-thiekness burns, 166, 166/ 
Partiele size, ehemieal reaetion rate 

affeeted by, 38 

Parturition, 1085-1087, 1085/, 1086/ 

See also Birth 

Passive humoral immunity, 780, 780/ 
Passive proeesses/transport, 68-72, 

68, 68/, 69/, 70/, 71/, 72t. See 
also Diffiision; Filtration 
faeilitated difflision, 68-69, 69/, 
72t 

osmosis, 68,69-71, 69/, 70/ 
simple diffiision, 68, 69/, 72 1 
Passive tubular reabsorption, 968 
of solutes, 969-970, 970/ 
of water, 969, 970/ 

Patehed ( pte ) gene, UV radiation 

affeeting, 164 

Patella, 200/, 238, 239, 239/, 243f, 

262,262-263/ 

Patellar ligament, 262-263/, 263 
Patellar (knee-jerk) reflex, 474, 515, 

516/ 

Patellar retinacula, medial and lateral, 

262/, 263 

Patellar surface, 238, 239/ 

Patent ductus arteriosus, 686 
Paternal ehromosome, 1027 
Pathogens, 765 

attenuated, for vaeeines, 780 
Pathologieal anatomy, 2 
Pathologie fracture, 198 
Pathology, 149 

Pattern generators, eentral, 511-512, 

512/ 
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Pattern reeognition, 489 
P C02 . See Carbon dioxide, partial 

pressure of 

Peetinate line, 888, 888/ 

Peetinate muscles, 662, 664-665/ 
Pectineus muscle, 326/, 364/, 365/, 

380/ 

Peetoral (shoulder) girdle, 227 
bones of, 200/, 227-228, 227/, 

233/ 

muscles of, 326/, 327/, 346-348Í, 
347-349/, 358/ 

Peetoralis major muscle, 326/, 346/, 

347/, 350í, 351/, 358í 
Peetoralis minor muscle, 326f, 346í, 

347/ 

Peetoral nerves, 504/, 505/ 

Pedieles, vertebral, 220, 220/ 
Pedigree, 1103 

Pelvie brim, 235, 235/, 237/, 238 
Pelvie eavity, 18, 18/ 

Pelvie diaphragm, 344 í, 345/ 

Pelvie floor, muscles of, 344í, 345/ 
prolapse of uterus and, 1038 
Pelvie (hip) girdle, 200/, 234-238, 

235/, 236/, 237/, 243/. See also 
under Hip 

Pelvie inflammatory disease (PID), 

1038, 1053 

Pelvie inlet, 237/, 238 

Pelvie (pelvie splanehnie) nerves, 

528/, 529 

Pelvie outlet, 237/, 238 
Pelvie pain syndrome/ehronie 

prostatitis, 1025 

Pelvie (inferior hypogastrie) plexus, 

528/, 529 
Pelvimetry, 248 
Pelvis, 235, 235/, 237f, 238 

arteries of, 734-735/, 734-735/ 
muscles of, 326/ 
sympathetie pathways to, 531- 
533,532/ 

veins of, 744/, 744/ 

Pelvis (renal), 956, 957/, 979/ 
Penetration enhaneers (dmg agents), 

163 

Penis, 1019, 1019/, 1020/, 1022-1023, 

1022/, 1023/ 

autonomic innervation/effeets 
and, 528/, 532/, 53 6t 
bulb of, 1019/ 

embryologie/fetal development 
of, 1055, 1056/, 1057/ 

Pennate faseiele pattern/muscles, 

322-323,322/ 

Pentose sugars, 43,44/, 893/, 895, 897 
Pepsin, 866, 885f, 893/, 894 

gastrie seeretion of, 866, 867/, 870 
Pepsinogen, ehief eell seeretion of, 

866, 867/, 894 

Peptie ulcers, 869, 869/, 905 
Peptide(s), 51f, 893/ 

as neurotransmitters, 416f, 417 
Peptide bond, 47,48/ 
formation of, 105, 107/ 

Pereent, solution eoneentration, 29 
Pereeption, 484,487 

sensory integration at level of, 
487,488-489,488/ 

Perceptual deteetion, 489 
Perforated eardmm, 584 


Perforating (Volkmann’s) eanals, 

181, 182/ 

Perforating (Sharpeys) fibers, 178- 

179, 178/, 182/ 

Perforins, 789, 789/, 792/ 

Perfusion, 826. See also Blood flow 
Periaqueductal gray matter, 444 
Perieardial arteries, 729 1 
Perieardial eavity, 14, 18/, 660, 661/ 
Perieardial frietion mb, 661 
Periearditis, 661 
Pericardium, 142,660, 661/ 

parietal, 18, 19/, 141/, 660, 661/ 
viseeral, 18, 19/, 141/, 660, 661, 

661/, 665/ 

Perichondrium, 132,174 
Perieytes, 696, 697/ 

Perikaryon (eell body), of neurons, 

390, 391/, 394/ 

Perilymph, 573, 574/, 575, 577 
Perimetrium, 1035/, 1037/, 1038 
Perimysium, 278, 279/, 283t, 310í 
Perineal muscle 

deep transverse, 344f, 345/ 
superficial transverse, 344 1 , 345/ 
Perineal spaee, superficial, 344í, 345/ 
Perineum 

eentral tendon of, 344í, 345/ 
female, 1040/, 1041 
male, 1022 , 1022/ 
muscles of, 344í, 345/ 
Perineurium, 490, 491/ 

Perinuclear eytoplasm, outer eollar 

of, 392/, 393 
Periodie table, 25 

Periodontal disease/periodontitis, 861 
Periodontal ligament, 250/, 251, 860/, 

861 

Periosteal bone eollar, 183, 184/ 
Periosteal bud, 184, 184/ 

Periosteal eells, 181 

Periosteal layer of dura mater, 459, 

459/ 

Periosteum (bone), 178-179, 178/, 

182/, 185/ 

Peripheral ehemoreeeptors, 835, 835/, 

836-837, 836/, 837, 837/ 
Peripheral eongestion, in heart 

failure, 685 

Peripheral eonneetive tissue sheath, 

hair folliele, 158, 158/ 
Peripheral nervous system, 387, 388/, 

483-523, 484, 484/ 
ease study and, 523 b 
developmental aspeets of, 519 
motor endings/motor aetivity 
and, 511-513, 512/ 
myelination in, 392-393, 392/ 
nerves/assoeiated ganglia and, 

387, 390, 490-511,491/, 492/ 
eranial nerves, 387, 388/, 492- 
501, 493/, 494-500/ 
spinal nerves and, 387, 388/, 
465/, 466, 467/, 468, 468/, 
501-511,501/502/ 
neuroglia (supporting eells) of, 
389/, 390 

reflex aetivity, 513-519, 513/, 

514/, 515/, 516/, 517/, 518/ 
regeneration and, 491,492/ 
sensory integration and, 487-490, 
488/ 


sensory reeeptors and, 484-487, 
485-486Í 

Peripheral neuropathy, 523 
Peripheral proeess, 393, 394í 
Peripheral proteins, 64/ 

Peripheral (vascular) resistanee, 702, 

704, 705-707, 705/, 706/, 709/ 
Peripheral thermoreeeptors, 945 
Peripheral tissues, eholesterol 

transport to, 936-937, 936/ 
Perirenal fat capsule, 955, 956/ 
Peristalsis, 306, 851, 851/, 885í 
in large intestine, 885í, 890-891 
mass, 885f, 890 

in small intestine, 885í, 886-887, 
886í 

in stomaeh, 873-874, 873/, 885t 
swallowing and, 863-864, 864/, 
885í 

Peritoneal eavity, 852, 853/ See also 

Peritoneum 

Peritoneal (intraperitoneal) organs, 

853 

Peritoneum(s), 142, 852, 853/ 
parietal, 18, 141/, 852, 853/, 889/ 
viseeral, 18, 141/, 852, 853/, 854/, 
855, 889/ 

Peritonitis, 853-854, 887 
Peritubular eapillaries, 961/, 962 
Permanent teeth/permanent 

dentition, 859, 860/ 
Permeability 

of lymph eapillaries, 752 
membrane, 68. See also 
Membrane transport 
aetion potential and, 400,401, 
402-403/ 

diffhsion and osmosis and, 
70-71, 70/ 

resting membrane potential 
and, 79-80, 79/, 397, 398/ 
vascular, inflammation and, 
767-769, 768/ 

Permissiveness, hormone, 598 
Pernicious anemia, 639, 870 
Peroneal (fibular) artery, 734-735/, 

735f 

Peroneal (fibular) muscles, 370 1, 381/. 

See also speeifie muscle 
Peroneal (fibular) nerve 

eommon, 508, 508/, 509, 509f 
deep, 508/, 509f 
leg muscles supplied by, 369 1, 
370í, 373í 

superficial, 508/, 509í 
Peroneal (fibular) retinacula, 370 1, 

371/ 

Peroneal (fibular) vein, 744/, 744í 
Peroneus (fibularis) brevis muscle, 

372/, 373/, 374-375/, 380/ 
Peroneus (fibularis) longus muscle, 

326/, 327/, 371/, 372/, 373/, 
374-375/, 380/ 

Peroneus (fibularis) tertius muscle, 

370/, 371/, 372/, 380/ 
Peroxisomes, 63/, 85-86, 94/ 
Perpendicular plate, 203/, 205/, 210, 

210/212,214/ 

Perspiration. See also Sweat; Sweating 
insensible, 163, 945 
sensible, 163, 945 
Peteehiae, 650 


Petit mal (absenee) seizures, 452-453 
Petrous region, temporal bone, 205/, 

206/, 207/, 208, 208/ 

Peyer’s patehes, 755, 756/, 759, 760/ 
PF 3 (platelet faetor 3/ 

phosphatidylserine), 648, 648/ 
pH, 40, 40/, 1004 

of blood, 40/, 41, 632,1004. See 
also Aeid-base balanee 
in aeidosis/alkalosis, 1004, 
1009-1010, 1010/, lOllb 
earbon dioxide affeeting, 832 
ehemieal eontrol and, 41 
hemoglobin saturation 

affeeted by, 828-829, 832/ 
normal, 40/41, 1004, 1011 b 
renal eontrol and, 972, 973/, 
1006-1009, 1007/, 1008/, 
1009/ 

eompensations for 
abnormalities and, 

1012 

respiratory eontrol and, 832, 
836, 836/, 837, 1006 
eompensations for 

abnormalities and, 832, 
837,1011 

of panereatie fluid, 883 
of semen, 1026 
of urine, 979 
of vagina, 1040 

Phagoeytosis/phagoeytes, 75, 77/, 78/, 

766, 767/, 769-771, 769/, 770/ 
in antibody meehanism of aetion, 
782,782/ 

Phagolysosome, 766, 767/ 
Phagosome, 75, 77/, 78/, 766, 767/ 
Phalanges 

of foot (toes), 200/, 241/, 242, 243/ 
of hand (fingers), 200/, 232/, 233/, 
234 

Phantom limb pain, 489 

Pharyngeal eleft, 585 

Pharyngeal eonstrietor muscles, 334/, 

335/, 335/, 862 

Pharyngeal-esophageal phase of 

swallowing, 863, 864/, 885/ 
Pharyngeal pouches, 585 
Pharyngeal tonsils, 759, 759/, 804/, 

806 

Pharyngotympanie (auditory) tube, 

571/, 572, 572/, 804/, 806 
Pharynx, 802/, 804/, 805/, 806, 850/, 

861-862, 885/ 

muscles of, swallowing eontrol 
and, 334-335/, 335/ 

Phasie reeeptors, 488 
Phendimetrazine, 943 b 
Phenoeopies, 1102 
Phenotype, 1097, 1099, 1099/ 
Phentermine, 943b 
Phenylketonuria (PKU), 948 
Pheoehromoeytoma, 616 
Phlebitis, 750 
Phlebotomy, 750 
Phosphatases, 893/, 895 
Phosphate 

balanee/imbalanee of, 998/, 
1003-1004 

in bone remodeling, 187 
Phosphate bonds, high-energy, 55, 

55/ 
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Phosphate buffer system, 1005, 1008 
Phosphatidyleholine, 45/, 4 6t 
Phosphatidyl inositol bisphosphate 

(PIP 2 ), 595 

Phosphatidylserine (PF 3 /platelet 

faetor 3), 648, 648/ 
Phosphodiesterase (PDE), 561, 561/, 

595 

in hormone meehanism of aetion, 
595 

Phospholipase C, 595 
Phospholipids, 45/, 4 6t, 47, 927 
in membranes, 47, 63, 64/, 65 
Phosphorie aeid, 1004 
Phosphoms, 26f, 913, 915í 
Phosphorylation, 55, 56/, 913, 916/ 
direet, ATP for muscle 

eontraetion and, 298, 299/, 

300/ 

oxidative, 914/, 916/, 917, 917/, 
920-923, 921/, 922/, 923/, 924/ 
metabolie poisons and, 923 
substrate level, 916-917, 916/, 
917/919, 924/ 

Photodamage, melanin and, 156 
Photons, 553 

Photopigments (visual pigments), 

558, 558/ 

ehemistry of, 559-560, 560/ 
light and dark adaptation and, 

563 

in phototransduction (synthesis/ 
bleaehing/ regeneration), 

560- 561, 560/, 561/ 
Photoreeeptors, 484, 550/, 551, 556- 

563, 558/, 559f, 560/, 561/, 562/ 
eleetromagnetie speetmm and 
sensitivities of, 554/ 
information proeessing and, 

561- 562,563/ 

light and dark adaptation and, 

563 

visual pigment ehemistry and, 
559-560,560/ 

Photosensitivity, 156 
Phototransduction, 556, 560-561, 

561/ 

Phrenie arteries 

inferior, 730/, 73 lf, 732/ 
superior, 729 1 

Phrenie nerve, 503/, 503f, 505, 834 
diaphragm supplied by, 340 1, 

503f, 505, 834 
in respiration, 505,834 
Phrenie veins, inferior, 742-743f, 

742 1 
pH units, 40 

Phylloquinone (vitamin K), 4 6t, 912, 

912f 

elotting faetor production and, 
647, 650 

Physiologieal aeidosis, 1004 
Physiologieal buffering systems, 41 
renal, 1006-1009, 1007/, 1008/, 
1009/ 

respiratory, 832, 836, 836/, 837, 
1006 

Physiologieal jaundice, 1088,1094 
Physiology, 2-3, 2 
cardiovascular, 2 
eomplementarity prineiple and, 

3, 62 


neurologic (neurophysiology), 2 
renal, 2 
Pia mater 

of brain, 459/, 460 
spinal, 464, 467/ 

Piea, 953, 997 

Pickup molecule, oxaloacetic aeid as, 

919, 920/ 

Pigment(s) 
skin, 156 

visual (photopigments), 558, 558/ 
ehemistry of, 559-560, 560/ 
light and dark adaptation 
and, 563 

in phototransduction 
(synthesis/bleaehing/ 
regeneration), 560-561, 
560/, 561/ 

Pigmented layer of retina, 550/, 551 
Pigmented nevi (moles), 156, 165 
Pili, 157. See also Hair(s) 

Pineal gland/body, 440/, 443,445/, 

592/617-618 
Pinealoeytes, 617 
Pinkeye, 546 

Pinna (auricle), 570, 571/ 

Pinoeytosis (fluid-phase endoeytosis), 

75, 77/, 78f 

P. . See Intrapleural pressure 
pfP 2 (phosphatidyl inositol 

bisphosphate), 595 
PIP 2 -calcium signaling meehanism, 

595 

Piriformis muscle, 366f, 368/, 380f 
Piriform lobe, 436 
Pisiform, 232/, 233f, 234 
Pit(s) 

gastrie, 866, 867/ 
small intestine, 877 
Piteh, 576, 576/, 579 
Pitoein. See Oxytocin 
Pituicytes, 598 

Pituitary dwarfism, 602f, 604, 605/ 
Pituitary gland (hypophysis), 441, 

442/, 444/, 592/, 598-606, 
600-601/, 602-603 t. See also 
Anterior pituitary gland; 
Posterior pituitary gland 
developmental aspeets of, 623 
hypothalamus relationship and, 
599, 599-601, 600-601/, 602- 
603f, 1033-1034, 1034/ 
Pituitary growth hormone. See 

Growth hormone 
Pivot joints, 258, 260/ 

Plaeenta, 621,1071,1072-1073, 

1073/, 1074/ 
deliveryof, 1086/, 1087 
in fetal circulation, 1074/, 1079- 
1081, 1080/ 

formation of (plaeentation), 
1071-1074, 1073/ 
hormones seereted by, 621,1071, 
1072/, 1073-1074,1083 
Plaeenta abmptio, 1094 
Plaeental (third) stage of labor, 1086/, 

1087 

Plaeenta previa, 1094 
Plaeentation, 1071-1074, 1073/ 

Plane joints, 258, 260/ 

Planes (body), 14,15/ 

Planetary model of atom, 25/, 26 


Plantar areh, 734-735/, 734 1 
deep, 744/ 

Plantar arteries, medial and lateral, 

734-735/, 735f 

Plantar flexion (body movement), 

258, 259/ 

of lower limb, 380f, 381/ 

Plantar interossei muscles, 378 1, 379/ 
Plantaris muscle, 373 1, 374-375/, 380f 
Plantar metatarsal arteries, 734/, 735 1 
Plantar nerves, medial and lateral, 

508/, 509, 509 1 
Plantar reflex, 518-519 
Plantar veins, 744/, 744f 
Plaque (dental), 861 
Plaques (desmosome), 66, 67/ 

Plaques (fibrous/atherosclerotic), 

700 b 

Plasma, 129f, 136, 137/, 632, 632/, 

633, 633 f, 991, 991/ 
earbon dioxide transport in, 829, 
833/ 

eleetrolytes in, 992, 992/ 
gas/nutrient/water/waste 
exchanges and, 993, 993/ 
oxygen transport in, 828, 833/ 
Plasma eells, 642, 643/, 754, 778/, 779, 

791/, 792 1 

Plasma expanders, 653 
Plasmalemma. See Plasma membrane 
Plasma membrane, 62, 63-81, 63/, 

64/, 94f 

boundary maintenanee and, 5 
eell-environment interaetions 
and, 80-81, 82/ 

in endomembrane system, 87, 87/ 
resting membrane potential and, 
79-80, 79/, 397, 397/, 398/ 
seleetive/differential permeability 
of, 68. See also Membrane(s), 
permeability of; Membrane 
transport 

structure of, 63-67, 64/ 

eell junctions and, 66-67, 67/ 
fluid mosaie model of, 63-65, 
64/, 66/ 

glycocalyx and, 64/, 65-66 
transport fimetions of, 67-79, 68/ 
aetive proeesses, 72-79, 74/, 
75/, 76/, 77/, 78f 
passive proeesses, 68-72, 68, 
68/, 69/, 70/, 71/, 72f 
Plasmapheresis, 657 
Plasma proteins, 5lf, 633, 633f 
as elotting faetors, 647, 647f 
Plasma thromboplastin anteeedent 

(PTA), 647f 

Plasma thromboplastin eomponent 

(PTC), 647f 
Plasmin, 649 
Plasminogen, 649 
Plasminogen aetivator. See Tissue 

plasminogen aetivator 
Plastieity, smooth muscle, gastrie 

aeeommodation and, 873 
Plateau, in eardiae muscle 

eontraetion, 673, 673/ 
Platelet(s), 129f, 632, 632/, 634/, 641/, 

644f, 645-646, 645/ 
defieieney of (thromboeytopenia), 
650 

formation of, 645-646, 645/ 


in hemostasis, 11, 11/, 645, 647, 
648, 649 

Platelet count, 654 
Platelet-derived growth faetor 

(PDGF), 645, 649 
Platelet faetor 3 (PF 3 / 

phosphatidylserine), 648, 648/ 
Platelet plug, 646-647, 646/ 

positive feedbaek in formation of, 
11, 11/647 

Platysma muscle, 326/, 329/, 330f, 

331/ 

Pleura(e), 142, 805f, 814/, 816 
parietal, 18,141/, 814/, 816 
viseeral, 18,141/, 814/, 816 
Pleural eavity, 14, 18/, 814/816. See 

also Pleura(e) 

Pleural effiision, 816 
Pleural fluid, 816 
Pleurisy, 816 

Plexuses, nerve, 503. See also speeifie 

type 

Pluripotent (hematopoietie) stem 

eells, 128, 636, 636/, 642, 643/ 
P N2 . See Nitrogen, partial pressure of 
Pneumocystis pneumonia, in AIDS, 

793 

Pneumonia, 848 

aspiration, eleft lip/palate and, 244 
Pneumotaxic eenter. See Pontine 

respiratory centers/group 
Pneumothorax, 817 
PNS. See Peripheral nervous system 
P 02 . See Oxygen, partial pressure of 
Podoeytes, 959/, 960, 964/, 965 
Poisons, ehemiosmotie model of 

oxidative phosphorylation 
and, 923 

Polar bodies, 1044, 1044/, 1045 
first, 1044, 1044/ 
seeond, 1044/, 1045 
Polar heads, of membrane 

phospholipids, 45/, 47, 64/, 65 
Polarity 

of epithelial tissue, 118 
of membrane, 79, 397 
phospholipid, 45/, 47, 64/, 65 
of sareolemma, 286 
of water, 34, 34/, 38 
Polar microtubules, 100/ 

Polar molecule(s), 33-34, 34/ 
water as, 34, 34/, 38 
Poliomyelitis, 474 
Pollex. See Thumb 

Pollutants, environmental, endoerine 

system affeeted by, 623 
Polyatomie ions, 39 
Polyehromatie erythroblast, 636, 636/ 
Polyeystie kidney disease, 984 
Polyeystie ovary syndrome (PCOS), 

1063 

Polyeythemia, 640 
Polyeythemia vera, 640 
Polydipsia, in diabetes, 620, 62 lf 
Polygene inheritanee, 1101, 1101/ 
Polymer(s), 42 
Polymerases, 97 
DNA, 97, 98/ 

RNA, 103, 103/ 
Polymorphonuclear leukocytes 

(PMNs/polys), 641. See also 
Neutrophils 
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Polyp(s) 

eolon, eareinogenesis and, 145 b, 
146/ 

nasal, 848 

Polypeptide(s), 47, 893/ 

synthesis of, 99-105, 102/, 103/, 
104/, 106-107/, 108/, 109/ See 
also Protein synthesis 
Polyphagia, in diabetes, 620, 62 ìt 
Polyribosome, 105, 108/ 

Polys (polymorphonuclear 

leukocytes), 641. See also 
Neutrophils 

Polysaeeharides, 43, 44/, 908 
Polyspermy, 1066 

bloeks to, 1066, 1069/ 

Polysynaptie reflexes, 513 
Polyunsaturated fats, 46 
Polyuria, in diabetes, 620, 621 1 
Pons, 429,429/, 430/, 440/, 443/, 

444-445/, 445, 451 1. See also 
under Pontine 

Pontine micturition eenter, 982, 983/ 

Pontine nuclei, 445 

Pontine respiratory centers/group, 

834-835, 834/ 

Pontine storage eenter, 982, 983/ 
Popliteal artery, 725/, 734-735/, 734 1 
pulse at, 710/ 

Popliteal ligaments 
arcuate, 262/, 263 
oblique, 262/, 263 
Popliteal surface, 239, 239/ 

Popliteal vein, 737/, 744/, 744í 
Popliteus muscle, 370í, 373 1 , 374- 

375/, 380í 

Pores 

alveolar, 812, 812/, 813/ 
in fenestrated eapillaries, 697, 697/ 
nuclear, 92/, 93 
in plasma membrane. See 
Channels 

sweat, 151/, 160-161 
taste, 568, 568/ 

Porphyria, 171 
Porta hepatis, 878, 879/ 

Portal-eaval anastomoses, 881 
Portal hypertension, 881 
Portal system, 742í 
hepatie, 721, 742 1 
hypophyseal, 599 

Portal triad (portal traet region), 878, 

880/ 

Portal veins 

hepatie portal vein, 737/, 742- 
743/, 742 í, 878, 879/, 880/ 
hypophyseal portal vein, 599, 601/ 
Positional terms/anatomieal position, 

11-13,12f, 13/ 

Positive chemotaxis, 640, 769 
Positive ehronotropie faetors, 684 
Positive feedbaek, 10 

aetion potential generation and, 
401,412/ 

homeostasis and, 10-11,11/ 
labor and, 11, 599, 1085, 1085/ 
laetation and, 599,1088,1088/ 
ovarian hmetion and, 1048/, 1049 
thermoregulation and, 947 
Positive inotropie agents, 683 
Positive nitrogen balanee, 910 
Positive seleetion, 776, 776/ 


Positron emission tomography 

(PET), 16 b, 17/, 28,474 
Postabsorptive (fasting) state, 931, 

933-935,934/ 

Posteapillary venules, 695/, 698, 698/ 
Posteentral gyms, 431,432/, 435,435/ 
Posteoital eontraeeption, 1090 b, 

1091 b 

Posterior (term), 12/ 

Posterior areh, 221, 221/ 

Posterior assoeiation area, 437 
Posterior auricular vein, 738-739/ 
Posterior eerebral arteries, 726/, 727/, 

727/ 

Posterior ehamber, 552, 552/ 
Posterior circumflex hmneral artery, 

728/, 728/, 729/ 

Posterior commissure, 437,440/, 442 
Posterior communicating arteries, 

726/, 727/, 727/ 

Posterior eords, braehial plexus, 504/, 

505, 505/ 

Posterior eranial fossa, 201, 201/, 202, 

207/ 

Posterior emeiate ligament, 262-263/, 

264 

Posterior division, braehial plexus, 

504/, 505 

Posterior extensor eompartment, of 

forearm, 351-352/, 353/, 354/, 
356-357/, 357/, 358/, 359/ 
Posterior femoral cutaneous nerve, 

508/, 509/ 

Posterior flexor eompartment, of leg, 

muscles of, 370/ 

Posterior fontanelle, 244/ 

Posterior forearm muscles, 351-352/, 

353/, 354/, 356-357/, 357/, 

358/ 

Posterior fornix, 1035/, 1040 
Posterior (dorsal) funiculi, 467/, 468 
Posterior gluteal line, 235, 236/ 
Posterior (dorsal) horns, 431/, 466, 

467/ 

Posterior inferior iliae spine, 234, 

236/ 

Posterior intereostal arteries, 728/, 

729/, 729/ 

Posterior intereostal veins, 740-741/, 

740/, 741/ 

Posterior interventricular artery, 664/, 

670, 670/ 

Posterior interventricular sulcus, 662 
Posterior lobe, of cerebellum, 447, 

448/ 

Posterior longitudinal ligament, 219, 

219/ 

Posterior (dorsal) median sulcus, 

445/, 465/, 466, 467/ 

Posterior muscles/muscle 

eompartment 

of hip and thigh, 363í, 366-369í, 
367-368/, 380í, 381/ 
of leg, 370t, 3731, 374-375/, 380f, 
381/ 

Posterior nasal apertures (ehoanae), 

803, 804/ 

Posterior pituitary gland, 598, 600/ 
hormones of, 599-601, 601/ 
hypothalamus relationship and, 
599-601, 600/, 602/ 

Posterior pole of eye, 548/, 549 


Posterior saeral foramina, 224, 224/ 
Posterior sealene muscle, 336/, 337/ 
Posterior segment of eye, 548/, 549, 

552, 552/ 

Posterior semicircular eanal, 573, 

573/ 

Posterior superior iliae spine, 234, 

236/ 

Posterior tibial artery, 725/, 734-735/, 

735/ 

pulse at, 710/ 

Posterior tibial vein, 737/, 744/, 744/ 
Posterior vagal tmnk, 529 
Postganglionie axons, 525, 526/ 
Postganglionie fibers 

parasympathetie, 528, 528/, 529/ 
sympathetie, 529/, 531, 532/ 
Postganglionie neurons, 525, 526/ 
Postovulatory (seeretory) phase of 

uterine (menstmal) eyele, 
1050/, 1051 

Postpartum bleeding, 1087 
Postpolio syndrome, 474 
Postsynaptie neuron, 407, 409/ 
summation by, 411-413,411/, 
412/ 

Postsynaptie potentials, 399,410- 

414,410/411/413/ 
information proeessing in retina 
and, 561-562, 562/ 

Posture, skeletal muscles in 

maintenanee of, 277 
Potassmm, 26/, 915/ 

absorption of, 897-898 
aeid-base balanee and, 1001 
aldosterone and, 613/, 614, 999, 
1000/, 1003 

balanee/imbalanee of, 998/, 
1000-1003,1012 
dietary, 915/ 

heart hmetion and, 684, 1001 
in plasma/interstitial fluid/ 
intracellular fluid, 992-993, 
992/ 

plasma levels of, renal seeretion 
and, 1003 

resting membrane potential and, 
79-80, 79/, 397, 398/ 
in salt substitutes, 1003 
in sodium regulation, 999, 1000/ 
tubular reabsorption of, 970/, 

973/, 1002-1003 
tubular seeretion of, 972, 973/, 
1003 

Potassmm ehannels, 396/ 

aetion potential and, 400-401, 
402-403/ 

muscle eontraetion and, 287/, 288, 
288/, 289, 289/ 

Potential/potential differenee, 396 
Potential energy, 24 
Potentiation, synaptie, 413-414 
Pott’s fracture, 240/, 241 
Power lever, 323, 323/ 

Power stroke, of eilia, 90, 91/ 

P pul . See Intrapulmonary pressure 
P-Q interval, 678 
Prader-Willi syndrome, 1103 
Prealbumin, 49/, 50 
Preantral follieles, 1047 
Preantral phase, of ovarian eyele, 

1045,1046/ 


Preeapillary sphineter, 695/, 698, 698/ 
Preeentral gyms, 431,432/, 435/ 
Preeipitation, by antibodies, 782, 

782/ 

Preeommand level of motor eontrol, 

512-513,512/ 

Preeelampsia, 1085 
Prefrontal cortex (anterior 

assoeiation area), 434/, 437 
in memory, 434/, 437,457/, 458 
Preganglionie axons, 525, 526/, 528 
Preganglionie fibers 

parasympathetie, 528, 528/, 529 1 
sympathetie, 529, 529 1, 531, 532/ 
Preganglionie neurons, 525, 526/, 529 
development of, 539 
Pregnaney, 1065, 1082-1085,1082/ 
ease study and, 1094 b 
eetopie, 1038, 1094 
metabolie/hormonal ehanges 
during, 1072/, 1073-1074, 

1083 

mitrition during, 948, 1083 
parturition (birth) and, 1085- 
1087, 1085/, 1086/ 
prevention of (eontraeeption), 
1090-1091^7 

Rh ineompatibility and, 652 
Pregnaney tests, hCG-based, 1071, 

1072/ 

Prehypertension, 710 
Preload, 682, 682/ 

Premature birth, infant respiratory 

distress syndrome and, 821 
Premature eontraetion (extrasystole), 

676 

Premolars (bicuspids), 860, 860/ 
Premotor cortex, 433, 434/, 435 
Pre-mRNA, 102/, 103-104, 106/ 
Prenatal testing, 1103-1104, 1104/ 
Preoptie nucleus, 442/, 454 

in temperature regulation, 945 
Preovulatory (proliferative) phase 

of uterine (menstmal) eyele, 
1049, 1050/ 

Prepatellar bursa, subcutaneous, 262/, 

263,270 

Prepotentials (paeemaker potentials), 

674, 674/ 

Prepuce 

of elitoris, 1040/, 1041 
ofpenis (foreskin), 1019/, 1022, 
1023/ 

Presbycusis, 585 

Presbyopia, 556, 585 

Pressure gradient (blood pressure), 

702 

Pressure gradient (breathing), 819, 

820,820/ 

Pressure points, 710, 710/ 

Pressure reeeptors 

bulbous corpuscles (Ruíhni 
endings), 486t, 487 
lamellar (Paeinian) corpuscles, 
151/, 154, 163,486í, 487 
Pressure-volume relationships, 

pulmonary ventilation and, 
817 

Prestriate eortiees, 565 
Presynaptie inhibition, 414 
Presynaptie neuron, 407, 409/ 
Preteetal nuclei, 564, 564/ 
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Prevertebral (eollateral) ganglia, 530/, 

531 

pathways with synapses in, 530/, 
531-533,532/ 

Priekle eells, 152 

Primary aetive transport, 73, 74/, 

75/, 78t 

in tubular reabsorption of 
sodium, 969, 970/ 

Primary auditory cortex, 434/, 436, 

579, 579/ 

Primary brain vesieles, 429,429/ 
Primary (main) bronehi, 802/, 810, 

811/ 

Primary eapillary plexus, 599, 601/ 
Primary eilia, 91 
Primary curvatures, 244, 245/ 
Primary dentition (deciduous teeth), 

859, 860/ 

Primary folliele, 1036/, 1043,1044/, 

1045, 1046/, 1050/ 

Primarygerm layers, 144, 144/, 1073/ 
Primary (essential) hypertension, 711 
Primary immune response, 778/, 779, 

779/, 780 

Primary lymphoid organs, 776 
Primary (somatie) motor cortex, 433, 

434/, 435,435/ 

Primary olfaetory (smell) cortex, 

434/, 436, 567 

Primary ooeytes, 1043, 1044/, 1046/ 
Primary ossifieation eenters, 183, 

184/ 

Primary sensory (anulospiral) 

endings, 514, 514/ 

Primary sex organs, 1018. See also 

Gonad(s); Ovaries; Testes 
Primary somatosensory cortex, 434/, 

435-436, 435/ 

Primary spermatoeyte, 1029, 1031/ 
Primary structure of protein, 48,49/ 
Primary transeript (pre-mRNA), 

102/, 103-104, 106/ 

Primary visual (striate) cortex, 434/, 

436, 563, 564/, 565 
Primase, 97 
Prime mover, 320 

Primitive gut, 898, 899/, 1076/, 1077 
Primitive streak, 1075/, 1076 
Primitive tissues, 1076 
Primordial follieles, 1036, 1043, 

1044/, 1045, 1046/ 

Primordial germ eells, 1055 
Prineipal eells, 959/, 960 
Prineiple of eomplementarity of 

structure and fimetion, 3, 62, 
634 

P-R interval, 677/, 678 

Prion protein, in Alzheimer’s disease, 

463-464 

Proaeeelerin, 647í 
Procarboxypeptidase, 883, 883/ 
Procedural (skills) memory, 457,457/ 
Proeess (bone marking), 180t 
Proeesses (neuron), 140,140/, 390- 

393, 391/ 

Procoagulants (elotting faetors), 646, 

647, 647í 

Proeonvertin, 647í 
Proctodeum, 898, 899/ 

Proetology, 905 

Product(s), in ehemieal reaetion, 35 


Proerythroblasts, 636, 636/ 
Progesterone, 620,1000,1035, 1051, 

1052í 

in ovarian eyele, 1048/ 1049,1052í 
placental/during pregnaney, 

1072/, 1073-1074 
in sodium regulation, 1000 
in uterine (menstmal) eyele, 1049, 
1050/, 1051, 1052/ 

Progestins, for eontraeeption, 1090 b, 

1091 b 

Programmed eell death. See 

Apoptosis 
Prohormone, 605 
Proinsulin, 618 
Projeetion, 489 
Projeetion fibers, 437, 438/ 

Projeetion level of motor eontrol, 

512,512/ 

Prolaetin (PRL), 601/, 603/, 605-606, 

1088 

laetation and, 603/, 605, 606, 
1088-1089, 1088/ 

Prolaetin eells, 605 
Prolaetin-inhibiting hormone (PIH), 

601/ 603/, 606 
Prolaetinoma, 630 
Prolaetin-releasing faetors, 606 
laetation and, 1088, 1088/ 
Prolapsed (herniated/slipped) dise, 

219-220, 220/, 245 
Prolapse of uterus, 1038 
Proliferation (growth) zone 

(epiphyseal plate), 185, 186/ 
Proliferative (preovulatory) phase 

of uterine (menstmal) eyele, 
1049, 1050/ 

Promonoeytes, 643/, 644 
Promoter, 102,103/ 

Promyeloeytes, 642, 643/ 

Pronation (body movement), 258, 259/ 
of upper limb, 358/, 359/ 

Pronator quadratus muscle, 354/, 

355/, 356/, 358/ 

Pronator teres muscle, 326/, 354/, 

355/, 358/, 359/ 

Pronephrie duct, 983, 984/ 
Pronephros, 983, 984/ 

Pronuclei, male and female, 1066- 

1067, 1070/ 

Pro-opiomelanoeortin (POMC), 605 
in food intake regulation, 939, 
940/ 

Propagation of aetion potential 
in muscle fiber eontraetion, 286- 
289, 286/, 287/, 288/, 289/ 
in neuron, 404,404/, 407 
Propeeia. See Finasteride 
Prophase 

in meiosis, 1028/, 1029,1030/ 
in mitosis, 97/, 98, 100/, 1028/ 
Proprioeeption, conscious, 469 
Proprioeeptors, 485, 486/ 

Propulsion (food), 851, 851/, 885/. 

See also Peristalsis 

Proseneephalon (forebrain), 429, 429/ 
Prostaeyelin, 646 

Prostaglandin(s), 46/, 47, 593, 767, 

770/, 908, 1085 

in inflammation, 767, 768/, 770/ 
labor and, 1085 

in semen/seminal fluid, 1025,1026 


Prostaglandin E 2 , in glomemlar 

filtration rate regulation, 968 
Prostate eaneer, 1025-1026 
Prostate gland, 1019,1019/, 1023/, 

1025, 1056/ 

disorders of, 1025-1026 
Prostate-speeifie antigen (PSA), 1025 
Prostatie hyperplasia, benign (BPH), 

1025 

Prostatie seeretion, 1025 
Prostatie urethra, 981, 981/, 1019/, 

1023/, 1024 
Prostatitis, 1025 

Prostheses (artifieial joints), 271 b 
Protease(s) 

in mast eells, 128 
panereatie, 883, 883/, 894/, 895 
Protease inhibitors, for AIDS, 793 
Proteasomes, 110 
Proteetive fimetion 
of blood, 633 
of bones, 176 

of skin, 5, 5/, 6/, 162-163, 764, 
765-766, 765/, 770/ 
of water, 38-39 

Protein(s), 8,47-53, 909/, 910-911, 

911/. See also speeifie type 
absorption of, 893/, 894/, 896 
amino aeids/peptide bonds and, 
47,48/ 

eomplete, 909/, 910 
eontraetile, 50, 51/ 
eytosolie, degradation of, 109-110 
denaturation of, 50 
dietary, 894, 909/, 910-911, 911/ 
digestion of, 869-870, 893 f 
894-895, 894/ 

enzymes/enzyme aetivity and, 50, 
51-53,51/, 52/, 53/ 
fibrous (structural), 50, 51/ 
globular (fimetional), 49/, 50, 51/ 
as ghieose source, 933, 934/ 
heat shoek, 51 
ineomplete, 909/, 910 
intereonversion of, 930-931, 930/ 
membrane, 64/, 65. See also 
Membrane proteins 
metabolism of, 914/, 928-930, 
928/, 929/ 

liver in, 928/, 929, 937/ 
in postabsorptive state, 933, 
934/, 935 

thyroid hormone affeeting, 
607/ 

moleailar ehaperones, 50-51, 51/ 
plasma, 51/, 633, 633/ 
stress, 51 

structural levels of, 48-50,49/ 
synthesis of, 99-105, 102/, 103/, 
104/, 106-107/, 108/, 109/, 929. 
See also Protein synthesis 
transport, 65, 66/ 
in urine, 980/ 

Protein anions, in plasma/interstitial 

fluid/intracellular fluid, 992, 
992/ 

Protein buffer system, 1005-1006 
Protein C, 649 

Protein-ealorie malnutrition, 953 
Protein ehannels, 65, 69, 396-397, 

396/. See also speeifie type and 
Channels 


Protein-eoated pits, 73, 75, 76-77, 

76/, 78/ 

Protein hormones, 50, 51/ 

Protein kinases, 81, 594, 594/ 

Protein release faetor, 105, 107/ 
Protein synthesis, 99-105, 102/, 103/, 

104/, 106-107/, 108/, 109/, 929 
DNA in, 53, 99,102/, 103/, 105, 
106-107/, 109/ 

in ribosomes, 83, 84, 86/, 104- 
105, 106-107/, 108/ 

RNA in, 102-105, 102/, 103/, 104/, 
105, 106-107/, 109/ 
transeription, 102,102-104,102/, 
103/, 109/ 

translation, 102,102/, 104-105, 
104/, 106-107/, 108/, 109/ 
Proteimiria, 980f 
Proteoglyeans, 127 
Proteolysis, 110 

Proteome, 47. See also Protein(s) 
Prothrombin, 64 7t, 648, 648/ 
Prothrombin aetivator, 648, 648/ 
pathways to, 647-648, 648/ 
Prothrombin time, 654 
Proton(s), 25, 25/, 27/ 
in bone resorption, 187 
Proton aeeeptors, 39 
bases as, 39,1004 
amino aeid, 47 
Proton donors, 39 
aeids as, 39,1004 
amino aeid, 47 

Proton (H + ) gradient, 921/, 922 
Proton therapy, in eaneer treatment, 

14 6b 

Proto-oneogenes, 14 5b 
Protraetion (body movement), 258, 

259/ 

Provims, HIV, 793 

Provitamin D (eholeealeiferol), 622 1, 

623 

Provitamins, 911 

Proximal (term), 12 1 

Proximal convoluted tubule, 959/, 

960, 960/, 961/ 
ghitamine metabolism in, 

ammonium ion excretion and, 
1008, 1009/ 

hydrogen seeretion in, in aeid 
base balanee, 1007, 1007/ 
reabsorption in, 968-970, 969/ 
reabsorptive eapability of, 970- 

971,971í 

Proximal phalanx 

finger, 232/, 233 1, 234 
toe, 241/, 243 1 

Proximal radioulnar joint, 231/, 254í 
Pseudogenes, 102 
Pseudohermaphrodites, 1055 
Pseudopods, 767/ 

Pseudostratified columnar 

epithelium, 120-122, 122/ 
Pseudounipolar neurons, 393, 

394-395Í 

P site, 105, 106/, 107/ 

Psoas major muscle, 363í, 364/ 
Psoriasis, 171-172 
Psychoneuroimmunology, 796 
Psyehoses, 482 
Psyehosoeial dwarfism, 630 
Psyehosomatie illness, 449 
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pte (patehed) gene, UV radiation 

affeeting, 164 

Pterygoid muscles, 332 1, 333/ 
Pterygoid proeesses, 205/, 209-210, 

209/, 214/ 

Pterygopalatine ganglia, 497í, 528, 

528/ 

PTH. See Parathyroid hormone 
Ptosis, 495 1 
renal, 955 

Puberty, 1057-1058 
in females, 1058 

leptin and, 1047, 1051 
oogenesis after, 1044-1045, 
1044/ 

seeondary sex eharaeteristies 
and, 1051, 1052f, 1058 
in males, 1034, 1034/, 1058 
seeondary sex eharaeteristies 
and, 1034-1035, 1052f, 
1058 

Pubic areh, 235, 235/, 23 It 
Pubic bone (pubis), 235, 235/, 236/ 
Pubic erest, 235, 235/ 

Pubic rami, superior and inferior, 

235, 236/ 

Pubic (hypogastrie) region, 19, 20/ 
Pubic symphysis, 235, 235/, 251/, 

252, 255f 

Pubic tubercle, 235, 235/, 236/ 

Pubis (pubic bone), 235, 235/, 236/ 
Pubofemoral ligament, 267,267/ 
Pudendal artery, internal, 734 f 734 1, 

1027 

Pudendal nerve, 508/, 509, 509f 
Pudendum (external genitalia), 1035, 

1035/, 1040/, 1041 
embryologie/fetal development 
of, 1055, 1057/ 

Pulmonary arteries, 663-665/, 722/, 

722-723Í, 814/, 815 
Pulmonary eapillaries, 669/, 722/, 

722f, 813/815 

in respiratory membrane, 811,813/ 
oxygenation of blood in, 826, 
82 6t 

Pulmonary circuit/circulation, 659, 

659/, 668, 669 f 715, 721, 722/, 
722-723Í, 815-816 
blood vohime in, 699/, 816 
Pulmonary eongestion, in heart 

failure, 685 

Pulmonary embolism, 650,848 
Pulmonary hmetion tests, 823 
Pulmonary gas exchange (external 

respiration), 802, 825-827, 
826/, 827/ 

Pulmonary irritant reflexes, 835/, 838 
Pulmonary (viseeral) pleura, 18, 141/, 

814/, 816 

Pulmonary plexus, 528, 532/, 816 
Pulmonary tmnk, 662, 663/, 665/, 

669/, 722/, 722 1 
Pulmonary valve (pulmonary 

semilunar valve), 665/ 666/ 667 
Pulmonary veins, 662, 663-665/, 

669/, 722/, 722-723Í, 814/, 816 
Pulmonary ventilation (breathing), 

802, 816, 817-820, 818/, 819/ 
See also Breathing; Respiration 
physieal faetors influencing, 
820-821, 820/ 


Pulp 

dental, 861 
splenie, 757/, 758 
Pulp eavity, 860/, 861 
Pulse (arterial), 703, 710 
monitoring, 710, 710/ 

Pulse pressure, 703 
Puncta, laerimal, 546, 546/ 

Punnett square, 1099, 1099/ 

Pupil, 545/, 548/, 549 

eonstrietion/dilation of, 549-551, 
549/ 

in elose vision, 549, 556 
light/dark adaptation and, 

549, 563 

Pupillary light reflex, 549, 563 
Purines, 53,416f, 417 
Purkinje eells, 447 
Purkinje fibers (subendocardial 

conducting network), 675/, 

676 

Pus, 149, 771 
in urine, 980/ 

Putamen, 438/, 439,439/ 

P wave, 677, 677/, 678/ 

Pyelitis, 956, 982 
Pyelogram, 979/, 988 
Pyelonephritis, 956-957, 982 
Pylorie antmm, 865/, 866 
Pylorie eanal, 865/, 866 
Pylorie part of stomaeh, 866 
gastrie eontraetile aetivity and, 

873, 873/ 

Pylorie stenosis, 905 

Pylorie valve/sphineter, 865/, 866 

Pyloms, 865/, 866 

Pyramidal eells, in primary motor 

cortex, 433 

Pyramidal (direet) pathways, 469, 

471,472/, 473/, 512 
Pyramidal proeess, 212 
Pyramidal (eortieospinal) traets, 433, 

469/, 471, 472/, 473/ 

Pyramids 

medulla oblongata, 444/, 445 
renal (medullary), 956, 957/ 
Pyridoxine (vitamin B 6 ), 912/ 
Pyrimidines, 53 
Pyrogens, 773, 947 
Pymvie aeid, 299, 299/, 914, 914/, 

917/918,918/919, 924/ 
Pyuria, 980/ 

QRS complex, 677, 677/, 678/ 

Q-T interval, 677/, 678 
Quadrants, abdominopelvie, 19, 19/ 
Quadrate lobe, of liver, 878, 879/ 
Quadratus femoris muscle, 368/, 

368/, 380/ 

Quadratus himbomm muscle, 338/, 

339/ 

Quadratus plantae (flexor 

accessorius) muscle, 376/, 377/ 
Quadriceps femoris muscle, 363/, 

364/, 365-366/ 

tendon of, 262-263/, 264, 364/ 
Quadriceps strain, 384 
Quadriplegia, 474 
Qualities, 489 
sound, 576 

Quality diserimination, 489 


Quanta, 553 

Quaternary structure of protein, 

49/, 50 

Quick (hyponychium), of nail, 160, 

160/ 

Quiescent period, eardiae eyele, 681 
Quiescent (resting) zone (epiphyseal 

plate), 185, 186/ 

Rabies, 427 

Radial artery, 725/, 728/, 728/, 729/ 
pulse at, 710, 710/ 
ofuterus, 1039, 1039/ 

Radial eollateral ligament, 266, 266/ 
Radial fossa, 230, 230/ 

Radial groove, 230, 230/ 

Radial nerve, 356/, 504/, 505/, 506 
Radial noteh, 230/, 231/, 232 
Radial pulse, 710, 710/ 

Radial tuberosity, 230/, 231/, 232 
Radial vein, 737/, 740-741/, 740/ 
Radiant (eleetromagnetie) energy, 24 
Radiate arteries, eortieal, 957, 958/, 

961/, 962 

Radiate veins, eortieal, 957, 958/, 961/ 
Radiation 

heat loss by, 945, 945/ 
ionizing, 28, 60 
ultraviolet. See Ultraviolet 
radiation 

Radiation siekness, 60 
Radiation therapy, for eaneer, 14 6b 
Radieal masteetomy, 1043 
Radioaetivity, 28 
Radiographie anatomy, 2 
Radiographs, 1 6b 
Radioisotopes, 28 

in positron-emission tomography, 

Ì6b, 28 

Radioulnar joints, 231, 231/, 254/ 
distal, 231/, 254/ 
proximal, 231/, 254/ 

Radius, 200/, 230/, 231/, 232,233/ 
Colles’ fracture of, 232 
Ramus/rami (bone marking), 180/ 
of ischium, 235, 236/ 
of mandible, 204/, 211,211/ 
of pubis, 235, 236/ 

Ramus/rami (nerve) 

communicantes, 502/, 503, 529, 
529/, 530/ 531,532/ 
dorsal, 502/, 503 
ventral, 502/, 503 
Random fertilization, 1098-1099 
Range of motion, 254-255/, 256 
Ranvier, nodes of (myelin sheath 

gaps), 391/, 393 
Raphe nuclei, 450 
Rapid eye movement (REM) sleep, 

454,454/ 

Raynaud’s disease, 172, 539 
RBCs (red blood eells). See 

Erythroeytes 
Reabsorption, 717 

tubular, 963, 963/, 968-972, 

969/, 970/, 971/, 973/. See also 
Tubular reabsorption 
Reaetant(s), in ehemieal reaetion, 35 
water as, 38 

Reaetive hyperemia, 713 
Reaetivity, of antigens, 774 


Real image, 554, 555/ 

Reeeptive endings, 393, 394/ 
Reeeptive field, 488 
Reeeptive regions, 391, 391/, 394/ 
Reeeptive relaxation, of stomaeh 

muscles, 873 

Reeeptor(s). See also speeifie type 
in homeostasis, 9, 9/ 
in hormone meehanism of aetion, 
593-595, 594/, 596/ 
membrane, 65,81, 82/ 
phasie, 488 

in reflex are, 422,422/, 513, 513/, 
533, 533/ 
tonie, 488 

up- and down-regulation of, 595 
Reeeptor binding, in ehemieal 

signaling, 81, 82/ 

Reeeptor eells, in speeial senses, 544 
Reeeptor-mediated endoeytosis, 76, 

77/, 78/ 

Reeeptor membrane, gustatory 

epithelial eell (gustatory hair), 
568, 568/ 

Reeeptor potential, 399,488 
Reeeptor proteins, eatalytie, 81 
Reeeptor region, neurotransmitter, 

407 

Reeessive allele, 1096-1097,1100, 

1100 / 

Reeessive traits, 1100, 1100/ 
Reeiproeal aetivation, 517 
Reeiproeal inhibition, 515 
Reeoil (lung) 

in expiration, 818/819 
intrapleural pressure and, 817 
Reeombinant ehromosomes, 1098, 

1098/ 

Reeombination 
gene, 1098, 1098/ 
somatie, 513 

antigen reeeptor diversity 
and, 777 

Reeovery stroke, of eilia, 90, 91/ 
Reemitment (multiple motor unit 

summation), 296, 296/, 304 
Reetal artery, superior, 730/, 732/, 

733/ 

Reetal examination, 887 
Reetal valves, 887, 888/ 

Rectouterine pouch, 1035/, 1038 
Rectum, 850/, 887, 888/ See also 

under Reetal 

autonomic innervation/effeets 
and, 528/, 532/ 

Rectus abdominis muscles, 326/, 

342/, 343/ 

Rectus femoris muscle, 326/, 363/, 

364/, 365/, 380/, 381/ 

Rectus muscles, of eye, 547, 547/ 
Rectus sheath, 342/ 

Red blood eells, 129/, 137/, 632, 632/, 

634-640, 634/, 641/, 644/. See 
also Erythroeytes 
Red eones, 554/, 559 
Red marrow, 179, 636 

hematopoiesis in, 177, 636, 654 
in intramembranous ossifieation, 
185/ 

Red marrow eavities, 179 
Redness, in inflammation, 767, 768/ 
Red nucleus, 445 
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Redox (oxidation-reduction) 

reaetions, 36-37, 916 
Red pulp, 757/, 758 
Reduced hemoglobin 

(deoxyhemoglobin), 635, 828 
Reduced reaetant, in redox reaetion, 

36 

Reduction, fracture, 191 
Reduction division (meiosis I), 1028/, 

1029 , 1030/, 1031/, 1044/ 
Referenee man/woman, 2 
Referred pain, 490 , 490/ 

Refleetion (light), 554 
Reflex(es), 422,422/, 513-519, 513/ 
spinal, 513-519. See also speeifie 
type 

testing, 474 

Reflex ares, 422 , 422/, 511, 513, 513/ 
viseeral, 533 , 533/ 

Reflex (eephalie) phase, of gastrie 

seeretion, 870 , 871/ 

Refraetion (light), 554 , 554/, 555/ 
visual disorders related to, 556, 

557/ 

Refraetory periods 
muscle fiber, 289 

in eardiae muscle, 671-672, 
673/ 

neuron,404-405,405/ 
affer orgasm, 1027 
Regeneration, 142-143, 142 , 143/, 

144 

eardiae tissue, 144 
epithelial tissue, 119, 142-143, 
143/ 

liver, 881 

nerve fiber/axon, 491-492,492/ 
neuronal, 144 

Regeneration tube, 491,492/ 
Regional anatomy, 2 
Regional terms in anatomy, 13, 13/ 
Regular dense eonneetive tissue, 129 1, 

130-132, 133/ 

Regulatory fimetions ofblood, 

632-633 

RegulatoryT eells, 758, 784, 785/, 

789 , 792 1 

autoimmune reaetions inhibited 
by, 789, 794 

Rejeetion (transplant), prevention of, 

790-792 

Relative intensity/relative timing 

(sound wave), 579 

Relative refraetory period, 405,405/ 
Relaxation 

skeletal muscle fiber, 293-294, 
295/ 

smooth muscle, 307 
stomaeh muscle, reeeptive, 873 
Relaxin, 1082 

plaeental production of, 1074, 

1082 

in semen, 1026 

Relay(s), in neuronal pathways, 468 
Relay proteins, 595 
Release faetor, 105,107/ 

Releasing hormones, hypothalamie, 

442, 599 

Remodeling (bone). See Bone 

remodeling 
Remodeling units, 187 


REM sleep. See Rapid eye movement 

(REM) sleep 
Renal anemia, 639 
Renal arteries, 725/, 730/, 732/, 732/, 

955/, 957 , 958/ 

Renal autoregulation, 966-967, 967/ 

Renal calculi, 979-980 

Renal ealyees (major and minor), 

956 , 957/ 

Renal elearanee, 978 
Renal columns, 956 , 957/ 

Renal corpuscle, 958-960, 959/, 960/, 

961/ 

Renal cortex, 956 , 957/, 959/ 

Renal failure, 978 
Renal faseia, 955 , 956/ 

Renal hilum, 955 , 955/ 

Renal infaret, 989 

Renal medulla, 956, 957/, 959/ 

Renal pelvis, 956 , 957/, 979/ 

Renal physiology, 2, 963-977, 963/. 

See also Urine, formation of 
Renal plexus, 957-958 
Renal ptosis, 955 

Renal (medullary) pyramids, 956 , 957/ 
Renal sinus, 955 
Renal tubular aeidosis, 1017 
Renal tubules, 959/, 960 , 960/ 
reabsorption in, 963, 963/, 968 - 
972, 969/, 970/, 971/, 973/. See 
also Tubular reabsorption 
seeretion by, 963, 963/, 972 , 973/. 
See also Tubular seeretion 
Renal veins, 736-737/, 742-743/, 

742 /, 955/, 957 , 958/ 

Renin, 613/, 614, 621-623, 955, 968 
blood pressure and, 707, 708/, 
709 , 968 , 999,1001/, 1002/ 
gramilar eells seereting, 963, 968 
in sodium regulation, 999, 1001/, 
1002/ 

sympathetie nervous system and, 
537 

Renin-angiotensin-aldosterone 

meehanism, 613-614, 613/, 
708/, 709 , 967/, 968 , 999- 
1000, 999/, 1000/, 1002/ 
sympathetie nervous system and, 
537 

Rennin, 870, 894 
Repair 

bone fracture, 191-192, 191/ 
tissue, 142-144,143/, 768/, 769 
first/seeond intention, 149 
Replieation bubble, 97 
Replieation fork, 97, 98/ 
Repolarization 

eardiae muscle, 673,673/ 674/ 675 
ECG and, 677-678, 677/, 678/ 
neuron, aetion potential and, 400, 
401,402-403/412/ 
skeletal muscle, 288-289,288/, 
289/ 

Repressor genes, in eell division 

eontrol, 99 

Reproduction, 6/, 7-8, 7/ 
eelhilar, 7 

Reproductive eloning, 1089 
Reproductive duct system 

embryologie/fetal development 
of, 1056/ 


in females, 1035, 1035/ 
in males, 1019, 1019/, 1023/, 1024 
Reproductive system, 1018-1063. 

See also Female reproductive 
system; Male reproductive 
system 

aeeessory organs of, 1018 
autonomic nervous system and, 
540 b, 1059 b 

cardiovascular system and, 74 6b, 
105% 

ease study and, 1063 b 
developmental aspeets of, 
1054-1058, 1056/, 1057/ 
digestive system and, 900 b, 1059 b 
endoerine system and, 62 6b, 105% 
homeostatie relationships of, 
105% 

integumentary system and, 1 6Sb, 
105% 

lymphatie system/immunity and, 
761b, 105% 

muscular system and, 314 b, 105% 
respiratory system and, 843h 
105% 

sexually transmitted infeetions 
and, 1053-1054 

skeletal system and, 195 b, 105% 
thyroid hormone affeeting, 607, 
607/ 

urinary system and, 1013 b, 105% 
Reskhial volume, 821 , 822/ 

Resistanee (airway), 820, 820/ 
asthma and, 820, 840 
Resistanee (eleetrieal), 396 
Resistanee (vascular/peripheral), 702 , 

704, 705-707, 705/, 706/, 709/ 
Resistanee exercise, 305 . See also 

Exercise 

Resistin, 621, 622/, 625 b 
Resohition phase of sexual response, 

in male, 1027 
Resonanee, 577/, 578 
Resorption, bone, 181,192 
Resorption bay, 181 
Respiration, 802 . See also Breathing 
cellular, 5, 83,299, 802, 913 , 914, 
914/, 929/ 

ATP for muscle aetivity and, 
299-300, 299/300/311/ 
redox reaetions in, 37 
eontrol of, 834-838, 834/, 835/, 
836/, 837/ 

external, 802 , 825-827, 826/, 827/ 
gas exchange and, 811,813/, 
824-828, 825/, 826/, 827/ 
gas transport and, 635, 716, 716/, 
802 , 828-832, 830-831/, 832/, 
833/ 

internal, 802, 827-828 
muscles of, 340/, 341/, 818/819 
neural eontrol of, 834-835, 834/, 
835/ 

Respiratory aeidosis 

(hypoventilation), 839 , 1006, 
1009 , 1010/, 1011 b 
renal eompensations and, 1012 
Respiratory alkalosis 

(hyperventilation), 836, 1006, 
1009 , 1010/, lOllb 
renal eompensation and, 1012 


Respiratory/lung alveoli, 805/, 811 , 

812/, 813/ 

developmental aspeets of, 842 
gas partial pressures in, 825, 825/ 
Respiratory bronehioles, 811 , 812/, 

813/ 

Respiratory burst, 641 , 766 
Respiratory eapaeities, 822, 822/ 
Respiratory eartilages, 174, 175/ 
Respiratory eenters 

blood pH affeeting, 1006 
medullary, 447, 834, 834/, 835/ 
respiratory rate/rhythm 

affeeted by, 835-838, 835/, 
836/, 1006 

pontine, 834 - 835 , 834/ 
Respiratory distress syndrome 
adult (ARDS), 847 
infant (IRDS), 821 
Respiratory enzyme complexes, 922 , 

922/ 

Respiratory gases. See also under Gas 
in plasma, 633/ 

transport of, 635, 716, 716/, 802, 
828-832, 830-831/, 832/, 833/ 
Respiratory membrane (blood air 

barrier), 811 , 813/ 
gas exchange at, 802 , 811, 813/, 
825-827, 826/, 827/ 
thiekness/smfaee area of, 811, 
825-826 

Respiratory mucosa, 805 
Respiratory pump, venous return 

and, 704 , 704/, 705/, 709/ 
Respiratory rate/depth 
age affeeting, 842 
alveolar ventilation and, 823, 823/ 
faetors affeeting, 835-838, 835/, 
836/, 837/ 

normal (eupnea), 834 
Respiratory rhythm 
generation of, 835 
normal (eupnea), 834 
Respiratory system, 5/, 7/, 801-848, 

802 , 802/, 805/. See also 
speefie organ or structure and 
under Pulmonary 
in aeid-base balanee, 832, 836, 
836/, 837, 1006 
eompensations for 

abnormalities and, 832, 
837,1011-1012, 1011 
adjustments and, 838-839 
autonomic nervous system and, 
540 b, 843 b 
in body defense, 766 
breathing meehanies and, 

816-823, 817/, 818/, 819/, 820/, 
823/, 823/ 

cardiovascular system and, 74 6b, 
843 b 

ease study and, 848 b 
developmental aspeets of, 841- 
844,842/ 

digestive system and, 843 b, 900 b 
endoerine system and, 626 b, 843 b 
fimetional anatomy of, 802-816, 
802/, 805/ 

fimetions of, 6-7, 7/ 
gas exchange and, 802 , 811, 813/, 
824-828, 825/, 826/, 827/ 
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gas transport and, 635, 716, 716/, 
802, 828-832,830-831/, 832/, 
833/ 

homeostatie imbalanees and, 
839-841, 839/ 

homeostatie relationships of, 5 f 
843 b 

integumentary system and, 1 6Sb, 
843 b 

lymphatie system/immunity and, 
761 b, 843 b 

muscular system and, 314fr, 843 b 
nervous system and, 540 b, 843 b 
nonrespiratory air movements 
and, 823, 824/ 
pregnaney and, 1083 
reproductive system and, 843 b, 
1059 b 

respiration eontrol and, 834-838, 
834/, 835/, 836/, 837/ 
skeletal system and, 195 b, 843 b 
urinary system and, 843 b, 1013 b 
Respiratory volumes, 821, 822/ 
Respiratory zone, 803, 811-812, 812/ 
Respirometer, 941 
Response to injury hypothesis, of 

atheroselerosis, 700b 
Responsiveness (excitability), 5 
muscle eell, 277 

neuron, 5, 6/, 400. See also Nerve 
impulse(s) 

Restenoses, after angioplasty, 701 b 

Resting heart rate, 684 

Resting membrane potential, 79-80, 

79/, 397, 397/, 398/ 
in eardiae muscle eells, instability 
of, 674 

in neurons, 397, 397/, 398/ 
Resting state, of aetion potential, 

400-401,402-403/ 

Resting (quiescent) zone (epiphyseal 

plate), 185,186/ 

Restrietion points, in eell eyele, 97/, 

99 

Restrietive pulmonary disorders, 

pulmonary function testing 
in, 823 

Rete testis, 1020, 1021/ 

Reticular aetivating system (RAS), 

450-451 

Retiailar eells, 130, 132/, 754 
in bone marrow, 636 
in lymphoid tissue, 754, 755/ 
Retiailar eonneetive tissue, 129/, 130, 

132/, 754 

lymphoid tissue, 754, 755/ 
Reticular fibers, 127, 128/, 130, 132/ 
lymphoid tissue, 754, 755/ 
Retioilar formation, 445, 450-451, 

45lt, 452/ 

autonomic regulation by, 538, 
538/ 

Reticular lamina, 118 

Reticular layer of dermis, 151/, 154/, 

155 

Reticulocyte(s), 636, 636/ 
Reticulocyte count, 636 
Reticulospinal traets, 451,469/, 473, 

473/ 

Reticulum, 636 

Retina, 548/, 550/, 551-552, 551/ 


development of, 429,429/, 585 
focusing light on, 554-556, 555/ 
information/visual proeessing in, 
561-562, 562/, 565 
photoreeeptors in. See 
Photoreeeptors 
Retinal (visual pigment), 559 
Retinal artery, eentral, 548f, 550f 

551,551/ 

Retinal detaehment, 552 
Retinal vein, eentral, 548/, 550/, 551, 

551/ 

Retinitis pigmentosa, 563 
Retinol. See Vitamin A 
Retraetion (body movement), 258, 

259/ 

Retrograde amnesia, 458 
Retrograde movement, 392 
Retroperitoneal organs, 853 
Retropulsion, 873 
Retroverted uterus, 1038 
Reuptake, neurotransmitter, 409/, 410 
Reverberating circuits, 422/ 

Reverse transeriptase, HIV and, 793 
Reverse transeriptase inhibitors, for 

HIV infeetion/AIDS, 793 
R group, amino aeid, 47,48/ 

Rh blood groups, 651-652 
Rheumatic fever, 794 
Rheumatism, 275 

Rheumatoid arthritis (RA), 270-272, 

272/, 794 
Rh faetor, 651 
Rhineneephalon, 436 
Rhinitis, 806 
Rhodopsin, 560, 560/ 

light and dark adaptation and, 563 
RhoGAM, 652 

Rhombeneephalon (hindbrain), 429, 

429/ 

Rhomboid major muscle, 327/, 

348-349/, 348/ 

Rhomboid minor muscle, 348-349/, 

348/ 

Rhomboid muscles, 327/, 346/, 

348-349/, 348/ 

Rhythm methods, of eontraeeption, 

1090 b 

Rib(s), 200/, 225/, 226, 226/ 
Riboflavin (vitamin Bj, 912/, 916 
Ribonuclease, 893/ 

Ribonucleic aeid. See RNA 
Ribose, 43,44/ 
in RNA, 55 

Ribosomal RNA (rRNA), 55, 83, 102 
Ribosomes, 63/, 83-84, 83/, 84/, 94/ 
in protein proeessing, 83, 84, 86/, 
104-105, 106-107/, 108/ 
Riboswitches, 105 
RICE, 318 
Riekets, 192, 912/ 

Right aseending lumbar vein, 740/, 

742/ 

Right atrium, 659, 662,663-665/, 

669/ 

Right braehioeephalie vein, 736-737/, 

736/ 

Right bundle braneh, 676 
Right eolie artery, 730/, 732/, 733/ 
Right eolie (hepatie) flexure, 887, 

888 / 


Right eommon earotid artery, 724/, 

724/, 726/, 728/ 

Right eommon iliae artery, 724/, 724/, 

732/, 733/ 

Right eoronary artery, 663/, 670, 670/, 

724/, 724/ 

Right gastrie artery, 730/, 731/, 731/ 
Right gastroepiploie artery, 730/, 

731/731/ 

Right gastroepiploie vein, 743/ 

Right hypoehondriae region, 19, 20/ 
Right iliae (inguinal) region, 19, 20/ 
Right lobe, of liver, 878, 879/ 

Right lower quadrant (RLQ), 19, 19/ 
Right lumbar region, 19, 20/ 

Right lymphatie duct, 753/, 754 
Right main bronchus, 802/, 810 
Right marginal artery, 663/, 670, 670/ 
Right pulmonary artery, 663-665/, 

722/, 722/ 

Right pulmonary vein, 663-665f, 

722/, 722/ 

Right subclavian artery, 724/, 724/, 

726/, 728/, 729/ 

Right suprarenal vein, 736/, 743/ 

Right upper quadrant (RUQ), 19, 19/ 
Right ventriele, 659, 662, 663-665/, 

668, 669/, 670/ 

Rigor mortis, 292/, 293 
Ringer’s solution, for volrnne 

restoration, 653 
Risorius muscle, 330/, 331/ 

RNA (ribonucleic aeid), 53, 55, 55/, 

102 

in ehromatin, 93, 93/ 
digestion of, 893/, 895 
intron DNA eoding for, 105-106 
messenger (mRNA), 55, 102, 

102/, 109/ 

proeessing of, 102/, 103-104 
in transeription, 102-104, 

103/ 

in translation, 105, 106-107/ 
miero (miRNAs), 55, 104, 105 
in protein synthesis, 102-105, 

102/, 103/, 104/, 106-107/, 109/ 
ribosomal (rRNA), 55, 83, 102 
short interfering, 1102 
short-lived, 102 
single-stranded miero, 1102 
small, 1102 

transfer (tRNA), 55, 102, 109/ 
in translation, 104-105, 
106-107/ 

RNA polymerase, 103, 103/ 

RNA primers, 97 

Rod(s), 55, 550/, 551, 556-563, 558/ 

See also Photoreeeptors 
ATP synthase, 923, 923/ 
eones eompared with, 559, 559/ 
eleetromagnetie speetmm and 
sensitivities of, 554/ 
light and dark adaptation and, 

563 

Rod dises, 558, 558/ 

Rod inner segments, 557, 558/ 

Rod outer segments, 557, 558/ 
Rogaine. See Minoxidil 
Roof 

of nasal eavity, 213 
of orbit, 213 


Root 

hair, 151/, 157, 158/ 
of lung, 814/815 
nail, 160, 160/ 

nerve, braehial plexus, 504f, 505, 
505/ 

of nose, 803, 803/ 
ofpenis, 1022, 1023/ 
of tongue, 857 
of tooth, 860-861, 860/ 

Root eanal, 860/, 861 
Root eanal therapy, 861 
Root hair plexus (hair folliele 

reeeptor), 151/, 157, 163,485/, 
486 

Rooting reflex, 899 

Rootlets, spinal nerve, 465/, 501, 502/ 

Rosaeea, 172 

Rotation (body movement), 257/, 258 
of lower limb, 380/, 381/ 
of upper limb, 358/, 359/ 
Rotational aeeeleration, erista 

ampullaris response to, 581, 
582/ 

Rotator cuff, 264, 265/ 
muscles of, 350/, 351/ 

Rotator muscles of thigh, lateral, 

366-368/, 368/ 

Rotor, ATP synthase, 923, 923/ 
Rough endoplasmie reticulum, 63/, 

83, 84, 84, 84/, 86/, 87/, 94/ 
protein proeessing in, 105, 108/ 
Round ligament (ligamentum teres), 

878, 879/, 1080/, 1087 
Round ligament of uterus, 1035/, 

1037/, 1038 

Round window, 571/, 572, 577/ 
rRNA. See Ribosomal RNA 
Rubrospinal traet, 469/ 472/ 473, 473/ 
Ruffini endings (bulbous corpuscles), 

486/, 487 

Ruffled border, osteoelast, 181,187 
Rugae 

of bladder, 980, 981/ 
gastrie, 865, 865/ 

Rule of eights (oetet mle), 31 
Rule of nines, 165, 165/ 

Runner’s reflux, 863 
Ruptured eardrum, 584 

S. See Sulfur 

Saccule, 573, 573/, 576/, 580, 580/ 
Saeral artery, median, 730/, 732/, 732/ 
Saeral eanal, 224, 224/ 

Saeral erests 

lateral, 224, 224/ 
median, 224, 224/ 

Saeral curvature of spine, 218, 218/, 

244 

Saeral foramina, anterior and 

posterior, 224, 224/ 

Saeral hiatus, 224, 224/ 

Saeral nerves, 465/, 501, 501/ 

Saeral part, of parasympathetie 

nervous system, 528/, 529 
Saeral plexus, 501/, 508-509, 508/, 

509/ 

Saeral promontory, 222-224, 224/, 

235/ 

Saeral splanehnie nerves, 531,532/ 
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Saerifkial bonds, in bone, 183 
Saeroiliae joint, 222, 235, 235 f 255/ 
Saerospinalis (ereetor spinae) 

muscles, 338í, 339/ 
Sacrospinous ligament, 235 
Sacrotuberous ligament, 235 
Saeram, 200/, 218, 218/, 222-224, 

224/, 235/, 237í 
Saddle joints, 258, 261/ 

Sagittal plane/seetion, 14, 15/ 

Sagittal sinuses 

inferior, 738-739/, 738 1 
superior, 460/, 738-739/, 738 1 
Sagittal suture, 201, 202,203/ 

Saline, for volume restoration, 653 
Saliva, 858, 885 1 

in body defense, 770t, 859 
eomposition of, 859 
eontrol of production of, 859 
Salivary amylase, 5ìt, 859, 885f, 892, 

893/ 

Salivary glands, 850/, 858-859, 858/ 
autonomic innervation/effeets 
and, 527/, 528/, 532/, 53 6t, 859 
Salivation, eontrol of, 859 
Salivatory nuclei, 528, 859 
Salpingitis, 1063 
Salt(s), 32, 39 

Salt (table). See Sodium ehloride 
Saltatory conduction, 405,406/ 

Salt substitutes, potassium in, 1003 
Salty taste, 569 
Saphenous nerve, 507/ 

Saphenous veins, great and small, 

737/, 744/, 744í 
Sareo (prefix), 277 
Sareolemma, 277, 279 
eardiae muscle, 672/ 
skeletal muscle, 277, 279, 280/, 
283í 

smooth muscle, 306 
Sareoma, 149. See also Cancer 
Sareomeres, 281 

eardiae muscle, 671, 672/ 
skeletal muscle, 280/, 281, 282/, 
283í, 285, 285/ 
length-tension relationships 
in, 301/, 302, 302/ 
Sareopenia, 315 
Sareoplasm, 277, 279 
Sareoplasmie reticulum, 85, 284, 31 ìt 
in eardiae muscle, 311 1, 671, 672/, 
673 

in skeletal muscle, 284, 284/, 311 1 
in smooth muscle, 306, 311 1 
Sartorms muscle, 326/, 363/, 364/, 

380/ 

Satellite eells 

muscle, 312, 312/ 
neuroglia, 389/, 390 
Satiety signals, food intake regulation 

and, 939, 940/ 

Saturated fats, 46, 908 
Saturation 

of earrier proteins, 69 
hemoglobin, 828-829, 830-831/, 
832/ 

altitude affeeting, 839 
“Saturday night paralysis,” 506 
Seab, 142, 143/ 

Seala(e), 573-575 


Seala media (eoehlear duct), 573, 

573/, 574/, 575, 576/, 577/ 

Seala tympani, 574/, 575, 577/ 

Seala vestibuli, 574/, 575, 577/ 

Sealene muscles, 336/, 337/ 

Sealp, muscles of, 329/, 329/, 331/ 
Seanning eleetron mieroseopy (SEM), 

118 

Seaphoid, 232/, 233/, 234 
Scapulae (shoulder blades), 200/, 227, 

227/, 228, 229/, 233/ 
muscles eontrolling movement of, 
346-348/, 347-349/ 

Scapular nerve, dorsal, 504/, 505/ 
Scapular spine, 228, 229/ 

Sear tissue, 142, 143, 143/, 144 
keloid, 149 

Sehleiden, Matthias, 62 
Schwann, Theodor, 62 
Schwann eells (neurolemmocytes), 

389/, 390, 391/ 

myelin sheaths formed by, 389/, 
390, 392-393, 392/ 
in PNS nerve fiber regeneration, 
491,492/ 

Seiatiea, 509 

Seiatie nerve, 369/, 508-509, 508/, 

509/ 

Seiatie noteh 

greater, 235, 236/, 237/ 
lesser, 235, 236/ 

Selera, 545/, 548/, 549, 550/ 

Seleral venous sinus, 548/, 552, 552/ 

Seleroderma, 172 

Seleroses, in multiple selerosis, 405 

Selerotherapy, 750 

Selerotome, 1077, 1078/, 1079/ 

Seoliosis, 218, 219/, 244-245 

Seotoma, 590 

Serotal septum, 1019, 1020/ 

Scrotum, 620,1019,1019-1020, 

1019/, 1020/, 1022/ 
embryologie/fetal development 
of, 1055, 1057/ 

Scurvy, 149, 912/ 

Sebaceous (oil) glands, 125, 126/, 

151/, 161-162, 161/, 167 
Seborrhea, 162 
Sebum, 162 

Seeondary aetive transport, 73, 75/, 

78/ 

in tubular reabsorption of 

nutrients/water/ions, 969, 970/ 
in tubular reabsorption of 
sodium, 969, 970/ 

Seeondary brain vesieles, 429,429/ 
Seeondary (lobar) bronehi, 810, 811/ 
Seeondary eapillary plexus, 599, 601/ 
Seeondary curvatures, 244 
Seeondary folliele, 1036/, 1044/, 1045, 

1046/, 1050/ 
late, 1045,1046/ 

Seeondary hypertension, 711 
Seeondary immune response, 778/, 

779, 779/, 780 

Seeondary lymphoid organs, 776 
Seeondary ooeyte, 1044-1045, 1044/, 

1046/ 

fertilization of, 1044/, 1045, 1065- 
1067, 1065/, 1068-1069/, 

1070/. See also Fertilization 


Seeondary ossifieation eenters, 184, 

184/ 

Seeondary sensory (flower spray) 

endings, 514, 514/ 

Seeondary sex eharaeteristies 
female, 1051, 1052/, 1058 
male, 1034-1035, 1052/, 1058 
Seeondary spermatoeytes, 1029, 

1031/ 

Seeondary structure of protein, 48,49/ 
Seeond-elass lever, 324, 325/ 
Seeond-degree burns, 166, 166/ 
Seeond-degree heart bloek, 679/ 
Seeond intention, healing by, 149 
Seeond messengers, 81, 82/, 419,421, 

593 

in hormone meehanism of aetion, 
593-595, 594/ 

Seeond-order neurons, in aseending 

pathways, 469, 470/ 

Seeond polar body, 1044/, 1045 
Seeond (expulsion) stage of labor, 

1086, 1086/ 

Seeretin, 622/, 868/, 872, 877, 883- 

884, 884/ 

Seeretion 

glandular, 124 

modes of, 124-125, 126/ 
renal tubular, 963, 963/, 972, 973/. 
See also Tubular seeretion 
Seeretory IgA, 783/ 

Seeretory (postovulatory) phase of 

uterine (menstraal) eyele, 
1050/, 1051 

Seeretory region of neuron, 391, 391/ 

394/ 

Seeretory unit (acinus), of 

multicellular exocrine gland, 
124,126/ 

Seeretory vesieles/gramiles, 77, 77/, 

85, 85/, 86/, 87/ 

Seetioning, tissue, for mieroseopy, 

117 

Seetions (body), 14, 15/ 

Segmental arteries, 957, 958/ 
Segmental (tertiary) bronehi, 810, 811/ 
Segmental level of motor eontrol, 

511-512,512/ 

Segmentation (digestive), 851/, 852, 

885/, 886 , 886/, 890 
Segregation (ehromosome), 

independent assortment and, 
1097-1098, 1097/ 

Seizures, 452-453 
Seleetive estrogen reeeptor 

modulators, for osteoporosis, 
193 

Seleetive permeability, 68. See also 

Membrane(s), permeability of; 
Membrane transport 
Selenmm, 26/, 912, 915/ 

Self-antigens, 774, 786 

autoimmune disease and, 794 
development of toleranee to, 776, 
776/ 

MHC proteins and, 784 
Self-propagating aetion potential, 

404,404/ 

Self-toleranee, 776, 776/ See also Self- 

antigens 
failure of, 794 


Sella turcica, 205/, 207/, 209, 209/, 

214/216/ 

Semen, 1024, 1026 
Semieirailar eanals, 571/, 573, 573/, 

576/ 

in equilibrium, 580, 581, 582/ 
Semieiroilar duct, 573, 573/, 576/ 
Semieonservative replieation (DNA), 

97, 98/ 

Semilunar eartilages (menisei of 

knee), 262-263,262-263/ 
injuries of, 264,264/, 269, 269/ 
Semilunar valves, 666/, 667, 668/. See 

also Aortie valve; Pulmonary 
valve 

Semimembranosus muscle, 327/, 

367/, 369/, 380/ 

Seminal glands/vesieles, 1019,1019/, 

1023/, 1024-1025, 1056/ 
Seminiferous tubules, 1020, 1021/, 

1031/ 

spermatogenesis in, 1020, 
1029-1033, 1031/, 1032/ 
Semispinalis eapitis/eervieis/thoraeis 

muscle, 338/, 339/ 
Semitendinosus muscle, 327/, 367/, 

369/, 380/ 

Sensation, 484, 487. See also under 

Sensory 

Sense organs, 485. See also Sensory 

reeeptors 

Sensible heat loss/perspiration, 163, 945 
Sensible water loss, 995 
Sensorineural deafness, 584 
Sensory areas, 432,434/, 435-436 
Sensory (afferent) division of 

peripheral nervous system, 
387, 388/ 

Sensory endings, 151/, 153/ 
primary, 514, 514/ 
seeondary, 514, 514/ 

Sensory fibers 

somatie, 387, 388/, 490 
viseeral, 387, 388/, 490 
Sensory ganglia, eranial, 501 
Sensory input, 387, 387/ 

integration of, 487-490,488/ 
Sensory integration, 487-490,488/, 

490/ 

Sensory (afferent) nerves, 490 
Sensory (afferent) neurons, 395, 395/ 
in reflex are, 422,422/, 513, 513/, 
533, 533/ 

somatie (SS), 468,468/ 
viseeral (VS), 468,468/ 

Sensory (aseending) pathways/tracts, 

468,468-469,469/, 470/, 471/ 
Sensory reeeptors, 484-487,485- 

486/. See also speeifie type 
elassifieation of 

by loeation, 484-485 
by stimulus type, 484 
by structure/function, 
485-487, 485-486/ 
cutaneous, 151/, 152,153/, 154, 
163 

peripheral, 484-487,485-486/ 
in reflex are, 422,422/, 513, 513/, 
533, 533/ 

sensory integration at level of, 

487,487-488,488/ 
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for speeial senses. See Speeial 
senses 

Sensory terminals (reeeptive 

endings), 393, 394í 
Sentinel node, in eaneer, 763 
Sepsis (septie shoek), 717,800 
burn injury and, 165 
Septal eartilage, 214/, 215, 803, 803/ 
Septal defeets of heart, 686, 687/ 
Septal nuclei, 449,449/ 

Septieemia, 657 
Septie shoek (sepsis), 717,800 
in burn injury, 165 
Septum 

interatrial, 662 
interventricular, 662, 665/ 
nasal, 215 

deviated, 848 
serotal, 1019, 1020/ 
testiailar, 1020, 1021/ 

Septum pellucidum, 430,431/, 440/ 
Serial proeessing, 421-422,422/ 
Seromucous glands 
nasal, 805, 844 
traeheal, 809, 810/ 

Serosa(e), 18,142. See also Serous 

membranes 

Serotonin, 414,415f, 647, 866 
in bone remodeling, 187 
digestion/gastrie seeretion and, 
866, 868í 

platelet aggregation and, 647 
Serous eells, 858 

in salivary glands, 858, 858/ 
Serous fluid, 18, 19/, 142 
Serous membranes (serosae), 18-19, 

19/, 141/, 142 

of alimentary eanal (viseeral 
peritoneum), 18, 141/, 852, 

853/, 854/, 855, 889/ 
of stomaeh, 865/, 867/ 

Serous pericardium, 660, 661/ 
Serratus anterior muscle, 32 6f, 346/, 

347/ 

Sertoli eells (sustenocytes), 1020, 

1021/, 1031/, 1032-1033 
Semm, 649 

Sesamoid bones, 175-176, 232/ 

Set point, in homeostasis, 9 
Severe eombined immunodeficiency 

(SCID) syndromes, 793 
Sex (gender) 

basal metabolie rate and, 941 
genetie, determination of, 1054- 
1055 

Sex eharaeteristies, seeondary 
female, 1051, 1052t, 1058 
male, 1034-1035, 1052f, 1058 
Sex ehromosomes, 1054,1096, 

1101/ 

homeostatie imbalanees and, 
1054-1055 

inheritanee patterns and, 1100 - 

1101, 1101/ 

Sex hormones, 46/, 47,1018. See also 

speeifie hormone 
adrenal, 612,615, 616f 
bone growth and, 186 
gonadal seeretion of, 620 
protein synthesis/growth and, 910 
terminal hair growth and, 159 


Sex-linked inheritanee, 1100-1101, 

1101/ 

Sexual differentiation, 1055,1056/ 

1057/ 

Sexually indifferent stage, 1055, 

1056/, 1057/ 

Sexually transmitted infeetions/ 

diseases (STIs/STDs), 
1053-1054 

urinary infeetions and, 985 
Sexual response 

female, 1051-1053 
male, 1026-1027 
Shaft 

ofbone 

of metaearpals, 232/ 
of rib, 226, 226/ 
hair, 151/, 157, 158/ 
ofpenis, 1022, 1023/ 

Sharpey’s (perforating) fibers, 

178-179, 178/, 182/ 

Shell temperature, 944 
Shinbone. See Tibia 
Shingles (herpes zoster), 427 
Shin splints, 384 
Shivering, 944, 946 
Shoek 

anaphylaetie, 717, 795 
eardiogenie, 717 
circulatory, 717, 720/ 
autonomic effeets and, 
536-537 

hypotension and, 711 
hypovolemie, 717, 720/, 967, 995 
neurogenic, 717 
septie (sepsis), 717, 800 
in burn injury, 165 
spinal, 474 
vascular, 717 

Shoek wave lithotripsy, for renal 

calculi, 980 

Short bones, 175-176, 176/, 177 
Short interfering RNAs, 1102 
Short-lived RNA, 102 
Short reflexes, 852, 853/, 886, 886f 
Short-term (working) memory 

(STM), 456,456/ 

Shoulder blades. See Scapulae 
Shoulder disloeation, 228, 264 
Shoulder (peetoral) girdle, 227 
bones of, 200/, 227-228, 227/, 

233/ 

muscles of, 326/, 327/, 346-348Í, 
347-349/, 358/ 

Shoulder (glenohumeral) joint, 254f, 

264, 265/ 

muscles erossing/aeting on, 326/, 
327/, 350-352/, 351-352/, 358/ 
SIADH. See Syndrome of 

inappropriate ADH seeretion 
Siekle-eell anemia, 639-640, 639 f 

1100 

Siekle-eell erisis, 1100 
Siekle-eell trait, 640,1100 
Siekling gene(s), 639-640, 1100 
genetie sereening for, 1103 
SIDS (sudden infant death 

syndrome), 848 

Sigmoidal artery, 730/, 732/, 733/ 
Sigmoid eolon, 850/, 887, 888/ 
Sigmoid mesoeolon, 889/ 


Sigmoid sinus, 738-739/, 738/ 
Signaling ehemieals, 81 
Signaling pathways, in eaneer, drugs 

targeting, Ì46b 

Signal reeognition partiele (SRP), 

105,108/ 

Signal sequence, 105,108/ 

Signal transduction, membrane 

proteins in, 65, 66/ 

Silieon, 26/ 

Simple earbohydrates, 909/. See also 

Sugars 

Simple diffhsion, 68, 69/, 72/ 

Simple epithelium, 119-122,119, 

119/, 120-121/ 
eohimnar, 120 , 121/ 
cuboidal, 120 , 121/ 
pseudostratified eolmnnar, 
120 - 122 , 122/ 
squamous, 120 , 120/ 

Simple folliele retention eysts, 1063 
Simple (elosed) fracture, 191 
Simple glands, 124, 126/ 

Simple masteetomy, 1043 

Simple sugars (monosaeeharides), 43, 

44/, 892 

Sine wave, 575/, 576 
Single eovalent bond, 32-33, 33/ 
Single-stranded mieroRNAs, 1102 
Sinoatrial (SA) node, 675, 675/ 
defeetive, 676 

Sinus (bone marking), 179, 180f 
Sinuses, paranasal, 215, 215/, 805/, 

806 

Sinus headaehe, 806 
Sinusitis, 806 

Sinusoids/sinusoidal eapillaries, 636, 

695/, 697, 697/ 
endometrial, 1039,1039/ 
in liver, 878, 880/ 
in splenie pulp, 757/, 758 
Sinus rhythm, 675, 679/ 

Sinus venosus, 685, 686/ 

Sister ehromatids, 93/, 100/, 1028/, 

1029, 1030/ 

Size prineiple of reeraitment, 296,296/ 
Skeletal eartilages, 173-174, 175/ 
Skeletal muscle(s)/skeletal muscle 

tissue, 138, 138/, 277, 278- 
305, 283/, 310-311/, 319-385. 
See also speeifie named muscle 
and Muscular system; Skeletal 
muscle fibers/eells 
aetions/interaetions of, 319-320, 
321/ 

anabolie steroids affeeting, 312, 
313 b 

attaehments of, 278-279 
naming muscles and, 320 
blood supply of, 278, 712, 712/, 
713-714 

ease study and, 318b 
eonneetive tissue sheaths of, 278, 
279/, 283/, 310/ 

eontraetion of, 277, 285-293, 285, 
285/, 286/, 287/, 288/, 293-298, 
294/, 295/, 296/, 297/, 311/ 
aetion potential generation/ 
propagation and, 285-286, 
286-289, 286/, 287/, 288/, 
289/ 


eross bridge aetivity and, 281, 
284/, 289-293,292/ 
energy for, 298-300, 299/, 300/ 
excess postexercise oxygen 
consumption (EPOC) 
and, 301 

excitation-contraction 
coupling and, 286f, 289, 
290-291/ 

fiber types affeeting veloeity/ 
duration of, 303-304, 303/, 
303/ 

foree of, 301-302, 301/, 302/ 
frequency of stimulation 
affeeting foree and, 294- 

295, 295/301-302, 301/ 
graded responses and, 294- 

296, 295/, 296/ 

heat production and, 278, 

301, 944 

ion ehannels in, 287/, 288, 

288/, 289,289/ 
isometrie, 293, 297/, 298 
isotonie, 293, 297-298, 297/ 
load affeeting, 293, 304, 304/ 
motor unit and, 293, 294/ 
muscle fatigue and, 295, 
300-301 

muscle streteh affeeting foree 
of, 301/, 302, 302/311/ 
muscle tone and, 298 
muscle twitch and, 293-294, 
295/ 

nerve stimulus/neuromuscular 
junction events and, 286, 
286/287/311/ 
stimulus frequency and, 
294-295, 295/, 

301-302, 301/ 
stimulus strength and, 

296, 296/ 

number of stimulated fibers 
affeeting foree of, 301, 301/ 
reeraitment affeeting, 296, 
296/, 304 

sareoplasmie reticulum and T 
tubules in, 284, 310/, 311/ 
of single muscle fiber, 285- 
293, 285/, 286/, 287/, 288/ 
size of fibers affeeting foree of, 
301,301/ 

sliding filament model of, 285, 
285/ 

velocity/duration of, 302-304, 
303/, 303/, 304/ 
of whole muscle, 293-298, 

294/, 295/, 296/, 297/ 
development of, 312-315, 312/, 

313 b 

exercise affeeting, 304-305 
glyeogenolysis in, 933, 934/ 
gross anatomy of, 278-279, 279/, 
283/ 

homeostatie imbalanees and, 
312-315 

homeostatie relationships of, 314 b 
innervation of, 278, 511 
motor units, 293, 294/ 
nerve stimulus/ 

neuromuscular junction 
events and, 286, 286/, 287/ 
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Skeletal muscle(s)/skeletal muscle 

tissue, (eontd.) 

metabolism in, 298-301,299/ 300/ 
glyeogenolysis and, 933, 934/ 
mieroseopie anatomy of, 

279-285, 280/, 283f 
movement and, 5, 6/, 256, 277 
naming, 320-322 
skeletal system (bones) and, 195 b, 
314 b 

lever systems and, 323-324, 
323-324/, 325/ 

thyroid hormone affeeting, 607, 

6071 

Skeletal muscle fibers/eells, 138,138/, 

277, 279-285, 280/, 283f, 310f. 
See also Skeletal muscle(s)/ 
skeletal muscle tissue 
anatomy of, 279-285,280/, 283 1 
in motor unit, 293, 294/ 
naming muscles and, 320 
physiology/eontraetion of, 

285-293,286/, 287/, 288/ See 
also Skeletal muscle(s)/skeletal 
muscle tissue, eontraetion of 
foree of eontraetion affeeted 
by, 301-302, 301/302/ 
types of, 303-304, 303/, 303f 
Skeletal system, 6/, 199-248, 200/ 

See also Cartilage(s); Joint(s); 
Ligament(s); Skeleton 
autonomic nervous system and, 
195 b, 540 b 

cardiovascular system and, 195 b, 
74 6b 

ease study and, 198 b, 248 b 
digestive system and, 195 b, 900 b 
endoerine system and, 19 5b, 626b 
fimetions of, 6/ 

homeostatie relationships of, 195 b 
integumentary system and, 1 6Sb, 
195 b 

lymphatie system and, 195 b, 76ìb 
movement and, 5, 6/ 
muscular system and, 195 b, 314 b 
lever systems and, 323-324, 
323-324/, 325/ 

parathyroid hormone affeeting, 
188,188/ 

reproductive system and, 195 b, 
1059 b 

respiratory system and, 195 b, 843 b 
thyroid hormone affeeting, 607, 
6071 

urinary system and, 195 b, 1013 b 
Skeleton, 199-248, 200/ See also 

Bone(s)/skeletal tissue 
appendicular, 174, 175/, 200/, 
227-243, 243 1 

axial, 174, 175/, 199-227, 200/ 
ease study and, 198 b, 248 b 
developmental aspeets of, 244- 
245, 244/, 245/ 
homeostatie imbalanees and, 
244-245,244/ 

hormones produced by, 177, 622 1, 
623 

parathyroid hormone affeeting, 
188,188/ 

thyroid hormone affeeting, 607, 
607t 


Skills (procedural) memory, 457, 457/ 
Skin (cutaneous membrane/ 

integument), 6/, 122, 140, 

141/, 150-157 
aging affeeting, 167 
appendages of, 151/, 157-162, 

158/, 160/, 161/ See also 
speeifie structure 
artifieial/synthetie, for burn 
injury, 166 

autonomic innervation/effeets 
and, 527/, 532/, 537, 540fr 
biologieal barriers and, 163 
as blood reservoir, 163 
in body defense, 5, 5/, 6/, 162-163, 
764, 765-766, 765/, 770t 
boundary maintenanee and, 5, 5/, 
6/, 118, 162-163 
burn injuryand, 165-167, 165/, 
166/ 

ease study and, 172 b 
ehemieal barriers/proteetive 
seeretions and, 162, 765, 7701 
eolor of, 156-157 

polygenie inheritanee and, 

1101,1101/ 

cutaneous sensation (reeeptors/ 
sense organs) and, 151/, 152, 
153/, 154, 163 

developmental aspeets of, 167 
excretion via, 163 
fimetions of, 6/, 151, 162-164 
homeostatie imbalanees of, 164- 
167, 164/, 165/, 166/ 
homeostatie relationships of, 5 f, 

168 b 

hormones produced by, 622 1, 623 
innervation of, 509-510, 510/ 
metabolie fimetions of, 163 
nervous structures in, 151/ 
perfusion (blood flow) of, 712/, 

715 

in thermoregulation, 163, 715 
as physieal barrier, 162-163 
proteetive fimetions of, 5, 5/, 6/, 
162-163, 764, 765-766, 765/, 
7701 

sun damage and, 156 

melanin in proteetion from, 
152, 156, 162 

in temperature regulation, 163 
thiek, 152 
thin, 152 

Skin eaneer, 164-165, 164/ 

Skin-fold test, 953 

Skin grafts, for burn injury, 166 

Skin pateh, for eontraeeption, 1090- 

1091 b 

Skin pigments, 156 

Skin (decubitus) ulcers, 171 

Skull, 200/, 201-215, 201/, 202/, 

203/, 204-205/, 206/, 207/, 
216-2171,2541 
eongenital abnormalities 
affeeting, 244, 244/ 
developmental aspeets of, 244, 
244/ 

Sleep, 454-455,454/ 

eleetroeneephalogram/brain 
waves during, 452,453/, 454, 
454/, 455 


Sleep apnea, 455, 842 
Sleep patterns, 454-455 
Sleep-wake eyeles, 454-455,454/ 
hypothalamus and, 442,454 
reticular aetivating system and, 
451,454 

Sliding filament model of 

eontraetion, 285, 285/ 
in smooth muscle, 307 
Slipped (herniated/prolapsed) dise, 

219-220, 220/, 245 
Slit diaphragm, 964/, 965 
Slow bloek to polyspermy, 1066, 

1069/ 

Slow Ca 2+ ehannels, in eardiae 

muscle eontraetion, 673, 673/ 
Slow fibers, 302-303, 302, 303/, 3031 
Slow oxidative fibers, 302-303, 302, 

303/, 3031 

Slow-wave sleep, 454 
Small eardiae vein, 663/, 670, 670/ 
Small eell eareinoma, of lung, 841 
Small eell (lateral) nuclear group, 450 
Small intestine, 850/, 874-875, 875- 

878, 875/, 876/, 877/, 8851 
autonomic innervation/effeets 
and, 528/, 532/, 886, 8861 
bile and panereatie juice seereted 
into, 883-884, 884/ 
in ealemm regulation, 1003 
digestive proeesses occurring in, 
851/, 876-877, 876/, 884-887, 
8851, 8861, 893/, 894/, 895 
motility of, 886-887, 8861 
Small RNAs, 1102 
Small saphenous vein, 737/, 744/, 

7441 

Smell, 565-567, 566/, 567/ See also 

under Olfaetory 

eortieal areas for, 434/, 436, 567 
development of sense of, 584-585 
disorders/homeostatie imbalanees 
in sense of, 570 
taste sensation and, 569 
Smell transduction, 567, 567/ 
Smoking 

COPD and, 839, 840 
hypertension and, 711 
lung eaneer and, 841 
pregnaney and, 1083 
traeheal eilia affeeted by, 809 
Smooth endoplasmie reticulum, 63/, 

84-85, 84/, 87/, 941 
Smooth muscle/smooth muscle 

tissue, 138, 139/, 277, 305- 
309,310-3111 
bronehial, 811 

eontraetion of, 307-309, 308f, 

3111 

development of, 312-315 
innervation of, 306, 30 6f 308, 

3111 

mieroseopie anatomy of, 305- 
307, 306/, 307/ 
multi unit, 309 
unitary (viseeral), 309 
Smooth muscle fibers/eells, 305-307, 

306/307/3101 

Smooth muscle plastieity, gastrie 

aeeommodation and, 873 
Smooth muscle tone, 308 


SNARE proteins, information 

transfer at ehemieal synapse 
and, 408 

Sneeze, 805, 8241 
Sodium, 261, 913, 9151 
absorption of, 897 
balanee of, 997-999, 9991 
abnormalities of, 9981 
developmental aspeets of, 

1012 

regulation of, 999-1000, 

1000 /, 1001 /, 1002 / 

as ehemieally reaetive element, 

31 / 

eoneentration versus eontent and, 
999, 9991 
dietary, 913, 9151 
in fluid and eleetrolyte balanee, 
997-999, 9981, 9991 
in plasma/interstitial fluid/ 
intraeelMar fluid, 992-993, 
992/ 

resting membrane potential and, 
79/, 80, 397, 398/ 
sodium ehloride formation and, 
32, 32/ 

in taste transduction, 569 
tubular reabsorption of, 968-969, 
970/, 973/, 999-1000, 1000/ 
Sodfiim biearbonate, 41, 1005. See 

also Biearbonate 
Sodium ehannels, 396/ 

aetion potential and, 400-401, 
402-403/ 

muscle eontraetion and, 287/, 288, 
288/, 289, 289/ 
in eardiae muscle, 672, 673/ 
Sodium ehloride, formation of, 32, 

32/ 

Sodium-glucose symport transporter 

(Na + -glucose symport 
transporter), 75/, 897/ 

Sodium hydroxide, 39, 1005 
Sodmm-potassfiim pump (Na + -K + 

ATPase), 73 

aetion potential and, 401 
earbohydrate absorption and, 

896, 897/ 

in primary aetive transport, 73, 
74/, 75/ 

tubular reabsorption of 
sodium and, 969, 970/ 
resting membrane potential and, 
80, 397, 398/ 

in seeondary aetive transport, 73 
tubular reabsorption of 
nutrients/water/ions and, 
969, 970/ 

tubular reabsorption of 
sodfiim and, 969, 970/ 

Soft ealfiis, in bone repair, 191, 191/ 
Soft keratin, 157, 160. See also Keratin 
Soft palate, 803, 804/, 856/, 857 
Sole of foot, muscles on, 376-3781, 

377/, 379/ 

Soleus muscle, 326/, 327/, 371/, 372/, 

3731, 374-375/, 3801 
Sol-gel transformation, 30 
Solid(s), 24 

Solitary nucleus, in gustatory 

pathway, 569, 570/ 
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Soluble fiber, 908 
Solute(s), 29 

exchanges of among fluid 
eompartments, 993, 993/ 
tubular reabsorption of, 969-970, 
970/ 

Solute pumps, 73, 78í 
Solution(s), 29-30, 29/ 

Solvent(s), 29 

skin penetrated by, 162 
universal (water), 29, 38, 991 
Soma (eell body), of neurons, 390, 

391/394Í 

Somatie afferent fibers/nerves, 387, 

388/, 490 

Somatie efferent nerves, 490 
Somatie mesoderm, 1077, 1079/ 
Somatie (primary) motor cortex, 433, 

434/, 435, 435/ 

Somatie motor fibers, 387, 388/, 490 
Somatie motor (SM) neurons, 286, 

286/, 287/, 311 1, 468,468/ See 
also Motor (efferent) neurons 
Somatie nervous system, 387, 388/ 
autonomic nervous system 

eompared with, 525-526, 526/ 
motor neurons of, 286, 286/, 287/, 
31 11, 468,468/ See also Motor 
(efferent) neurons 
sensory neurons of, 468,468/ 

See also Sensory (afferent) 
neurons 

Somatie reeombination, 513 

antigen reeeptor diversity and, 

777 

Somatie sensory areas, 434/ 

Somatie sensory fibers, 387, 388/, 490 
Somatie sensory (SS) neurons, 

468,468/ See also Sensory 
(afferent) neurons 
Somatodendritie synapses, 407 
Somatomammotropin, human 

ehorionie (hCS/human 
plaeental laetogen), 1074, 

1083 

Somatosensory assoeiation cortex, 

434/, 436 

Somatosensory cortex, primary, 434/, 

435-436,435/, 476 
Somatosensory homunculus, 435/, 

436 

Somatosensory system, 487-489,488/ 
Somatostatin (growth hormone- 

inhibiting hormone/GHIH), 
4166 417, 601/6026 6036 

604,866-867 

digestion/gastrie seeretion and, 
866-867, 868f 
panereas producing, 618 
Somatotopy, 433,435/, 468 
Somatotropie eells, 602 
Somatotropin/somatotropie 

hormone. See Growth 
hormone 

Somites, 1076/, 1077, 1078/, 1079/ 
Sonography (ultrasound), 16-17fi, 

1094 

in stroke evaluation, 475 
Sòrensen, Sòren, 40 
Sound quality, 576 
Sounds of Korotkoff, 710 


Sound/sound waves, 575-576, 5756 

576/ 

eortieal proeessing of, 579 
loealization of, 579 
transmission of to internal ear, 
577, 577/ 

Sound transduction, 578 

Sour taste, 569 

Spasm (muscle), 318 

Spastie paralysis, 474 

Spatial diserimination, 435,489 

Spatial summation, by postsynaptie 

neuron, 411/, 412,4121 
Speeial senses, 485, 544-590. See also 

speeifie sense and structure 
ease study and, 5906 
ehemieal (taste and smell), 
565-570, 584-585 
developmental aspeets of, 

584-586 

ear (hearing and balanee), 
570-584, 571/, 585 
eye and vision, 545-565, 545/, 585 
Speeial sensory reeeptors, 485, 544. 

See also speeife type 
Speeifie gravity, of urine, 979 
Speeifie (adaptive) immune system/ 

defenses, 765, 765/, 773-796, 
791/, 792t 

antigens, 773-774, 774/ 
eells of, 774-778, 775/, 776/, 777/, 
779f, 792t 

cellular immune response, 779 1, 
784-790, 785/, 786/, 787/, 788/, 
789/, 790 1 

humoral immune response, 765/, 
773, 778-784, 779/, 7796 780/, 
781/, 782/, 783f 
Speetrin, 516 634 
Speetroseopy, magnetie resonanee 

(MRS), 176 

Speeeh, laryngeal voiee production 

and,808-809 

Speeeh area, motor (Broea’s area), 

433-435, 434/ 

Speed lever, 323, 324/ 

Sperm (spermatozoa), 90, 956 1019, 

1027,1029-1032, 1031/, 1032/ 
formation of, (spermatogenesis), 
1027, 1029-1033, 1031/, 

1032/, 1045 
infertility and, 1033 
maturation/storage/ejaculation of 
from epididymis, 1024 
penetration of ooeyte by 

(fertilization), 1044/ 1045,1065- 
1067,1065/ 1068-1069/ 1070/ 
transport of, 1065-1066 
Spermatie eord, 1020/, 1021/, 1022 , 

1055 

Spermatie faseia 
external, 1020/ 
internal, 1020/ 

Spermatids, 1029, 1031/ 

differentiation of into sperm 
(spermiogenesis), 1029-1032, 
1031/, 1032/ 

Spermatoeytes 

formation of, 1029, 1031/ 
meiosis of (spermatid formation), 
1029, 1031/ 


primary, 1029, 1031/ 
seeondary, 1029,1031/ 
Spermatogenesis, 1027, 1029-1033, 

1031/, 1032/ 

hormonal regulation and, 
1033-1035,1034/ 
oogenesis eompared with, 1045 
sustenocytes in, 1031/, 1032-1033 
Spermatogenie eells, 1020, 1021/, 

1029, 1031/ 

Spermatogonia, 1029,1031/ 
mitosis of, 1029, 1031/ 
Spermatozoa. See Sperm 
Sperm-binding reeeptors, 1067, 1069/ 
Spermieides, for eontraeeption, 10906 
Spermiogenesis, 1029-1032, 1031/, 

1032/ 

S (synthetie) phase 

of eell eyele, 97, 97/, 100/ 

DNA replieation during, 97, 97/, 
98/ 

Sphenoidal fontanelle, 244/ 
Sphenoidal proeess, 212 
Sphenoidal sinuses, 205/, 209, 214/, 

215/804/ 

Sphenoid bone, 203/, 204/, 205/, 206/, 

207/, 209-210, 209/, 214/, 216 1 
Sphineter(s), 322, 322/. See also 

speeifie type 

in alimentary eanal, 855 
laryngeal structures as, 809 
Sphineter pupillae muscles, 549, 549/, 

556 

Sphingolipids, in plasma membrane, 

65 

Sphygmomanometer, 710 
Spina bifida, 248,476,476/ 

Spina bifida eystiea, 476 
Spina bifida occulta, 476 
Spinal (vertebral) eavity, 14, 18/ 
Spinal column. See Spine 
Spinal eord, 387, 388/, 464-474 
autonomic regulation by, 538,538/ 
eross-seetional anatomy of, 
466-468,467/, 468/ 
development of, 429/, 430/, 
475-477, 476/ 

gray matter of, 466-468,467/ 
gross anatomy of, 464-466,465/ 
proteetion of, 464-466,465/, 466/ 
regeneration and, 492 
trauma/disorders of, 474 
white matter of, 467/ 

Spinal curvatures, 218, 218/, 244, 245/ 
abnormal, 218-219, 219/, 

244-245 

vertebral eollapse/osteoporosis 
and, 245 

Spinal dura mater, 464,465/ 

Spinal fusion, 248 

Spinal (dorsal root) ganglion, 466, 

467/, 468/, 475, 491, 502/ 
Spinalis eervieis/thoraeis muscle, 

338/, 339/ 

Spinal meninges, 464,465/, 466/, 467/ 
Spinal nerve(s), 387, 388/, 465/, 466, 

467/, 468, 468/, 501-511, 501/, 
502/ 

dermatomes innervated by, 
509-510,510/ 
development of, 519 


Spinal nerve plexuses, 501/, 503 
Spinal reflexes, 513-519. See also 

speeifie type 

Spinal rootlets, 465/, 501, 502/ 

Spinal roots, 466-468,468/, 501-502, 

502/ 

Spinal shoek, 474 
Spindle 

mitotie, 100/ 

muscle, 4861,487, 514, 514/, 515/, 
516/ 

adjusting sensitivity of, 517 
Spindle equator, 101/ 

Spine (bone marking), 179, 1801 
Spine (spinal/vertebral eolrnnn), 200/, 

218-224, 218/, 219/, 220/, 

221/, 222/, 2231, 224/ 
developmental aspeets of, 244- 
245, 245/ 

muscles of, 336-3381, 339/ 
osteoporotie fractures of, 192, 245 
Spinoeerebellar pathways/tracts, 469, 

469/, 470/, 4711 

Spinothalamie pathways/tracts, 469, 

469/, 470/, 4711 

Spinous proeess, vertebral, 219/, 220, 

220/, 222/, 2231 
of vertebra prominens, 221 
Spiral (eoiled) arteries, of uterus, 

1039,1039/ 

Spiral fracture, 1901 

Spiral ganglion, 4981, 574/, 579, 

579/ 

Spiral lamina, osseous, 573, 574/ 
Spiral organ (organ of Corti), 573, 

573/, 574/, 5761, 579/ 
excitation of hair eells in, 577, 
577/, 578-579, 578/ 
Spirometer, for pulmonary fimetion 

testing, 823 

Splanehnie circulation, 854 
Splanehnie mesoderm, 1077, 1079/ 
Splanehnie nerves, 531 
lumbar, 531, 532/ 
pelvie, 528/, 529 
saeral, 531, 532/ 
thoraeie, 530/, 531, 532/ 

Spleen, 756/, 757-758, 757/, 850/ 
autonomic innervation/effeets 
and, 532/ 

enlargement of (splenomegaly), 
763 

Spleneetomy, 758 

Splenie artery, 730/, 731/, 7311, 757, 

757/ 

Splenie capsule, 757/, 758 
Splenie eords, 757/, 758 
Splenie (left eolie) flexure, 887, 888/ 
Splenie sinusoids, 757/, 758 
Splenie vein, 737/, 742-743/, 7421, 

757, 757/ 

Splenms eapitis/eervieis muscles, 

331/, 3361, 337/ 

Splenomegaly, 763 
Splieeosomes, 104 
Spondylitis, ankylosing, 275 
Spongybone, 1291,177, 177/, 178/ 
in endoehondral ossifieation, 184, 
184/ 

mieroseopie anatomy of, 177/, 
181-182 
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Spongy urethra, 981, 981/, 1019/, 

1023/, 1024 
Spoon nail, 160 
Sprain(s), 269-270 
Squamous eell eareinoma 
of lung, 841 
of skin, 164, 164/ 

Squamous epithelium, 119, 119/ 
simple, 120, 120/ 
stratified, 122, 123/ 

Squamous region 

frontal bone, 202, 203/ 
temporal bone, 208, 208/, 244/ 
Squamous suture, 201,201/, 202, 

204/, 205/ 

SRY gene, 1054 

Staging systems, for eaneer, 145b 
Stagnant (isehemie) hypoxia, 829 
Staining tissue, for mieroseopy, 

117-118 

Stapedius muscle, 572, 572/ 

Stapes (stirmp), 571/, 572, 572/, 577/ 
Stareh, 43, 892, 893/, 909f. See also 

Carbohydrate(s) 

Start eodon, 105, 106/, 109/ 

Startle reflex, 444 
Startpoint, 102 
Statie equilibrium, 580 
Statins, 701b, 938 

bone density affeeted by, 193 
Stator, ATP synthase, 923, 923/ 
Steady state, 80, 930-931, 930/ 
Stellate (hepatie) maerophages, 697, 

766, 878, 880/ 

Stem eell(s), 144 

bone (osteogenie eells), 178, 179, 
179/ 

hematopoietie/phiripotent, 128, 
636, 636/, 642, 643/, 645/ 
of imrrnme system, 796 
olfaetory, 566, 566/ 

Stem region (antibody), 781, 781/ 
Stenosis, heart valve, 668, 679 
Stents, eoronary angioplasty and, 

701b 

Stereobilin, 638, 638/, 882 
Stereoeilia 

of epididymis, 1024 
of hair eells, 574/, 578, 578/, 580, 
580/, 581/ 

Sterilization, for eontraeeption, 

1090fi, 1091 b 
Sternal angle, 225/, 226 
Sternal end of elaviele, 227/, 228 
Sternoclavicular joint, 254í 
Sternoeleidomastoid muscle, 326/, 

327/, 329/, 331/, 336 f, 337/ 
Sternoeostal joint, 254í 
Sternohyoid muscle, 326/, 334f, 335/, 

337/ 

Sternothyroid miisele, 334í, 335/, 

337/ 

Sternum, 200/, 225-226, 225/ 
Steroid(s)/steroid hormones, 45/, 

4 6t, 47, 593, 612. See also 
Hormone(s) 

anabolie, rmisele affeeted by, 312, 
313 b 

meehanism of aetion of, 593, 595, 
596/ 

sex. See Sex hormones 


Steroid diabetes, 614 
Stigma, 1049 
Stimuli, 484 

aetion potential and, 412-413Í 
eoding, 404,405/ 
threshold/subthreshold, 296, 
296/401,402/ 
in homeostasis, 9, 9/ 
reeeptor elassifieation by, 484 
Stirmp (stapes), 571/, 572, 572/, 577/ 
Stomaeh, 850/, 864-874, 865/, 867/, 

873/, 874/, 885f. See also under 
Gastrie 

autonomic innervation/effeets 
and, 527/, 528/, 532/, 536f 
digestive proeesses occurring in, 
851/869-870, 885f, 893/ 
hormones produced by, 622 1, 
866-867, 868f 
Stomodeum, 898, 899/ 

Stop eodon, 105, 107/, 109/ 

Storage eenter, pontine, 982, 983/ 
Storage fimetion, of bone, 177 
Strabismus, 495 1, 497f, 548-549 
Straight arteries, of uterus, 1039, 

1039/ 

Straight sinus, 460/, 738-739/, 738 1 
Straight tubule, 1020, 1021/ 

Strain (muscle), 318 
Stratified epithelium, 119, 119/, 

122-124, 123/ 
columnar, 122-124 
cuboidal, 122 
squamous, 122, 123/ 
transitional, 122-124, 123/ 
Stratum basale (stratum 

germinativum), 152, 153/ 
Stratum basalis of endometrium, 

1039, 1039/ 

Stratum corneum, 153/, 154, 162 
Stratum fimetionalis of 

endometrium, 1039, 1039/ 
lacunae (intervillous spaees) in, 
1072, 1073/, 1074/ 

Stratum granulosum, 152, 153/ 
Stratum lucidum, 153 
Stratum spinosum, 152, 153/ 
Streamlining (laminar flow), 702 
Stress/stress response, 614, 616, 617/ 
adrenal gland in, 616, 617/ 
basal metabolie rate and, 941 
glucocorticoids in, 605, 614, 617/ 
hypertension and, 711 
sympathetie nervous system in, 
597, 616 

Stress (meehanieal), bone remodeling 

and, 188, 189/ 

Stress ineontinenee, 982, 1083 
Stress proteins, 51 

Stress-relaxation response, 309, 31 lf 
gastrie aeeommodation and, 873 
“Streteh marks,” 155 
Streteh reeeptors 

in digestion, 870, 871/ 
in food intake regulation, 939,940/ 
in respiration, 835/, 838 
Streteh reflex, 515-517, 516/ 

Stria(e), 155 

vasailaris, 574/, 575 
Striate (visual) cortex, primary, 434/, 

436, 563, 564/, 565 


Striations, 281 

eardiae muscle, 138, 139/, 277, 
671, 672/ 

skeletal muscle, 138,138/, 277, 
280/, 281 

Striatmn, 439, 439/ 

Stroke (cerebrovascular aeeident), 463 
diagnosis of, 474-475 
Stroke vohnne, 681, 704, 705/ 
eardiae output and, 681, 682/, 

704, 705/, 709/ 
regulation of, 682-683, 683/ 
Stroma, 130, 754 
of hmg, 815 

retioilar tissue forming, 130, 

132/, 754 

Strong aeids, 41, 1004, 1005/ 

Strong bases, 41, 1004 
Structural (fibrous) proteins, 50, 51f 
S-T segment, 677/, 678 
Stuart faetor (faetor X), 647f, 648, 

648/ 

Student’s elbow, 270 
Stupor, 453 
Stuttering, 848 
Sty, 546 

Styloglossus muscle, 332f, 333/ 
Stylohyoid ligaments, 215 
Stylohyoid muscle, 334 f, 335/ 

Styloid proeess 

of radius, 231/, 232 
temporal bone, 204/, 206/, 208, 
208/, 216f 
of ulna, 231/, 232 
Stylomastoid foramen, 206/, 208, 

216f, 49 7t 

Stylopharyngeus, glossopharyngeal 

nerve supplying, 499 1 
Subacromial bursa, 253/, 265/ 
Subacute hypersensitivities, 795-796 
Subarachnoid hemorrhage, 463 
Subarachnoid spaee 

ofbrain, 430,459,459/ 
spinal, 467/ 

Subcapsular sinus, 755, 756/ 
Subclavian arteries, 724/, 724f, 725/, 

726/, 727/, 728/, 728 1 , 729/ 
left, 724/, 724f, 726/, 728/, 729/ 
right, 724/, 724f, 726/, 728/, 729/ 
upper limb arteries arising from, 
728-729/, 728f 
Subclavian tmnks, 753, 753/ 
Subclavian vein, 736-737/, 736 f, 

738-739/, 740-741/, 740f 
Subclavius muscle, 346f, 347/ 
nerve to, 504/ 

Subcostal arteries, 729t 
Subcostal nerve, 509 
Subcutaneous prepatellar bursa, 262/, 

263, 270 

Subcutaneous tissue (hypodermis/ 

superficial faseia), 130, 151, 
151/, 167 

Subdural hemorrhage, 463 
Subdural spaee 

of brain, 459, 459/ 
spinal, 467/ 

Subendocardial conducting network 

(Purkinje fibers), 675/, 676 
Subendothelial layer, blood vessel, 

693,694/ 


Sublingual duct, 856/, 858, 858/ 
Sublingual glands, 850/, 858, 858/ 
autonomic innervation/effeets 
and, 528/ 

Subluxation, 270 

Submandibular duct, 856/, 858, 858/ 
Submandibular ganglia, 497f, 528, 

528/ 

Submandibular gland, 850/, 858, 858/ 
autonomic innervation/effeets 
and, 528/ 

Submucosa 

of alimentary eanal, 854/, 855 
of esophagus, 862/, 863 
of small intestine, 876/, 877 
of stomaeh, 867/ 
traeheal, 809, 810/ 

Submucosal nerve plexus, 854/, 855 
Subpapillary plexus, 151/ 

Subpubic angle (pubic areh), 235, 

235/, 237f 

Subscapular artery, 728/, 728 f, 729/ 
Subscapular fossa, 228, 229/ 
Subscapularis rmisele, 350f, 352/, 

352f, 358f 

Subscapular nerves, 504/, 505f 
Substance abuse, 418-419 b 
Substance P, 416f, 417 
in pain pereeption, 489 
Substantia nigra, 441, 444 
in memory, 457/ 
in Parkinson’s disease, 444,464 
Substrate, 52-53, 52, 53/ 

Substrate level phosphorylation, 

916-917,916/917/919, 

924/ 

Subthalamic nuclei, 441 
Subthreshold stimuli, 296, 401 
Sucking reflex, 899 
Sucrase, 892, 893/ 

Sucrose, 43,44/, 892, 893/ 

dehydration synthesis of, 42/, 43 
hydrolysis of, 42/ 

Sudden infant death syndrome 

(SIDS), 848 

Sudoriferous glands. See Sweat 

(sudoriferous) glands 
Sugars, 908, 909 1 . See also 

Carbohydrate(s); Fmetose; 
Galaetose; Glucose; Sucrose 
double, 43,44/, 892, 893/ 
simple, 43,44/, 892 
Sulci (sulcus), 431,432/ 

Sulfate, in plasma/interstitial fluid/ 

intracellular fluid, 992/ 

Sulfur, 26/, 915/ 

Summation 

multiple motor unit 

(reemitment), 296, 296/, 304 
by postsynaptie neuron, 411-413, 
411/412/ 

spatial, 411/, 412, 412/ 
temporal (wave), 411/, 412, 412/ 
Sun exposure/sunlight. See 

FJltraviolet radiation 
Sunspots, 156 

Superficial (term), 12/. See also under 

External 

Superficial faseia (hypodermis/ 

subcutaneous tissue), 130, 

151, 151/, 167 
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Superficial fibular (peroneal) nerve, 

373í, 508/, 509/ 

Superficial palmar areh 

arterial, 725/, 728/, 728f, 729/ 
venous, 740-741/, 740f 
Superficial perineal spaee, 344í, 345/ 
Superficial reflexes, 518-519 
Superficial temporal artery, 726/, 

726/, 727 f 
pulse at, 710/ 

Superficial temporal vein, 738-739/ 

738í 

Superficial transverse perineal 

muscle, 344í, 345/ 

Superficial veins 

of lower limbs, 744/, 744í 
of upper limbs, 740-741/, 740í 
Superior (term), 12í 
Superior angle of scapula, 228, 229/ 
Superior articular proeess, 220-221, 

220/, 222/, 223/ 
of saemrn, 222, 224/ 

Superior border of scapula, 228, 229/ 
Superior eerebellar peduncles, 443- 

445, 444/, 445/, 447, 448/ 
Superior eervieal ganglion, 531, 532/ 
Superior colliculi, 444,444/, 445/, 

473, 563-564, 564/ 

Superior eostal faeet, 222,223/, 226/ 
Superior ganglion, 499í 
Superior gemellus muscle, 368/, 368í 
Superior gluteal artery, 734-735/, 

734/ 

Superior ghiteal nerve, 508/, 509, 509í 
Superior hypophyseal artery, 601/ 
Superior iliae spines, 234-235, 234, 

235/, 236/ 

Superior mesenterie artery, 725/, 730/, 

731/, 732/, 732í, 733/, 888/ 
Superior mesenterie ganglion/plexus, 

529, 531, 532/ 

Superior mesenterie vein, 737/, 

742-743/, 742/ 

Superior nasal eonehae, 210, 214/, 

217í, 804/, 805-806 
Superior nasal meatus, 213, 214/, 804/ 
Superior nuchal line, 203, 203/, 206/ 
Superior oblique muscle, 547, 547/ 
Superior olivary nuclei, 579, 579/ 
Superior orbital fissure, 203 f 209 f 

210,216/ 

Superior pharyngeal eonstrietor 

muscle, 335/ 335í 
Superior phrenie arteries, 729/ 
Superior pubic ramus, 235, 236/ 
Superior reetal artery, 730/, 732/, 733/ 
Superior rectus muscle, 547, 547/ 
Superior sagittal sinus, 460/, 738- 

739/, 738/ 

Superior salivatory nuclei, 528 
Superior suprarenal artery, 732/ 
Superior thyroid artery, 606, 606/, 

726/, 726/, 727/ 

Superior thyroid vein, 738-739/ 
Superior tibiofibular joint, 240/, 241, 

255/ 

Superior vena eava, 662, 663-665/, 

669/, 736-737/, 736/, 738/ 
Superior vesieal arteries, 1087 
Superior vestibular ganglion, 573/, 

580 


Supination (body movement), 258, 

259/ 

of upper limb, 358/, 359/ 
Supinator muscle, 354/, 355/, 356/, 

357/, 358/ 

Support fimetion, ofbone, 176 
Supporting eells, 565, 580 
in eoehlea, 574/, 578 
in erista ampullaris, 581, 582/ 
in maailae, 580, 580/ 
in nervous tissue (neuroglia), 140, 
388-390, 389/ 

in olfaetory reeeptor, 565-567, 

566 / 

Suppressor faetors, 790/ 
Suprachiasmatic nucleus, 442,442/, 

454, 564, 564/, 618 
Supraclavicular nerves, 503/, 503/ 
Supracondylar lines, medial and 

lateral, 238,239/ 
Supracondylar ridges, medial and 

lateral, 230,230/ 

Supraglenoid tubercle, 229/, 230 
Suprahyoid muscles, 334/, 335/ 
Supraoptic nuclei, 442,442/, 599 
Supraorbital foramen/noteh, 202, 

203/ 216/ 

Supraorbital margins, 202, 203/ 
Suprapatellar bursa, 262/ 

Suprarenal arteries, 730/, 732/ 
inferior, 732/ 
middle, 730/, 732/, 732/ 
superior, 732/ 

Suprarenal gland(s), 612. See also 

Adrenal (suprarenal) gland(s) 
Suprarenal veins, 736/, 742-743/, 

742/ 

Suprascapular artery, 728/, 729/ 
Suprascapular nerve, 504/, 505/ 
Suprascapular noteh, 228, 229/ 
Supraspinatus muscle, 350/, 351/, 

352/, 358/ 

Supraspinous fossa, 228, 229/ 
Supraspinous ligament, 219/ 
Suprasternal (jugular) noteh, 225, 

225 / 

Sural nerve, 508/, 509, 509/ 

Surface anatomy, 2 
Surface tension, 34, 820-821 
alveolar, 820-821 
intrapleural pressure and, 817 
of water, 34-35, 35/ 
Surface-volume relationships, eell 

division eontrol and, 99 
Surfactant, 811, 821 

first breath and, 841, 1087 
Surfactant protein A, 1085 
Surgery, for obesity, 943 b 
Surgical neek of humerus, 230, 230/ 
Survival needs, 8 
Suspension(s), 29/, 30 
Suspensory ligament 
of breast, 1041, 1042/ 
of lens of eye, 548/, 549, 552/ 
in light focusing, 555, 555/, 
556 

of ovary, 1035/, 1036, 1037/ 
Sustenocytes (Sertoli eells), 1020, 

1021/, 1031/, 1032-1033 
Sustentaculum tali, 241/, 242 
Sutural bones, 203/, 210 


Sutures (eranial), 201, 201/, 203/, 250, 

250/ See also speeifie type 
Swallowable imaging capsule, M2A, 

17 b 

Swallowing (deglutition), 851, 851/, 

885/ 

difficulty with 
aehalasia, 904 
dysphagia, 905 
epiglottis in, 808 

muscles eontrolling, 334-335/, 335/ 
Sweat, 161 

in temperature regulation, 163 
Sweat (sudoriferous) glands, 160- 

161, 161/ 
apoerine, 161 

autonomic innervation/effeets 
and, 161, 532/, 536/ 
eeerine (meroerine), 151/, 160- 
161,161/ 

Sweating, 160-161,163 
heat loss and, 163, 947 
Sweatpores, 151/, 160-161 
Sweet taste, 569 
Swelling. See also Edema 

in inflammation, 130, 767, 768, 
768-769,768/ 

Symmetry, of neuronal pathways, 468 
Sympatheetomy, for Raynaud’s 

disease, 539 

Sympathetie (thoracolumbar) 

division of autonomic nervous 
system, 387, 388/, 525/, 526- 
527, 526/, 527/, 529-533, 529/, 
530/, 532/ 

adrenal medulla and, 532/, 533, 
536/, 537 

glomeralar filtration regulated by, 
967-968,967/ 

heart regulation and, 676, 677/, 
682/, 683, 684, 705/ 
in postabsorptive state regulation, 
933,935 

salivation eontrol and, 859 
in stress response, 597, 616 
Sympathetie fibers, 388/, 529-531 
Sympathetie pathways, 529-533 
with synapses in adrenal medulla, 
532/, 533 

with synapses in eollateral ganglia, 
530/ 531-533, 532/ 
with synapses in trank ganglia, 
530/ 531,532/ 

Sympathetie (vasomotor) tone, 

536-537, 705 

Sympathetie trank (ehain), 529, 530/ 
Sympathetie trank (paravertebral) 

ganglia, 502/, 529-531, 530/, 
532/ 

Sympathetie venoeonstrietion, 

venous return and, 704, 705/ 
Sympatholytie agents, autonomic 

aetivity and, 535/ 

Sympathomimetie agents, autonomic 

aetivity and, 535, 535/ 
Symphyses, 251-252, 251/ 

Symport system, 73, 75/ 

Synapse(s), 407-414,408/ 

ehemieal, 407-410,409/. See also 
Neurotransmitter(s) 
eleetrieal, 407 


en passant, 511 

postsynaptie potential/synaptie 
integration and, 410-414, 
410/411/412-413/ 

Synapsis, 1028/, 1029, 1030/ 

Synaptie eleft, 407,409/ 

neuromuscular junction, 286,287/ 
Synaptie delay, 410 
Synaptie integration, 410-414 
Synaptie potentiation, 413-414 
Synaptie terminals, rod and eone, 557 
Synaptie vesieles, 286, 287/, 407,409/, 

511 

Synaptotagmin, 408 
Synarthroses, 250 
Synehondroses, 251,251/ 

Syneope, 453, 715 

vasovagal (neurocardiogenic), 543 
Syneytiotrophoblast (syneytial 

trophoblast), 1070, 1072/, 
1073/ 

Syncytium, eardiae muscle as, 671 
Syndesmoses, 250, 250/ 

Syndrome of inappropriate ADH 

seeretion (SIADH), 601, 602/, 

1017 

Synergism, hormone, 598 
Synergist (muscle), 320 
Synostoses, 250 

Synovial (joint) eavities, 20, 252, 

252/ See also Joint (articular/ 
synovial) eavities 
Synovial fluid, 252, 252/ 

Synovial joints, 252-269,252/ 253/, 

260-261/ See also speeifiejoint 
blood supply of, 252-253 
bursae and tendon sheaths and, 
253, 253/ 

faetors affeeting stability of, 

255- 256, 277 

general structure of, 252-253, 
252/, 253/ 

innervation of, 252-253 
movements allowed by, 9/, 

256- 258, 256-257/ 
types of, 258, 260-261/ 

Synovial membrane, 252, 252/ 
Synovitis, 270, 275 
Synthesis reaetions, 36, 36/ 

dehydration. See Dehydration 
synthesis 

Synthetie growth hormone, 604-605 
Synthetie skin, for burn injury, 166 
Syphilis, 1053 

System(s), organ. See Organ systems 

Systemie anatomy, 2 

Systemie blood pressure, 702-704, 

703/, 704/ 

Systemie circuit/circulation, 659, 

659/, 668, 669/, 721, 723/, 723/ 
arteries of, 721, 724-725/, 724/ 
veins of, 721, 736-737/, 736/ 
Systemie lupus erythematosus (SLE), 

794,800 

Systole, 679, 680, 680/ 

Systolie pressure, 703, 703/, 710 

T 3 . See Triiodothyronine 
T 4 . See Thyroxine 
Tabes dorsalis, 523 
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Taehyeardia, 684 

paroxysmal atrial, 691 
ventricular, 691 
Taehykinin(s), 416/ 

Taetile (Merkel) eells, 152, 153/, 486 
Taetile (Meissner’s) corpuscles, 154, 

163,486í, 487 

Taetile (Merkel) dises, 152, 163,485f, 

486 

Tailbone. See Coccyx 

Tail of epididymis, 1021/, 1024 

Tail of panereas, 875/, 882 

Tail of sperm, 90, 95f, 1032, 1032/ 

Talar shelf (sustentaculum tali), 241/, 

242 

Talus, 241/, 242, 243f 
Tamoxifen, 1043 
Tamponade, eardiae, 661 
Target eells, hormone, 593 
interaetion at, 598 
speeifieity of, 595-596 
Target-SNAREs, in exocytosis, 77/, 78 
Tarsal bones/tarsus, 200/, 241/, 242, 

243/ 

Tarsal (Meibomian) glands, 545/, 546 
Tarsal plates, 545, 545/ 
Tarsometatarsal joint, 2 55t 
Tarsus, bones of (tarsals), 200/, 241/, 

242, 243/ 

Tastant, 569 

Taste, 568-569, 568/, 570/ 

eortieal areas for, 434 f, 436, 569, 
570/ 

development of sense of, 

584-585 

disorders/homeostatie imbalanees 
in sense of, 570 
smell sensation and, 569 
Taste buds, 568, 568/, 857 
aetivation of, 569 

Taste eells (gustatory epithelial eells), 

568, 568/ 
aetivation of, 569 
Taste pore, 568, 568/ 

Taste reeeptors. See Taste buds 
Taste sensations, 569 
Taste transduction, 569 
Tau protein, in Alzheimer’s disease, 

464 

Tay-Saehs disease, 87,1100 
T eell antigen reeeptors (TCRs), 785/, 

786, 787/ 

T eell-dependent antigens, 788 
T eell-independent antigens, 788 
T eells. See T lymphoeytes 
TCRs. See T eell antigen reeeptors 
Tears, 546 

in body defense, 770/ 

Teetorial membrane, 574/, 578 
Teetospinal traet, 469/, 473, 473 1 
Tectum, 444,445/ 

Teeth, 859-861, 860/ 

soekets for (alveoli), 211,217/, 

859 

articulation of tooth with 
(gomphosis), 250/, 251, 

861 

Teleneephalon, 429,429/, 430/ 
Telomerase, 111 
Telomere(s), 111 
Telomere eloek, 111 


Telophase 

in meiosis, 1030/ 
in mitosis, 97/, 98,101/ 
Temperature 

body. See Body temperature 
ehemieal reaetion rate affeeted 
by, 37 

gas sohibility and, 824 
hemoglobin saturation affeeted 
by, 828-829, 832/ 
Temperature reeeptors. See 

Thermoreeeptors 

Template strands, 97, 98/, 102, 103/ 
Temporal artery, superficial, 726/, 

726/, 727f 
pulse at, 710/ 

Temporal bones, 203 f 204/, 205/, 

206/, 207/, 208-209, 208/, 
216/, 244/, 267 

Temporal braneh of faeial nerve, 

497/, 498/ 

Temporalis muscle, 326/, 331/, 332/, 

333/ 

Temporal lobe, 431, 432/, 434/ 
in memory, 457/, 458 
Temporal (wave) summation, 294 
by postsynaptie neuron, 411/, 
412,412/ 

Temporal vein, superficial, 738-739/, 

738/ 

Temporary abstinenee methods, of 

eontraeeption, 1090è> 
Temporomandibular joint (TMJ), 

208, 211, 211/, 254/, 267-269, 
268/, 269 

Tendon(s), 132, 279. See also speeifie 

named tendon 
joint stability and, 255 
of long head of bieeps braehii 
muscle, 264, 265/ 
muscle attaehment to, 279, 279/ 
Tendonitis, 270 

Tendon organs, 486/, 487, 514, 514 f 

517,517/ 

Tendon reflex, 517, 517/ 

Tendon sheaths, 253, 253/ 

Teniae eoli, 887, 888/ 

Tennis elbow, 384 
Tension (muscle), 293 

skeletal muscle eontraetion and, 
293 

smooth muscle eontraetion and, 
309 

Tension (eleavage) lines, 155, 155/ 
Tensor faseiae latae muscle, 326/, 

363/, 364/, 366/, 380/ 

Tensor tympani muscle, 572, 572/ 
Tensor veli palatini, 334/, 335/ 
Tentormm eerebelli, 459, 460/ 
Teratogens, 1083 

Teres major muscle, 327/, 348-349/, 

350/, 351/, 352/, 358/ 

Teres minor muscle, 348-349/, 350/, 

351/352/, 358/ 

Terminal arteriole, 695/, 698, 698/ 
Terminal boutons (axon terminals), 

391,391/ 

in ehemieal synapses, 407, 

409/ 

at neuromuscular junction, 286, 
287/288/293, 294/511 


Terminal branehes/arborizations, 

391, 391/ 

Terminal bronehioles, 810, 812/, 813/ 
Terminal eisterns, 284, 284/ 
in excitation-contraction 
coupling, 289,290-291/ 
Terminal ganglia, 527, 528 
Terminal hair, 159 
Terminal sulcus, 857, 857/ 

Terminal web, 87-88, 91 
Termination 

in transeription, 103,103/ 
in translation, 105, 107/ 
Termination signal, 103, 103/ 
Terminology (anatomieal), 2, 

11-20. See also Anatomy, 
terminology used in 
Tertiary (segmental) bronehi, 810, 

811/ 

Tertiary (antral/vesicular) follieles, 

1036, 1036/ 1044/ 1045- 
1047, 1046/, 1047, 1050/ 
Tertiary striietiire of protein, 48-50, 

49/ 

Tertiary syphilis, 1053 

Testes, 592/, 620, 1018, 1019, 1019/, 

1020-1022, 1020/, 1021/, 1023/ 
deseent of, 1055 

faihire of (eryptorehidism), 
1022, 1057 

embryologie/fetal development 
of, 1055,1056/ 
rete, 1020 , 1021/ 

Testicular arteries, 732 f 732/, 1020/, 

1022 

Testicular eaneer, 1022 
Testicular fluid, 1033 
Testicular veins, 742/, 1022 
Testis. See Testes 
Testosterone, 615, 620,1033, 

1034-1035, 1034/, 1052/ 
adrenal, 615, 616/, 1035 
aging affeeting production of, 

1034, 1034/ 

anabolie steroid use and, 312, 

313 b 

bone growth and, 186 
in embryos, 1034,1034/, 1035 
erythropoietin production and, 

637 

gonadal development and, 1055 
interstitial endoerine (Leydig) eell 
production of, 1021-1022 
in male reproductive fimetion, 

1033- 1035, 1034/, 1052/ 
meehanism/effeets of aetivity of, 

1034- 1035 

metabolism and, 936/ 
muscle strength/growth and, 312 
somatie effeets of, 1035 
in spermatogenesis, 1033, 1034/ 
terminal hair growth affeeted 
by, 159 

Tetanus (infeetion), 318 

Tetanus (tetanie muscle eontraetion), 

294, 295, 295/, 318 
Tetany, 611 

Tetrads, 1028/, 1029, 1030/ 
ehromosome segregation in, 
1097-1098, 1097/ 

Tetralogy of Fallot, 686, 687/ 


Tetramer fibrils, 88, 88/ 

T r 1 eells, 788. See also Helper T eells 
T h 2 eells, 788. See also Helper T eells 
T h 17 eells, 788. See also Helper T eells 
Thalamie nuclei, 441,442/ 
limbie system and, 449,449/ 
Thalanms, 429,438/, 439/, 440/, 441, 

442/, 444/, 445/, 450/ 
development of, 429,429/, 476 
in memory, 457/, 458 
Thalassemias, 639 
Thalidomide, 1083, 1102 
Theea follienli, 1045, 1046/ 

Thenar eminenee, muscles of, 360/, 

361/ 

Thermodyanmies, first law of, 938 
Thermogenesis 

ehemieal (nonshivering), 947 
food-induced, 943-944 
Thermoreeeptors, 484, 485/ 
peripheral and eentral, 945 
Thermoregulation, 9, 10/, 537, 

944-948, 944/, 945/, 946/. 

See also Body temperature, 
regulation of 

Thermoregulatory eenters, 537, 945, 

946/ 

Theta waves, 452, 453/, 454/, 455 
Thiamine (vitamin B^), 912/ 

Thiazide dmreties, 976 

Thiek aseending limb/segment of 

nephron loop, 959/, 960. See 
also Nephron loop 
Thiek (myosin) filaments, 136, 281 
in eardiae muscle, 671 
in skeletal muscle, 280/, 281, 282/, 
283/ 

in sliding filament model, 285, 
285/ 

in smooth muscle, 307, 308/, 311/ 
Thiek skin, 152 
Thigh 

bones of, 238-239, 239/, 243/ 
deep artery of, 734/, 735/ 
muscles of/muscles eontrolling 
movement of, 326/, 327/, 
363-369/, 364/, 367-368/, 

380/, 381/ 

Thin aseending limb/segment of 

nephron loop, 960. See also 
Nephron loop 

Thin deseending limb/segment of 

nephron loop, 959/, 960. See 
also Nephron loop 
Thin (aetin) filaments, 87-88, 88/, 

136, 281 

in eardiae nrnsele, 311/, 671 
eross bridge eyeling and, 289, 292/ 
in eytokinesis, 98, 101/ 
in mierovilli, 91,91/ 
in skeletal muscle, 280/, 281, 282/, 
283/, 311/ 

in sliding filament model, 285,285/ 
in smooth muscle, 307, 308/ 

Thin skin, 152 
Third-elass lever, 324, 325/ 
Third-degree burns, 166, 166/ 
Third-order neurons, in aseending 

pathways, 469, 470/ 

Third (plaeental) stage of labor, 1086/, 

1087 
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Third ventriele of brain, 429 f, 430, 

431/ 

Thirst meehanism, 994-995, 994/ 
Thirst/thirst eenter, hypothalamus in 

regulation of, 442, 994-995, 
994/ 

Thoraeie aorta, 724í, 728/, 729/ 
Thoraeie arteries 

internal (internal mammary 
artery), 727/, 728/, 729/, 729/ 
lateral, 728/, 728 f, 729/ 

Thoraeie cage/thorax, 200/, 224-227, 

225/, 226/ 
aging affeeting, 245 
anatomieal relationships of 
organs in, 814/ 
arteries of, 728-729/, 729/ 
bones of/bony, 200/, 224-227, 
225/, 226/ 

eomplianee of wall of, 821 
innervation of, 509. See also 
Thoraeie nerves 
muscles of, 326/, 340í, 341/ 
deep (breathing), 340 1, 341/, 
818/819 

superficial (arm/scapular 
movements), 346-348/, 
347-349/ 

sympathetie pathways to, 531, 
532/ 

veins of, 740-741/, 740-741/ 
Thoraeie eavity, 14, 18/ 
organs in, 814/ 
pressure relationships in, 
816-817,817/ 
pulmonary ventilation and, 
818-820,818/819/ 
Thoraeie curvature of spine, 218, 

218/, 244 

abnormal, 218, 219/ 

Thoraeie duct, 753/, 754 
Thoraeie nerves, 465/, 501, 501/, 509 
long, 504/, 505/ 

Thoraeie splanehnie nerves, 530/, 

531,532/ 

Thoraeie vertebrae, 218, 218/, 

221-222, 222/223/ 

Thoraeie viseeral organs, arteries of, 

729/ 

Thoraeoaeromial artery, 728f, 728/, 

729/ 

Thoraeodorsal nerve, 504/ 
Thoracolumbar division of 

autonomic nervous 
system. See Sympathetie 
(thoracolumbar) division of 
autonomic nervous system 
Thorax wall. See Thoraeie cage/thorax 
Thoroughfare ehannel, 695/, 698, 

698/ 

Three-dimensional vision (depth 

pereeption), 564-565 
Threshold (anaerobie), 300 
Threshold stimulus 

for aetion potential, 401, 402 
all-or-none phenomenon and, 
401-404 

for muscle eell, 296, 296/ 

Throat. See Pharynx 
Thrombin, 648, 648/ 
Thromboeytopenia, 650 


Thromboembolie disorders, 650 
Thrombolytie agents, 701 b 
Thrombophlebitis, 750 
Thrombopoietin, 645 
Thromboxane(s), 46/ 

Thromboxane A 2 , platelet aggregation 

and, 647 

Thrombus (thrombi), 650 
atheroselerosis and, 700 b 
Thumb (pollex), 234 

earpometaearpal joint of, 254/ 
muscles eontrolling movement of, 
360/, 361/ 

opposition of, 258, 259/ 

Thymie aplasia, eongenital, 800 
Thymie corpuscles, 758, 758/ 

Thymie lobules, 758 
Thymine (T), 53, 54/ 
Thymopoietin(s), 622/, 623 
Thymosin(s), 622/, 623 
Thymulin, 622/, 623 
Thymus, 592/, 623, 756/, 758-759, 

758/, 760 

failure of development of 
(eongenital thymie aplasia), 

800 

hormones produced by, 622/, 623 
T-eell differentiation/maturation 
and, 622/, 623, 758, 759, 776 
Thyroeervieal trunk, 727/, 727/, 728/, 

729/ 

Thyroglobulin, 607, 608, 608/, 609 
Thyrohyoid membrane, 807/ 
Thyrohyoid muscle, 334/, 335/ 
Thyroid arteries 

inferior, 606, 606/ 
superior, 606, 606/, 726/, 726/, 
727/ 

Thyroid eartilage, 807-808, 807/ 
Thyroid erisis/storm, 630 
Thyroid follieles, 606/, 607 
Thyroid gland, 606-610, 606/, 607/, 

608/, 609/ 

homeostatie imbalanees and, 
609-610, 609/ 

metabolism and, 607, 607/, 936/ 
Thyroid hormone (TH), 607, 607- 

610, 607/, 608/, 609/ 
age affeeting, 623 
bone growth and, 186 
meehanism of aetion of, 593, 595 
metabolism and, 607, 607/, 936/, 
941-942 

thermoregulation and, 607,607/, 
947 

transport and regulation of, 605, 
605/, 609 

Thyroiditis, Hashimoto’s, 800 
Thyroid-stimulating hormone 

(thyrotropin/TSH), 601/, 603/, 
605, 605/, 609 
thermoregulation and, 947 
in thyroid hormone release, 609 
in thyroid hormone synthesis, 608 
Thyroid storm/erisis, 630 
Thyroid vein 

middle, 738-739/ 
superior, 738-739/ 

Thyrotropie eells, 605 
Thyrotropin, 605. See also Thyroid- 

stimulating hormone 


Thyrotropin-releasing hormone 

(TRH), 601/, 603/, 605, 609 
thermoregulation and, 609, 947 
Thyroxine (T 4 ), 607, 607/, 941. See 

also Thyroid hormone 
heart rate and, 684 
metabolism and, 607,607/, 936/, 

941 

thermoregulation and, 947 
Thyroxine-binding globulins (TBGs), 

609 

Tibia, 200/, 239-241, 240/, 243/ 
in knee joint, 262,262-263/ 

Tibial arteries 

anterior, 725/, 734-735/, 734/ 
posterior, 725/, 734-735/, 735/ 
pulse at, 710/ 

Tibial eollateral ligament, 262-263/, 

263 

injuries of, 264, 264/ 

Tibialis anterior muscle, 326/, 370/, 

371/, 372/, 380/, 381/ 

Tibialis posterior muscle, 373/, 375/ 

380/ 

Tibial nerve, 369/, 373/, 508, 508/, 

509, 509/ 

Tibial tuberosity, 240/, 241 
Tibial vein, 737/, 744/, 744/ 
anterior, 737/, 744/, 744/ 
posterior, 737/, 744/, 744/ 
Tibiofemoral joint, 255/, 262, 263. See 

also Knee joint 

Tibiofibular joints, 239,240/ 241,255/ 
inferior, 240/, 241, 255/ 
superior, 240/, 241, 255/ 

Tie douloureux (trigeminal 

neuralgia), 496/ 

Tidal volume, 821, 822/ 

alveolar ventilation rate and, 823, 
823/ 

Tight junctions, 66, 67/, 118 

in blood brain barrier, 462, 697 
in eapillaries, 697, 697/ 
epithelial, 118 

in gastrie mucosal barrier, 867 
of sustenocytes (blood testis 
barrier), 1031/, 1032 
in tubular reabsorption, 968, 969/ 
Timing of sound waves, relative, 579 
Tin, 26/ 

Tinea versieolor, 156 
Tinnitus, 584 
Tip links, 578, 578/ 

Tissue(s), 3,4/, 116-149,117/. See 

also speeifie type 
blood flow through (tissue 
perfusion), 711-717, 712/, 
714/, 716/, 718-719/, 720/ 
eonneetive, 117/, 127-136,128/, 
129/, 131-137/ 
eovering/lining epithelium/ 
membranes, 118, 140-142, 
141/ 

developmental aspeets of, 
144-146, 144/ 

epithelial, 117/, 118-126, 119/, 
120-123/, 125/, 126/ 
muscle, 117/, 136-138, 138-139/ 
nervous, 117/, 140, 140/ 
preparation of for mieroseopy, 
117-118 


regenerative eapaeity of, 119,144. 

See also Regeneration 
repair and, 142-144, 143/, 768/, 
769 

structural organization at level 
of, 3,4/ 

Tissue faetor (TF/factor III), 647/, 

648, 648/ 

Tissue fhaid. See Interstitial (tissue) 

fluid 

Tissue perfiision, 711-717, 712/, 714/, 

716/, 718-719/, 720/ 

Tissue plasminogen aetivator (tPA), 

649, 701 b 

for stroke, 463,474 
Tissue repair, 142-144,143/, 768/, 

769 

first/seeond intention, 149 
Tissue typing, transplantation and, 

790 

Titin, 51/, 281-282 

Titin (elastie) filaments, 280/, 

281-282 

TLRs. See Toll-like reeeptors 
T lymphoeytes (T eells), 642, 643/, 

754, 775, 779/, 784, 785/, 

791/ 

aetivation/differentiation of, 784, 
785/, 786-787, 787/ 

MHC proteins and, 784, 

785/ 

antigen presentation and, 777, 
777/, 791/ 

in eelhalar immunity, 765/, 784, 
785/, 787-790, 788/, 789/, 

791/ 

cytotoxic, 784, 785/, 788-789, 
789/, 791/, 792/ 

education of in thynrns, 622/, 623, 
758, 759, 776 

effeetor roles of, 784, 785/, 791/ 
helper, 784, 785/, 787-788, 787/, 
788/, 791/, 792/ 

B eell aetivation and, 787-788, 
788/ 

CD8 eell aetivation and, 788, 
788/ 

HIV infeetion and, 793 
innate immunity and, 788 
in phagoeytosis, 766 
memory, 777, 784, 785/, 791/ 
reeeptors on, 785/ 
regulatory, 758, 784, 785/, 789, 
792/ 

T lymphoeyte precursor, 643/, 644 
Toeopherol (vitamin E), 46/, 912, 

912/ 

Toe(s) 

bones of (phalanges), 200/, 241/, 

242, 243/ 

interphalangeal joints of, 255/ 
muscles eontrolling movements 
of, 370-373/, 371/, 372/, 
374-375/, 376-377/, 377/, 

379/, 380/, 381/ 

Toleranee 

immune. See also Self-toleranee 
transplantation and, 790 
to pain, 489 

Toll-like reeeptors (TLRs), 767 
Tone (sound), 576 
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Tongue, 850/, 856/ 857,857/ 
muscles of 

extrinsic, 3321, 333/, 857 
intrinsie, 332í, 857 
papillae of, 568, 568/, 857, 857/ 
taste buds on, 568, 568/ 
“Tongue-tied,” 857 
Tonie-elonie (grand mal) seizures, 453 
Tonieity, 71-72, 71/ 

Tonie reeeptors, 488 
Tonofilaments, 153 
Tonsil(s), 756/, 759, 759/ 

inflammation of (tonsillitis), 763 
lingual, 759, 759/, 804/, 806, 856/, 
857, 857/ 

palatine, 759, 759/, 804/, 806, 

856/, 857/ 

pharyngeal, 759, 759/, 804/, 806 
tubal, 759, 804/, 806 
Tonsillar erypts, 759 
Tonsillitis, 763 
Tooth. See Teeth 

Tooth soekets (alveoli), 211, 217í, 859 
articulation of tooth with 

(gomphosis), 250/, 251, 861 
Tortieollis, 384 
Total body water, 991, 991/ 
pregnaney and, 1083 
Total dead spaee, 823 
Total lung eapaeity, 822, 822/ 

Total metabolie rate, 942-944 
Touch, diseriminative, 469 
Touch reeeptors 

taetile/Meissner’s corpuscles, 154, 
163,4861, 487 

taetile/Merkel dises, 152, 163, 
4851, 486 
Trabeculae 

earneae, 662, 665/ 
in intramembranous ossifieation, 
185/ 

lymph node, 755, 756/ 
splenie, 757/, 758 
in spongy bone, 177, 177/ 181-182 
Trabecular (spongy) bone, 1291, 177, 

177/, 178/ 

Traee elements, 261 
Traee minerals, 913, 9151 
Traehea, 802/, 804/, 8051, 809, 810/, 

856/ 

obstmetion of, 809 
Traeheal eartilages, 807/, 809, 810/ 
Traehealis muscle, 809, 810/ 
Traeheoesophageal fistula, 899 
Traeheotomy, 848 
Traehoma, 590, 1053 
Traet(s), 390. See also speeifie type 
Traetion, 198 

Transamination, 928/, 929, 9291 
Transeelhilar route, of tubular 

reabsorption, 958, 959/ 
Transeription, 102,102-104, 102/, 

103/, 109/ 

Transeription faetors, 102, 103/ 
Transeytosis, 73, 75, 76/ 

Transducin, 561, 561/ 

light and dark adaptation and, 

563 

Transduction 

light (phototransduction), 556, 
560-561, 561/ 


in sensory integration, 488 
signal, membrane proteins in, 65, 
66 / 

smell, 567, 567/ 
sound, 578-579 
taste, 569 

vestibular, 580-581, 581/ 

Trans faee, of Golgi apparatus, 85, 85/ 
Trans fats/trans fatty aeids, 47, 908, 

9091, 938 

Transferrin, 637, 898 

erythropoiesis and, 637, 638/ 
Transfer RNA (tRNA), 55, 102, 109/ 
aminoaeyl, 104, 105, 106/ 
initiator, 105, 106-107/ 
in translation, 104-105, 106-107/ 
Transforming growth faetor beta 

(TGF-P), 7901 

Transfiasion (blood), 651-653 

blood groups and, 651-652, 6521, 
653/ 

Transfiasion reaetions, 652-653 
Rh ineompatibility and, 652 
Transient isehemie attaek, 463 
Transitional epithelmm, 122-124, 

123/ 

in ureters, 979, 980/ 

Transitional period, of newborn, 

1087 

Transitional phase, Krebs eyele, 919, 

920/ 

Translation, 102, 102/, 104-105, 104/, 

106-107/, 108/, 109/ 
Transloeation, 105, 107/ 
Transmembrane proteins, 65, 66/ 
Transmission eleetron mieroseopy 

(TEM), 118 

Transplants (organ), 790-792 
Transport, membrane. See 

Membrane transport 
Transport maximum, 970 
Transport medium, water as, 38 
Transport proteins, 65, 66/ 

Transport vesieles, 73, 76/, 781, 85/, 

87/ 

Transposons, 1102 
Transpulmonary pressure, 817, 817/, 

819/ 

Transverse areh of foot, 242, 242/ 
Transverse eerebral fissure, 431, 432/ 
Transverse eervieal nerve, 503/, 5031 
Transverse eolon, 850/, 887, 888/ 
Transverse eostal faeets, 222, 222/, 

2231, 226/ 

Transverse foramen, 221 , 2231 
Transverse mesoeolon, 888/, 889/ 
Transverse pathways (commissural 

fibers), 437,438/, 468 
Transverse perineal muscle 
deep, 3441, 345/ 
superficial, 3441, 345/ 

Transverse (horizontal) plane/ 

seetion, 14, 15/ 

Transverse proeesses, vertebral, 219/, 

220, 220/, 222/, 2231 
Transverse ridges, in saemrn, 224, 

224/ 

Transverse sinuses, 460/, 738-739/, 

7381 

Transversus abdominis muscle, 326/, 

3421, 343/ 


Trapezmm, 232/, 2331, 234 
Trapezms muscle, 326/, 327/, 331/, 

3461, 348-349/, 3481 
Trapezoid, 232/, 2331, 234 
Trapezoid line, 227/, 228 
Trastuzumab, 14 6b, 1043 
T Reg eells. See Regulatory T eells 
Treponema pallidum, 1053 
Tretinoin, 167 
Triad(s), 284, 284/, 285 
in excitation-contraction 
coupling, 289, 290-291/ 
Trieeps braehii muscle, 326/, 327/, 

349/, 351/, 3531, 3581, 359/ 
Trieeps surae muscle, 3731, 381/ 
Triehomoniasis, 1054 
Triehosiderin, 157 
Tricuspid valve, 662, 665/, 666/ 
Trigeminal ganglion, 4961 
Trigeminal nerve (eranial nerve V), 

444/, 445, 493, 493/, 4961, 528 
mandibular division of (eranial 
nerve V 3 ), 4961 
muscles of mastieation 
supplied by, 3321 
maxillary division of (eranial 
nerve V 2 ), 4961 

ophthalmie division of (eranial 
nerve V^), 4961 
Trigeminal neuralgia (tie 

douloureux), 4961 
Trigger zone, 391, 3941 
Triglyeerides, 45-47,45/, 461, 893/ 

895, 895/, 908 

in absorptive state, 931/, 932 
metabolism of, 926-927, 927/, 
9291 

storage of in bone, 177 
transport of, 936-937, 936/ 
Trigone (bladder), 980, 981/ 
Triiodothyronine (T 3 ), 607, 6071. See 

also Thyroid hormone 
Tripeptide, 47, 893/ 

Triple eovalent bond, 33, 33/ 

Triplet (nucleotide base), 99,109/ 
Triplets (microtuble), 89, 90, 90/ 
Triquetrum, 232/, 2331 
Tritium, 27/ 
tRNA. See Transfer RNA 
Troehanter (bone marking), 179, 

1801 

greater and lesser, 238, 239/ 
Troehlea 

of eye, 547, 547/ 
of humerus, 230, 230/ 
of talus, 241/, 242 

Troehlear nerve (eranial nerve IV), 

444/, 445/, 493, 493/ 4951 
extrinsic eye muscles supplied by, 
547, 547/ 

Troehlear noteh, 231/, 232 
Troehlear nuclei, 444 
Trophoblast, 1072/ 

eelhilar (eytotrophoblast), 1070, 
1072/, 1073/ 

syneytial (syneytiotrophoblast), 
1070, 1072/, 1073/ 

Trophoblast eells, 1067, 1071/, 1072/ 
Tropie hormones/tropins, 602 
Tropomyosin, 281, 282/ 

in eross bridge eyeling, 289 


in excitation-contraction 
coupling, 291/ 

Troponin, 281, 282/, 3111 
in eross bridge eyeling, 289 
in excitation-contraction 
coupling, 291/ 

True eapillaries, 698, 698/ 

Tme pelvis, 235, 238 

Tme (vertebrosternal) ribs, 225/, 226, 

226/ 

Tme sohitions, 29 

eoneentration of, 29-30 
Tme voeal eords (voeal folds), 804/, 

807/, 808, 808/ 

inflammation of (laryngitis), 809 
voiee production and, 808-809 
Truncus arteriosus, 686, 686/ 
Trunk(s), braehial plexus, 504/, 505 
Tmnk movements, muscles 

eontrolling, 3421, 343/ 
extension, 336-3381, 339/ 

Tmnk region 

arteries supplying, 725/ 
veins of, 736-737/ 

Trypsin, 883, 883/, 893/, 894/, 895 
Trypsinogen, 883, 883/ 

TSH. See Thyroid-stimulating 

hormone 

t-SNAREs, in exocytosis, 77/, 78 
T tubules, 284, 3101 

in eardiae muscle, 3101, 671, 672/ 
in excitation-contraction 
coupling, 289, 290-291/ 
in skeletal muscle, 284, 284/, 3101 
Tubal ligation, 1090£>, 109ìb 
Tubal tonsils, 759, 804/, 806 
Tubercle(s) (bone markings), 1801. 

See also speeifie type 
Tuberculosis (TB), 840-841 
skin tests for, 796 
Tuberosity (bone marking), 1801 
Tubular glands, 124, 126/ 

Tubular reabsorption, 963, 963 f 968- 

972, 969/, 970/, 9711, 973/ 
aeid-base balanee and, 1006- 
1009,1007/ 

of biearbonate, 973/, 1007, 1007/ 
ofcalcium, 1003-1004 
fluid balanee and, 995, 996/ 
of nutrients/water/ions, 969-970, 
970/, 973/ 

of potassmm, 970/, 973/, 
1002-1003 

reabsorptive eapabilities of 
tubules/eolleeting ducts and, 
970-972, 9711 

of sodium, 968-969, 970/, 973/, 
999-1000,1000/ 

Tubular seeretion, 963,963/ 972, 973/ 
aeid-base balanee and, 1007, 

1007/ 

of biearbonate, 1009 
ofpotasshim, 972, 973/, 1003 
Tubulin(s), 88, 88/ 

Tubuloalveolar glands, 124, 126/ 
Tubuloglomerular feedbaek 

meehanism, 966, 967/ 

Tumor. See Neoplasm 

Tumor neerosis faetor (TNF), 272, 

787,7901 
in diabetes, 625 b 
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Tumor suppressor genes (anti- 

oneogenes), 14 5b 
UV radiation affeeting, 164 
Tunic(s) 

of alimentary eanal organs, 
854-855, 854/ 
of blood vessels, 693, 694/ 
Tunica albuginea 

ofovary, 1036, 1036/ 
of testis, 1020 , 1020/, 1021/, 
1023/ 

Tunica externa (tunica adventitia), 

693, 694/ 
in veins, 694/, 698 
Tunica intima, 693, 694/ 
in atheroselerosis, 700b 
Tunica media, 693, 694/ 
in veins, 694/, 698 

Tunica vaginalis, 1020 , 1020/, 1021/, 

1055 

Turbulent flow, 702 
Turner’s syndrome, 1054 
T wave, 677-678, 677/, 678/ 

Twins 

fraternal, 1047 
identieal, 1047 

Twitch, muscle, 293-294, 295/ 
Two-neuron ehain, 525 
Two-point diserimination test, 489 
Tympanie eavity (middle ear), 20, 

208, 571/, 572, 572/ 
Tympanie membrane (eardmm), 

571/, 572, 572/, 577, 577/ 
perforated/ruptured, 584 
Tympanie region, temporal bone, 

208, 208/ 

Type I eells, alveolar, 811, 813/ 

Type 1 (insulin-dependent) diabetes 

mellitus, 620, 624-625 b, 794, 
948 

Type I (immediate/acute) 

hypersensitivity, 795, 795/ 
Type II eells, alveolar, 811, 813/ 
Type 2 (non-insulin-dependent) 

diabetes mellitus, 620, 625 b, 
948 

Type II (cytotoxic) hypersensitivity, 

796 

Type III (imrmine complex) 

hypersensitivity, 796 
Type IV (delayed) hypersensitivity, 

796 

Type A blood, 651, 652 1, 653/ 

Type AB blood, 651, 652 1, 653/ 

Type A daughter eells, 1029, 1031/ 
Type A interealated eells, 960 
hydrogen seeretion by, in aeid 
base balanee, 1007, 1008, 
1008/ 

in potassimn regulation, 1003 
Type B blood, 651, 652 1, 653/ 

Type B daughter eells, 1029, 1031/ 
Type B interealated eells, 960 
biearbonate seeretion by, 1009 
Type O blood, 651, 652 1, 653/ 
Tyrosine/tyrosinase 

in melanin production, 156 
in thyroid hormone synthesis, 
608-609, 608/ 

Tyrosine kinase, as insulin reeeptor, 

595,619 


Ubiquitins, 110 
Ulcer(s) 

decubitus (skin), 171 
duodenal, 877 
esophageal, 863 
gastrie, 869, 869/ 
peptie, 869, 869/, 905 
Ulcerative eolitis, 905 
Ulna, 200/, 230/, 231-232, 231/, 233f 
Ulnar artery, 725/, 728/, 728 1 , 729/ 
Ulnar eollateral ligament, 266, 266/ 
Ulnar nerve, 504/, 505f, 506 
Ulnar noteh, 231/, 232 
Ulnar vein, 737/, 740-741/, 740í 
Ultrasound imaging 

(ultrasonography/ 
sonography), 16-17fr, 1094 
in stroke evaluation, 475 
Ultraviolet radiation, 156 

melannoeyte/melanin response 
to, 156 

metabolie functions of skin and, 
163 

as radiant energy, 24 
skin damage/eaneer caused by, 
156, 164 
aging and, 167 
melanin in proteetion from, 
152, 156,162 
Umami, 569 

Umbilical arteries, 745, 1074/, 1079, 

1080/, 1087 

Umbilical eord, 1073/, 1074/, 1075 
blood vessels in, 1074/, 1079, 
1080/, 1087 

Umbilical ligaments, medial, 1080/, 

1087 

Umbilical region, 19, 20/ 

Umbilical vein, 745,1074/, 1079, 

1080/, 1087 

Umbilicus (navel), 19, 1080/ 
Uncinate fits, 570 
Unconventional myosin, 88 
“Uncouplers,” poisons as, 923 
Uncus, 434/, 436 

Undescended testis (eryptorehidism), 

1022, 1057 

Unfused (ineomplete) tetamis, 294, 

295/ 

Uniaxial movement, 256, 260/ 
Unicellular glands, 124 

exocrine (mucous/goblet eells), 
124, 125/ 

Unipennate faseiele pattern/muscles, 

322, 322/ 

Unipolar neurons, 393, 394-395Í 
Unitary (viseeral) smooth muscle, 

309 

Universal donor, 652 1 , 653 
Universal reeipient, 652 1 , 653 
Universal solvent (water), 29, 38, 991 
Unsaturated fats, 46, 908 
Upper limbs. See also Arm; Forearm; 

Hand 

arteries of, 725/, 728-729/, 72 8t 
bones of, 200/, 228-234,230/, 
231/, 232/, 233 1 

innervation of, 501/, 504/, 505- 
506, 505f 

veins of, 736-737/, 740-741/, 
740-74H 


Upper motor neurons, 469,472/, 512 
Upper tmnk, braehial plexus, 504/, 

505 

Up-regulation, 595 
Uracil (U), 53, 54/ 

Urea, 928/, 929, 979 
reeyeling, 976, 977/ 
tubular seeretion of, 972, 973/ 
Urea eyele, 929 
Uremia, 978 

Ureter(s), 955, 955/, 979-980, 979/, 

980/ 

autonomic innervation/effeets 
and, 528/ 

Ureteric buds, 983, 984/ 

Ureteric ducts, 983 
Urethra, 955, 955/, 981-982, 981/ 
autonomic innervation/effeets 
and, 536f 

embryologie/fetal development 
of, 1055, 1056/ 

in female, 981, 981/, 982, 1035/ 
hypospadias and, 984 
in male, 981-982, 981/, 1019, 
1019/, 1023/, 1024 
Urethral folds, 1055, 1057/ 

Urethral glands, 1024 
Urethral groove, 1055, 1057/ 
Urethral orifiee, 981, 981/, 1019/, 

1023/, 1035/, 1055 
Urethral sphineters 

external, 344f, 345/, 981, 981/ 
internal, 981, 981/ 

Urethritis, 982, 1053 
Urgency, urinary, infeetion and, 982 
Uric aeid, 979 
in gout, 272 

tubular seeretion of, 972 
Urinalysis, 989 

Urinary bladder, 955, 955/, 979/, 

980-981,981/ 
atonie, 543 

autonomic innervation/effeets 
and, 527/, 528/, 532/, 53 6t 
eaneer of, 988 

embryologie/fetal development 
of, 983, 984/, 1056/ 
emptying (micturition), 979, 982, 
983/, 984-985 
infeetion of (eystitis), 982 
Urinary ineontinenee, 982, 985, 

1083 

Urinary retention, 982 

Urinary system, 5/, 7/, 954-989, 955, 

955/ See also speeifie structure 
and Kidneys 

autonomic nervous system and, 
540 b, 1013 b 

cardiovascular system and, 746fr, 
1013 b 

ease study and, 989 b 
eongenital abnormalities of, 984 
developmental aspeets of, 982- 
985, 984/ 

digestive system and, 900 b, 1013 b 
endoerine system and, 626 b, 

1013 b 

homeostatie relationships of, 5 f, 
1013 b 

integumentary system and, 1 6Sb, 
1013 b 


lymphatie system/immunity and, 
761^, 1013 b 

muscular system and, 314£>, 1013 b 
physiology/fimetions of, 6, 7/ 
pregnaney and, 1083 
reproductive system and, ÌOÌ3b, 
105 9b 

respiratory system and, 843 b, 

1013 b 

skeletal system and, 195 b, 1013 b 
Urinary traet infeetions, 982, 985 
Urination (micturition), 979, 982, 

983/, 984-985 
Urine, 963, 978-979, 980í 
in body defense, 770 1 
ehemieal eomposition of, 979, 

980 1 

eoneentration/vohime regulation 
and, 973-977, 974-975/, 977/ 
formation of, 963-977, 963/ 
difiite/eoneentrated urine and, 
976, 977/ 
fetal, 983 

glomemlar filtration in, 963, 
963/, 964/, 965-968, 965/, 
967/ 

tubular reabsorption in, 

963, 963/, 968-972, 969/, 
970/, 97 lf, 973/ See also 
Tubular reabsorption 
tubular seeretion in, 963, 963/, 
972, 973/ See also Tubular 
seeretion 

physieal eharaeteristies of, 

978- 979 

transport/storage/elimination of, 

979- 983, 979/, 980/, 981/ 
water loss in, 955, 994, 994/ 

Urine output 
low 

anuria, 968 
oliguria, 995 

water loss and, 955, 994, 994/ 
Urobilinogen, 638 
Urochrome, 978 

Urogenital diaphragm, 344f, 345/, 

981,1023/, 1035/ 

Urogenital ridges, 983, 984/ 
Urogenital sinus, 983, 984/, 1056/, 

1057/ 

Urologist, 989 

Usnic aeid, for weight loss, 943 b 
Uterine arteries, 1039, 1039/ 
ovarian branehes of, 1036 
Uterine eontraetions 
Braxton Hieks, 1085 
in labor, 1085, 1085/, 1086 
Uterine (menstmal) eyele, 1049- 

1051, 1050/ 

Uterine glands, 1039, 1039/ 

Uterine (fallopian) tubes, 1035,1035/, 

1037-1038, 1037/ 
embryologie/fetal development 
of, 1056/ 

fertilization in, 1037,1071/ 
inflammation of (salpingitis), 

1063 

reseetion of (tubal ligation), 

1090è>, 1091^ 

Uterosacral ligaments, 1035/, 1037/, 

1038 
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Uterus, 1035,1035/, 1037/, 

1038-1039,1039/ 
autonomic innervation/effeets 
and, 532/ 

eaneer of (endometrial eaneer), 

1063 

embryologie/fetal development 
of, 1056/ 

pregnaney affeeting, 1082, 1082/ 
prolapse of, 1038 
surgical removal of 
(hystereetomy), 1063 
vascular supplyof, 1037/, 1039, 
1039/ 

Utride, 573, 573/, 576f, 580, 580/ 
Utrophin, for muscular dystrophy, 

315 

Uvea, 549-551, 549/ 

Uvula, 804/, 806, 856/ 

VAC (vacuum-assisted closure), 149 
Vaeeines, 780, 780/ 

Vagal tone (heart), 684 

Vagal trnnks, anterior and posterior, 

529 

Vagina, 1035, 1035/, 1037/, 1039- 

1040,1040/ 

aeid mantle of, in body defense, 
770/ 

autonomic innervation/effeets 
and, 528/, 532/, 536/ 
embryologie/fetal development 
of, 1055, 1056/ 

Vaginal fornix, 1035/, 1040 
Vaginal orifiee, 1040, 1040/ 

Vaginal proeess, 1055 
Vaginal ring, for eontraeeption, 

1090-1091^7 
Vagotomy, 543, 905 
Vagus nerve (eranial nerve X), 444/, 

445/, 446, 493/, 499f, 500, 
528-529, 528/, 569, 570/ 
in food intake regulation, 939, 
940/ 

in gustatory pathway, 499í, 569, 
570/ 

injury/paralysis of, 499f 
parasympathetie fibers of, 499/, 
528-529, 528/ 

reseetion of (vagotomy), 543, 905 
Vagus nerve stimulator, in seizure 

eontrol, 453 
Valenee shell, 31,31/ 

Vallate papillae, 568, 568/, 857, 857/ 
Valsalva’s maneuver, 809 
Valves. See Heart valves; Lymphatie 

eapillary valves; Venous valves 
V alvular heart disease 
aging and, 687 

ineompetenee/stenosis, 668, 679 
murmurs and, 679 
Vanadium, 26/ 

Vanilloid reeeptor, 486 
Vaporization, heat of, of water, 38, 

945 

Variability/variations, anatomieal, 14 
Variable, in homeostasis, 9 
Variable (V) region, 781, 781/ 
Variation, genetie, sexual sources of, 

1097-1099, 1097/, 1098/ 


Varieose veins, 699 

pregnaney and, 699, 1083 
Varieosities, autonomic nerve fiber, 

306,511 

in smooth muscle, 306, 306/ 308, 
511 

Vasa reeta, 961/, 962 

as countercurrent exchanger, 973, 
974/, 975/, 976 
Vasa vasomm, 693, 694/ 

Vasailar anastomoses, 695/, 699 
Vascular dilation. See Vasodilation 
Vascular endothelial growth faetor 

(VEGF), 745 
V ascularity/avascularity 
of bone, 136,137/ 
of eartilage, 132 
of eonneetive tissue, 127 
of epithelial tissue, 118 
Vascular layer of eye, 549-551, 549/ 
Vascular permeability, inflammation 

and, 767-769, 768/ 

Vascular plexus 

cutaneous, 151/, 155 
subpapillary, 151/ 

Vascular resistanee. See Peripheral 

(vascular) resistanee 
Vascular shoek, 717 
Vasailar shunts 

in eapillary bed, 698, 698/ 
in fetal eirodation, 1079,1080/ 
occlusion of after birth, 1080/, 
1087 

Vasailar spasm, in hemostasis, 646, 

646/ 

Vasoilar system, 721-745. See also 

Blood vessels; Circulation 
Vascular tissue. See Blood 
Vas (ductus) deferens, 1019,1019/, 

1020/, 1021/, 1023/, 1024. See 
also Ductus (vas) deferens 
Vaseetomy, 1024, 1090 b, 1091 b 
Vasoaetive intestinal peptide, 868f, 

872 

Vasoeonstrietion, 693, 714/ 
blood pressure and, 539, 705, 

705/, 706/, 707, 708/, 709/, 713, 

1002/ 

heat promotion and, 945-946, 
946/ 

in hemostasis, 646, 646/ 
Raynaud’s disease and, 539 
venous return and, 704, 705/ 
Vasodilation, 693, 714/ 

blood pressure regulation and, 
706, 706/, 713 

heat loss and, 163, 946/, 947 
in inflammation, 767-769, 768/ 
Vasomotion, 716 
Vasomotor eenter, 447, 538, 705 
blood pressure eontrol and, 705, 
706, 706/, 709/ 

Vasomotor fibers, 536, 693, 705 
blood pressure and, 536 
vasoaetivity and, 693, 705 
Vasomotor (sympathetie) tone, 

536-537, 705, 709/ 
Vasopressin (antidiuretic hormone/ 

ADH), 599-601, 600, 600/, 
602f, 707, 995, 996/. See also 
Antidiuretic hormone 


Vasovagal (neurocardiogenic) 

syneope, 543 
Vastus muscles, 380í 

intermedius, 364/, 366í, 381/ 
lateralis, 326/, 364/, 365 f, 381/ 
medialis, 326/, 364/, 365f, 381/ 
Vault, eranial, 201 

Veins, 693, 694/, 695 f 69 6/, 698-699. 

See also speeifie named vein 
blood flow veloeity and, 712, 712/ 
blood pressure in, 703-704, 703/, 
704/ 

blood vohime in, 699, 699/ 
eonstrietion of, venous return 
and, 704, 705/ 
dilation of, blood pressure 
regulation and, 706, 706/ 
pulmonary, 662, 722/, 722-723/, 
814/816 

structure of, 694/, 69 6t 
systemie, 721, 736-737/, 736t 
valves in, 694/, 699 
varieose, 699 

pregnaney and, 699, 1083 
Vellus hair, 159 

Venae eavae, 699, 736-737/, 736t 
blood flow veloeity and, 712/ 
blood pressure in, 703/ 
inferior, 662, 663-665/, 669/, 
736-737/, 736í, 742-743/, 

742 1 

superior, 662, 663-665/, 669/, 
736-737/, 736 1 

Venereal disease (VD), 1053-1054 
Venoeonstrietion, venous return and, 

704, 705/ 

Venodilation, blood pressure 

regulation and, 706, 706/ 
Venous anastomoses, 699 
Venous blood pressure, 703-704, 

703/, 704/ 

varieose veins and, 699 
Venous palmar arehes, deep and 

superficial, 740-741/, 740í 
Venous plexuses, 715 
Venous reserve, 828 
Venous return, 682, 705/ 

muscular and respiratory pumps/ 
sympathetie venoeonstrietion 
and, 704, 704/, 705/ 
stroke volume and, 682, 682/, 

704,705/ 

Venous sinuses, 699 

dural, 459,460/, 699, 721, 736- 
737/, 738 1 

seleral, 548/, 552, 552/ 
splenie (splenie simisoids), 757/, 

758 

Venous system, 698-699. See also 

Veins 

Venous valves, 694/, 699 
Ventilation, 826 
alveolar, 823, 823/ 
bloodpH and, 1006 
minute, 823, 823/ 
pulmonary. See Breathing; 
Pulmonary ventilation 
Ventilation-perfusion coupling, 

826-827, 827/ 

Ventral (term), 12/. See also under 

Anterior 


Ventralbody eavity, 14-19, 18/ 
membranes of, 18, 19/, 141/, 142 
Ventral eortieospinal traet, 469/, 472/, 

473/ 

Ventral (anterior) funiculi, 467/, 468 
Ventral (anterior) horns, 431/, 439/, 

466, 467/, 468/ 

Ventral (anterior) median fissure, 

466, 467/ 

Ventral mesentery, 853, 853/ 

Ventral posterolateral nuclei, 441, 

442/ 

Ventral ramus/rami, 502/, 503 
braehial plexus, 504/, 505, 505/ 
eranial plexus, 503/, 503/ 
lumbar plexus, 507/, 507/ 
saeral plexus, 508/, 509/ 
in thorax, 509 

Ventral respiratory group, 834, 834/. 

See also Medullary respiratory 
eenters 

Ventral reticulospinal traet, 473/ 
Ventral root(s), 466, 467/, 468/, 501, 

502/ 

braehial plexus, 504/, 505, 505/ 
lumbar plexus, 507/, 507/ 

Ventral rootlets, 466, 502/ 

Ventral spinoeerebellar traet, 469, 

469/471/ 

Ventral (anterior) spinothalamie 

traets, 469,469/, 471/ 

Ventral tegmental area (VTA), 41 Sb 
Ventral white commissure, 469/ 
Ventrieles 

of brain, 429,429/, 430,431/ 
of heart, 659, 662, 663-665/, 668, 
669/, 670/ 

development of, 686, 686/ 
Ventriodar ejeetion phase, 680/, 681 
Ventrioilar fibrillation, 676, 679/ 
Ventriodar filling, 680-681, 680/ 
Ventricular septal defeet, 687/ 
Ventricular systole, 680/, 681 
Ventricular taehyeardia, 691 
Ventromedial nucleus, 442/ 

food intake regulation and, 939, 
940/ 

Vemdes, 693, 695/, 696/, 698 
blood flow veloeity and, 712/ 
blood pressure in, 703/ 
blood volume in, 699/ 
posteapillary, 695/, 698, 698/ 
Vermis, 447,448/ 

Vernix easeosa, 167 

Vertebrae, 200/, 218, 218/, 219-220/, 

220 /, 222 / 

eervieal, 218, 218/, 221,221/, 222/, 
223/ 

eompression fractures of, in 
osteoporosis, 192, 245 
lumbar, 218, 218/, 222, 222/, 223/ 
regional eharaeteristies of, 221- 
224, 221/, 222/, 223/, 224/ 
structure of, 220-221, 220/ 
thoraeie, 218, 218/, 221-222, 222/, 
223/ 

Vertebral areh, 220, 220/ 

Vertebral arteries, 725/, 726/, 726- 

727/, 727/, 728/, 729/ 
Vertebral (medial) border of scapula, 

228 
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Vertebral eanal, 220 
Vertebral (spinal) eavity, 14, 18/ 
Vertebral column (spine/spinal 

column), 200/, 218-224,218/, 
219/, 220/, 221/ 222/, 223/, 
224/ 

developmental aspeets of, 244- 
245, 245/ 

muscles of, 336-338t, 339/ 
osteoporotie fractures of, 192, 245 
Vertebral foramen, 220, 220/, 223/ 
Vertebral (floating) ribs, 225/, 226 
Vertebral spine (spinous proeess), 

219/, 220, 220/, 222/, 223/ 
of vertebra prominens, 221 
Vertebral vein, 737/, 738-739/, 738/ 
Vertebra prominens, 221, 222/ 
Vertebroehondral (false) ribs, 225/, 

226 

Vertebrosternal (tme) ribs, 225/, 226, 

226 / 

Vertexpresentation, 1086, 1086/ 
Vertieal (perpendicular) plate, 203/, 

205/210,210/212,214/ 

Very low density lipoproteins 

(VLDLs), 932, 936, 936/ 
Vesieal arteries, superior, 1087 
Vesiele(s), 73 
brain, 1077 

primary, 429, 429/ 
seeondary, 429, 429/ 
elathrin-eoated, 75, 76/, 78/ 
in exocytosis, 77, 77/, 85, 86/ 
lens, 585 
optie, 585 
otie, 585 

seeretory, 77, 77/, 85, 85/, 86/, 87/ 
synaptie, 286, 287/, 407, 409/, 511 
transport, 73, 76/, 78/, 85/, 87/ 
Vesiele SNAREs, in exocytosis, 77/, 

78 

Vesicouterine pouch, 1035/, 1038 
Vesicular (antral/tertiary) follieles, 

1036, 1036/, 1044/, 1045- 
1047, 1046/, 1047, 1050/ 
Vesiailar trafheking, 73, 73-77, 78/ 
Vesicular transport, 73-78, 76/, 77/, 

78/ 

Vesiculase, 1025 
Vestibular apparatus, 580 
Vestibular (equilibrium) cortex, 436 
Vestibular folds (false voeal eords), 

804/, 807/, 808, 808/ 

Vestibular ganglia, 498/, 573/, 580 
Vestibular glands, greater, 1035 f 

1040/, 1041 

Vestibular membrane, 574/, 575 
Vestibular nerve, 498/, 571/, 580, 580/ 
Vestibular nuclear complex/ 

vestibular nuclei, 446, 583, 
583/ 

Vestibular nystagmus, 581 
Vestibule 

of bony labyrinth, 571/, 573, 576/ 
nasal, 803, 804/ 
oral, 856/, 857 
of vagina, 1040/, 1041 
bulbs of, 1040/, 1041 
embryologie/fetal 

development of, 1055, 
1056/ 


Vestibulocochlear nerve (eranial 

nerve VIII), 444/, 445/, 446, 
493, 493/, 498/, 574/, 575, 578, 
579/ See also Cochlear nerve; 
V estibular nerve 
lesions of, 498/ 

Vestibulospinal traet, 469/, 473,473/ 
Viagra, 1027 

Vibrissae (nose hairs), 803 
Villi 

araehnoid, 459, 459/ 
ehorionie, 1072, 1073/, 1074/ 
testing (ehronie villus 
sampling), 1103-1104, 
1104/ 

in small intestine, 876-877, 876/ 
Viral infeetion, obesity and, 942 b 
Viral load, in HIV infeetion/AIDS, 

794 

Virchow, Rudolf, 62 
Virases, interferon meehanism 

against, 771, 771/ 

Viseera/viseeral organs, 14, 18/ See 

also speeifie organ 
musculature of, 342/, 343/ 
thoraeie, arteries of, 729/ 

Viseeral afferent fibers/nerves, 387, 

388/, 490 

Viseeral efferent fibers/nerves, 490 
Viseeral layer 

of glomeralar capsule, 959/, 960, 
964/, 965 

of serous perieardmm (viseeral 
pericardium/epicardium), 18, 
19/, 141/, 660, 661, 661/, 665/ 
Viseeral motor fibers, 490 
Viseeral (autonomic) motor (VM) 

neurons, 468, 468/ See also 
Autonomic nervous system; 
Motor (efferent) neurons 
Viseeral motor system, general, 524. 

See also Autonomic nervous 
system 

Viseeral motor zones (lateral horns), 

466, 467/, 529, 530/ 

Viseeral muscle, 309. See also Smooth 

muscle 

innervation of, 511 
Viseeral pain, 490 
Viseeral perieardmm, 18, 19/, 141/, 

660, 661, 661/, 665/ 

Viseeral peritoneum, 18, 141/852, 

853/, 854/, 855, 889/ 

Viseeral (pulmonary) pleura, 18, 141/, 

814/, 816 

Viseeral reflex are, 533, 533/ 

Viseeral (autonomic) reflexes, 513, 

533, 533/ 

Viseeral sensory area, 436 
Viseeral sensory fibers, 387, 388/, 490 
Viseeral sensory (VS) neurons, 

468, 468/, 533, 533/ See also 
Sensory (afferent) neurons 
Viseeral serosa, 18, 19/ 
Viseeroeeptors (interoeeptors), 

484-485, 485í, 486í 
Viseosity (blood), 702, 709/ 

Visible light, 553, 554/ 

Visible speetram, 553, 554/ 

Vision, 545-565. See also under 

Visual and Eye 


eortieal areas in, 434/, 436, 565 
depth pereeption and, 564-565, 
564/ 

developmental aspeets of, 585 
fooising of light on retina in, 
554-556, 555/ 

information/visual proeessing in 
retina and, 561-562, 562/, 565 
opties and, 553-556, 554/, 555/, 
557/ 

pathway to brain and, 563-564, 
564/ 

photoreeeptors/ 

phototransduction in, 556- 
563, 558/, 559/, 560/, 561/, 562/ 
Visual acuity, developmental aspeets 

of, 585 

Visual areas, 434/, 436 

Visual assoeiation area, 434/, 436, 565 

Visual (striate) cortex, primary, 434/, 

436, 563, 564/, 565 
developmental aspeets and, 476 
Visual fields, 563, 564/, 565 
Visual pathways, 563-564, 564/ 

Visual pigments (photopigments), 

558, 558/ 

ehemistry of, 559-560, 560/ 
light and dark adaptation and, 

563 

in phototransduction (synthesis/ 
bleaehing/ regeneration), 
560-561, 560/, 561/ 

Visual proeessing, 565 
Visual reeeptor eells. See 

Photoreeeptors 
Vital eapaeity, 822, 822/ 
aging affeeting, 842 
Vital signs, 710 
Vitamin(s), 8, 911-913, 912/ 
absorption of, 897 
fat-soluble, 46/, 897, 912, 912/ 
storage of in liver, 937/ 
water-soluble, 897, 912, 912/ 
Vitamin A (retinol), 46/, 912, 912/ 
defieieney of, night blindness and, 
563, 912/ 
in vision, 559 

Vitamin fy (thiamine), 912/ 

Vitamin (riboflavin), 912/, 916 
Vitamin B 3 (niaein), 912/, 916 
Vitamin B s (pantothenie aeid), 912/ 
Vitamin B 6 (pyridoxine), 912/ 

Vitamin B 9 (folie aeid/folaein), 638, 

912/ 

Vitamin B 12 (eyanoeobalamin), 638, 

639,912/ 

intrinsie faetor and, 639, 870, 
897,912 

Vitamin C (aseorbie aeid), 912, 912/ 
defieieney of (scurvy), 149, 912/ 
Vitamin D, 46/, 898, 912/ 
bone mass and, 193-194 
ealemm absorption/regulation 
and, 898 

defieieney of, osteomalaeia and 
riekets and, 192, 912/ 
imnrnne system and, 796 
for osteoporosis, 193 
parathyroid hormone affeeting 
aetivation of, 611, 611/, 898 
synthesis of in skin, 623, 911 


Vitamin E (toeopherol), 46/, 912, 

912/ 

Vitamin K (phylloquinone), 46/, 912, 

912/ 

elotting faetor production and, 
647, 650 
Vitiligo, 172 

Vitreous humor, 548/, 552, 552/ 

V o2 max > a g* n g aífeeting, 842 
Voeaí eords 

false (vestibular folds), 804/, 807/, 

808 

trae. See Voeal folds 
Voeal folds (trae voeal eords), 804/, 

807/, 808, 808/ 

inflammation of (laryngitis), 809 
voiee production and, 808-809 
Voeal ligaments, 808 
Voiee box. See Larynx 
Voiee production, 808-809 
Voiding (micturition), 979, 982, 983/, 

984-985 

Volatile aeid, 1006 
Volkmann’s (perforating) eanals, 

181, 182/ 

Volt(s), 396 
Voltage, 79, 396 

Voltage-gated ehannel(s), 81, 396, 

396/ 

aetion potential and, 400-401, 
403/ 

information transfer at ehemieal 
synapse and, 408,409/ 
muscle eontraetion and, 287/, 288, 
288/, 289 

in eardiae muscle, 672, 673/ 
Volume-pressure relationships, 

pulmonary ventilation and, 
817 

Vohmtary muscle, 138, 277. See also 

Skeletal muscle(s) 

Voluntary nervous system, 387, 388/ 

See also Somatie nervous 
system 

Vomer, 203/, 205/, 206/, 212, 214/, 

217/ 

Vomiting (emesis), 874 
von Willebrand faetor, 646 
V (variable) region, 781, 781/ 
v-SNAREs, in exocytosis, 77/, 78 
Vulva (external genitalia), 1035, 

1035/, 1040/, 1041 
embryologie/fetal development 
of, 1055, 1057/ 

Wallerian degeneration, 491 
Walls 

of nasal eavity, 213 
of orbit, 213, 213/ 

Warfarin, 650 
Warts, genital, 1054 
Water, 8, 34, 34/, 38-39, 39/ 

absorption of, in digestion, 898 
body, 991, 991/. See also Body 
water; Water balanee 
exchanges of among fluid 
eompartments, 993, 993/ 
hydrogen bonding and, 34-35, 

35/ 

intake of, 994,994-995,994/ 




1-60 


lndex 


Water, (eontd.) 
loss of 

insensible, 945, 994, 995 
sensible, 995 

metabolie (water of oxidation), 

994 

output of, 994, 994/, 995 
partial pressure of, 824, 825, 825 1 
polarity of, 34, 34/, 38 
as solvent, 29, 38 
as survival requirement, 8, 38-39 
tubular reabsorption of, 969, 970f, 
973/ 

Water balanee, 993-997, 994/, 996/, 

997/ 

antidmretie hormone in, 442, 599, 
602f, 995, 996/ 

developmental aspeets of, 1012 
disorders of, 995-997, 997/ 
hypothalamus in, 442 
kidneys in, 999-1000, 1000/, 

1001 /, 1002 / 

sodium in, 997-999, 998f, 999 1 
regulation and, 999-1000, 
1000 /, 1001 /, 1002 / 
water intake regulation and, 
994-995,994/ 

water output regulation and, 994, 
994/, 995 

Water intake, 994, 994-995, 994/ 
Water on the knee, 270 
Water output, 994, 994/, 995 
Water-soluble hormones, 593 

meehanism of aetion of, 593-595, 
594/ 

Water-soluble vitamins, 897,912, 

912 1 
W avelength 

light, 553-554, 554/ 
sound, 576, 576/ 


Wave (temporal) summation, 294 
by postsynaptie neuron, 411/, 

412,412í 

WBCs (white blood eells). See 

Leukocyte(s) 

Weak aeids, 41, 1004, 1005/ 
Weakbases, 41,1004 
“Wear-and-tear arthritis,” 270 
Wear-and-tear theory, of aging, 111 
Weber’s test, 590 
Weeping hibrieation, 252 
Weight, regulation of, 939-941, 940 f 

942-943 £> 

Weight gain, during pregnaney, 1083 
Weight-loss supplements, 943 b 
Weight training, anabolie steroid 

abuse and, 313 b 
Wernicke’s area, 434/, 455 
language and, 455-456 
Wharton’s jelly, 1075 
White blood eell(s), 128, 129 1, 137/, 

632, 632/, 640-645, 641/, 

644 1. See also speeifie type and 
Leukocyte(s) 

White blood eell count, 640, 641/ 
differential, 641/, 653-654 
White columns/funiculi, 467/, 468 
White fat (white adipose tissue), 130 
Whitehead, 162 
White matter, 393,430 
of brain 

brain stem, 443 
eerebellar, 447 

eerebral, 431,437,438/, 439/ 
of spinal eord, 467/, 468 
White pulp, 757/, 758 
White ramus communicans/rami 

communicantes, 529, 529 1, 
530/ 531,532/ 

Whole blood transfusions, 650 


Willis, eirele of (eerebral arterial 

eirele), 699, 726/, 727/, 727 1 
Window of implantation, 1067 
Windpipe. See Traehea 
Wisdom teeth, 859, 860/ 

Withdrawal (coitus interruptus), 1090£> 
Withdrawal (flexor) reflex, 9,518,518/ 
Wolffian (mesonephrie) ducts 
in gonadal development, 1055, 
1056/ 

in kidney development, 983, 984/ 
Wolffslaw, 188-189 
Working (short-term) memory, 456, 

456/ 

Wound healing/repair, 142-144, 

143/, 768/, 769 

by first/seeond intention, 149 
Wovenbone, 185/ 

Wrist (carpus) 

bones of (earpals), 200/, 232-234, 
232/, 233/ 

muscles eontrolling movement of, 
354-357/, 355/ 357/ 358/, 359/ 
Wrist drop, 506 
Wrist joint, 254/ 

Xchromosome, 1054, 1096, 1101/ 
homeostatie imbalanees and, 
1054-1055 

sex-linked inheritanee and, 1100- 
1101 , 1101/ 

Xenobiotics, male infertility and, 

1033 

Xenograffs, 790 
Xenon CT, 16fr 

Xerostomia (dry mouth), 859, 905 
thirst meehanism and, 994, 994/ 
Xiphisternal joint, 225/, 226 
Xiphoid proeess, 225,225/ 


X-linked inheritanee, 1100-1101, 

1101/ 

X ray imaging, 16 b 
Yawn, 824/ 

Y ehromosome, 1054, 1096, 1101/ 
homeostatie imbalanees and, 
1054-1055 

sex-linked inheritanee and, 1100, 
1101/ 

Yellowbone marrow, 178, 178/, 179 
Yellow bone marrow eavity, 178 
Yolksae, 1073/, 1074-1075, 1075/, 

1076/, 1078/ 


Z dises/lines, 281 

in eardiae muscle, 671, 672/ 
in skeletal muscle, 280/, 281, 284/, 
285, 285/ 

Zine, 26/, 915/ 

Zona faseiailata, 612, 612/ 

Zona glomemlosa, 612, 612/ 

Zonal inhibiting proteins, 1066 
Zona pelhieida, 1045, 1046/ 

Zona retiailaris, 612, 612/ 

Zygomatie areh, 206/, 208 
Zygomatie bones, 203/, 204/, 206/, 

212,217/ 

Zygomatie braneh of faeial nerve, 

497/, 498/ 

Zygomatie proeess, 204/, 206/, 208, 

208/, 211/, 212, 216/, 217/ 
Zygomaticus muscles, 326/, 330/, 331/ 
Zygote, 1019,1065, 1067 
eleavage of, 1067,1071/ 

Zygote intrafallopian transfer (ZIFT), 

1089 

Zymogen gramiles, 882-883, 882/ 




Word Roots, Prefìxes, Suffìxes, 

and Combining Forms 


Prefixes and Combining Forms 

a-, an- absenee, laek aeardia, laek of a heart; anaerobie, in the absenee of 
oxygen 

ab- departingfrom, awayfrom abnormal, departing from normal 
acou- hearing acoustics, the seienee of sound 

ae-, aero- extreme or extremity, peak aerodermatitis, inflammation of the 
skin of the extremities 
ad- to, toward adorbital, toward the orbit 
aden-, adeno- gland adeniform, resembling a gland in shape 
adren- toward the kidney adrenal gland, adjaeent to the kidney 
aero- air aerobie respiration, oxygen-requiring metabolism 
af- toward afferent neurons, which earry impulses to the eentral nervous 
system 

agon- eontest agonistie and antagonistie muscles, which oppose eaeh other 
alb- white corpus albieans ofthe ovary, a white sear tissue 
aliment- noarish alimentary eanal, or digestive traet 
allel- ofone another alleles, alternative expressions of a gene 
amphi- on both sides, ofboth kinds amphibian, an organism eapable of liv- 
ing in water and on land 

ana- apart, up, again anaphase of mitosis, when the ehromosomes separate 
anastomos- eome together arteriovenous anastomosis, a eonneetion be- 
tween an artery and a vein 

aneurysm a widening aortie aneurysm, a weak spot that causes enlarge- 
ment of the blood vessel 

angi- vessel angiitis, inflammation of a lymph vessel or blood vessel 
angin- ehoked angina peetoris, a ehoked feeling in the ehest due to dys- 
fhnetion of the heart 

ant-, anti- opposed to, preventing, inhibiting anticoagulant, a substance 
that prevents blood coagulation 
ante- preeeding, before antecubital, in front of the elbow 
aort- great artery aorta 
ap-, api- tip, extremity apex of the heart 
append- hang to appendicular skeleton 
aqua-, aque- water aqueous solutions 

arbor tree arbor vitae of the cerebellum, the treelike pattern of white matter 
areola- open spaee areolar eonneetive tissue, a loose eonneetive tissue 
arreet- upright arreetor pili muscles ofthe skin, which make the hairs 
stand ereet 

arthr-, arthro- joint arthropathy, anyjoint disease 

artie- joint articular surfaces ofbones, the points of eonneetion 

atri- vestibule atria, upper ehambers ofthe heart 

auscult- listen auscultatory method for measuring blood pressure 

aut-, auto- self autogenous, self-generated 

ax-, axi-, axo- axis, axle axial skeleton, axis of vertebral column 

azyg- anpaired azygous vein, an unpaired vessel 


baro- pressme baroreeeptors for monitoring blood pressure 

basal base basal lamina ofepithelial basement membrane 

bi- two bicuspid, having two cusps 

bili- bile bilimbin, a bile pigment 

bio- life biology, the study of life and living organisms 

blast- bud, germ blastoeyte, undifferentiated embryonie eell 

braehi- arm braehial plexus of peripheral nervous system supplies the arm 

brady- slow bradyeardia, abnormally slow heart rate 

brev- short fibularis brevis, a short leg muscle 

broneho- bronehas bronehospasm, spasmodie eontraetion ofbronehial 
muscle 

bucco- eheek buccolabial, pertaining to the eheek and lip 
ealor- heat ealories, a measure of energy 
eapill- hair blood and lymph eapillaries 
caput- head deeapitate, remove the head 
earein- eaneer eareinogen, a cancer-causing agent 
eardi-, eardio- heart cardiotoxic, harmfhl to the heart 
earneo- flesh trabeculae earneae, ridges of muscle in the ventrieles of the 
heart 

earot- (1) earrot, (2) stupor (1) earotene, an orange pigment, (2) earotid 
arteries in the neek, bloekage of which causes fainting 
eata- down eatabolism, ehemieal breakdown 
caud- tail caudal (direetional term) 
eee- blind cecum of large intestine, a blind-ended pouch 
eele- abdominal eeliae artery, in the abdomen 
eephal- head eephalometer, an instmment for measuring the head 
eerebro- brain, espeeially the eerebmm eerebrospinal, pertaining to the 
brain and spinal eord 
eervie-, cervix neek cervix of the uterus 
ehiasm- erossing optie ehiasma, where optie nerves eross 
ehole- bile eholesterol, eholeeystokinin, a bile-seereting hormone 
ehondr- eartilage ehondrogenie, giving rise to eartilage 
ehrom- eolored ehromosome, so named because they stain darkly 
eili- small hair eiliated epithelium 
circum- around circumnuclear, surrounding the nucleus 
elavie- key elaviele, a “skeleton key” 

eo-, eon- together eoneentrie, eommon eenter, together in the eenter 
eoeey- cuckoo coccyx, which is beak-shaped 

eoehlea snail shell the eoehlea of the inner ear, which is eoiled like a snail 
shell 

eoel- hollow eoelom, the ventral body eavity 

eommis- united gray commissure ofthe spinal eord eonneets the two eol- 
umns of gray matter 

eoneha shell nasal eonehae, eoiled shelves of bone in the nasal eavity 
eontra- against, opposite eontraeeptive, agent preventing eoneeption 






eorn-, cornu- horn stratum corneum, outer layer of the skin eomposed of 
(horny) eells 

eorona crown eoronal suture of the skull 

eorp- body eorpse; corpus luteum, hormone-seereting body in the ovary 
eort- bark cortex, the outer layer of the brain, kidney, adrenal glands, and 
lymph nodes 

eost- rib intereostal, between the ribs 
erani- sknll eraniotomy, a skull operation 

erypt- hidden eryptomenorrhea, a eondition in which menstmal symp- 
toms are experienced but no external loss of blood occurs 
cusp- pointed bicuspid, tricuspid valves ofthe heart 
cutic- skin aitiele of the nail 

eyan- blue eyanosis, blue eolor of the skin due to laek of oxygen 
eyst- sae, bladder eystitis, inflammation of the urinary bladder 
eyt- eell eytology, the study of eells 

de- undoing, reversal, loss, removal deaetivation, beeoming inaetive 

deeid- falling off deciduous (milk) teeth 

delta triangular deltoid muscle, roughly triangular in shape 

den-, dent- tooth dentin of the tooth 

dendr- tree, braneh dendrites, branehes of a neuron 

derm- skin dermis, deep layer of the skin 

desm- bond desmosome, which binds adjaeent epithelial eells 

di- twice, double dimorphism, having two forms 

dia- through, between diaphragm, the wall through or between two areas 
dialys- separate, break apart kidney dialysis, in which waste products are 
removed from the blood 

diastol- stand apart eardiae diastole, between successive eontraetions of 
the heart 

diure- rninate diuretic, a drug that inereases urine output 
dors- the baek dorsal, dorsum, dorsiflexion 

duc-, duct lead, draw ductus deferens, tube which earries sperm from the 
epididymis into the urethra during ejaculation 
dura hard dura mater, tough outer meninx 
dys- diffiealt, faulty, painffl dyspepsia, disturbed digestion 
ee-, ex-, eeto- out, outside, awayfrom excrete, to remove materials from 
the body 

eetop- displaeed eetopie pregnaney; eetopie focus for initiation of heart 
eontraetion 

edem- swelling edema, accumulation of water in body tissues 
ef- away efferent nerve fibers, which earry impulses away from the eentral 
nervous system 

ejae- to shootforth ejaeiilation of semen 

embol- wedge embolus, an obstmetive objeet traveling in the bloodstream 
en-, em- in, inside eneysted, enelosed in a eyst or eapsiile 
eneeph- brain eneephalitis, inflammation of the brain 
endo- within, inner endoeytosis, taking partieles into a eell 
entero- intestine enterologist, one who speeializes in the study ofintestinal 
disorders 

epi- over, above epidermis, outer layer of skin 

erythr- red erythema, redness of the skin; erythroeyte, red blood eell 

eso- within esophagus 

eu- well euesthesia, a normal state of the senses 
excret- separate excretory system 

exo- outside, outer layer exophthalmos, an abnormal protmsion of the eye 
from the orbit 

extra- outside, beyond extracellular, outside the body eells of an organism 

extrins- from the ontside extrinsic regulation of the heart 

fasei-, faseia- bundle, band superficial and deep faseia 

fenestr- window fenestrated eapillaries 

ferr- iron transferrin, ferritin, both iron-storage proteins 

flagell- whip flagellum, the tail of a sperm eell 

flat- blow, blown flatulence 


folli- bag, bellows hair folliele 
fontan- fonntain fontanelles of the fetal skull 
foram- opening foramen magnum ofthe skull 
foss- diteh fossa ovalis of the heart; mandibular fossa of the skull 
gam-, gamet- married, spouse gametes, the sex eells 
gangli- swelling, or knot dorsal root ganglia of the spinal nerves 
gastr- stomaeh gastrin, a hormone that influences gastrie aeid seeretion 
gene beginning, origin geneties 
germin- grow germinal epithelium of the gonads 
gero-, geront- old man gerontology, the study of aging 
gest- earried gestation, the period from eoneeption to birth 
glauc- gray glaucoma, which causes gradual blindness 
glom- ball glomemli, clusters of eapillaries in the kidneys 
glosso- tongue glossopathy, any disease ofthe tongue 
gluco-, glyeo- gluconeogenesis, the production of glucose from nonearbo- 
hydrate molecules 

glute- buttock gluteus maximus, largest muscle ofthe buttock 
gnost- knowing the gnostie sense, a sense of awareness of self 
gompho- nail gomphosis, the term applied to the joint between tooth and 
jaw 

gon-, gono- seed, offspring gonads, the sex organs 
gust- taste gustatory sense, the sense of taste 
hapt- fasten, grasp hapten, a partial antigen 

hema-, hemato-, hemo- blood hematoeyst, a eyst eontaining blood 
hemi- half hemiglossal, pertaining to one-half of the tongue 
hepat- liver hepatitis, inflammation of the liver 

hetero- different or other heterosexuality, sexual desire for a person ofthe 
opposite sex 

hiat- gap the hiatus of the diaphragm, the opening through which the 
esophagus passes 

hippo- horse hippocampus of the brain, shaped like a seahorse 
hirsut- hairy hirsutism, excessive body hair 
hist- tissue histology, the study of tissues 
holo- whole holoerine glands, whose seeretions are whole eells 
hom-, homo- same homeoplasia, formation oftissue similar to normal tis- 
sue; homoeentrie, having the same eenter 
hormon- to excite hormones 

humor- afluid humoral immunity, which involves antibodies circulating 
in the blood 

hyal- glass, elear hyaline eartilage, which has no visible fibers 
hydr-, hydro- water dehydration, loss ofbody water 
hyper- excess hypertension, excessive tension 
hypno- sleep hypnosis, a sleeplike state 

hypo- below, defieient hypodermie, beneath the skin; hypokalemia, defi- 
eieney of potassium 

hyster-, hystero- uterus, womb hystereetomy, removal of the uterus; hys- 
terodynia, pain in the womb 

ile- intestine ileum, the last portion of the small intestine 
im- not impermeable, not permitting passage, not permeable 
inter- between intercellular, between the eells 

intereal- insert interealated dises, the end membranes between adjaeent 
eardiae muscle eells 

intra- within, inside intracellular, inside the eell 
iso- equal, same isothermal, equal, or same, temperature 
jugul- throat jugular veins, prominent vessels in the neek 
juxta- near, elose to juxtaglomerular complex, a eell cluster next to a glom- 
erulus in the kidneys 

karyo- kernel, nucleus karyotype, the assemblage of the nuclear ehromo- 
somes 

kera- horn keratin, the water-repellent protein of the skin 
kilo- thonsand kiloealories, equal to 1000 ealories 
kin-, kines- move kinetie energy, the energy of motion 



labi-, labri- lip labial frenulum, the membrane which joins the lip to the 
gum 

laet- milk laetose, milk sugar 

lacun- spaee, eavity, lake lacunae, the spaees occupied by eells of eartilage 
and bone tissue 

lamell- smallplate eoneentrie lamellae, rings ofbone matrix in eompaet 
bone 

lamina layer, sheet basal lamina, part of the epithelial basement membrane 

lat- wide latissimus dorsi, a broad muscle of the baek 

laten- hidden latent period ofa muscle twitch 

later- side lateral (direetional term) 

leuko- white leukocyte, white blood eell 

leva- raise, elevate levator labii superioris, muscle that elevates upper lip 
lingua- tongue lingual tonsil, adjaeent to the tongue 
lip-, lipo- fat, lipid lipophage, a eell that has taken up fat in its eytoplasm 
lith- stone eholelithiasis, gallstones 
luci- elear stratum lucidum, elear layer of the epidermis 
lumen light lumen, eenter of a hollow structure 
lut- yellow corpus luteum, a yellow, hormone-seereting structure in the 
ovary 

lymph water lymphatie circulation, return of elear fluid to the bloodstream 

maero- large macromolecule, large moleeiile 

macula spot macula lutea, yellow spot on the retina 

magn- large foramen magnum, largest opening of the skull 

mal- bad, abnormal malfhnetion, abnormal fhnetioning of an organ 

mamm- breast mammary gland, breast 

mast- breast masteetomy, removal of a mammary gland 

mater mother dura mater, pia mater, membranes that envelop the brain 

meat- passage external acoustic meatus, the ear eanal 

medi- middle medial (direetional term) 

medull- marrow medulla, the middle portion of the kidney, adrenal gland, 
and lymph node 

mega- large megakaryoeyte, large precursor eell ofplatelets 
meio- less meiosis, nuclear division that halves the ehromosome number 
melan- blaek melanoeytes, which seerete the blaek pigment melanin 
men-, menstru- month menses, the eyelie menstmal flow 
meningo- membrane meningitis, inflammation ofthe membranes ofthe 
brain 

mer-, mero-, apart meroerine glands, the seeretions of which do not in- 
clude the eell 

meso- middle mesoderm, middle germ layer 

meta- beyond, between, transition metatarsus, the part of the foot between 
the tarsus and the phalanges 
metro- uterus endometrium, the lining of the uterus 
miero- small mieroseope, an instmment used to make small objeets ap- 
pear larger 

mictur- rninate micturition, the aet of voiding the bladder 
mito- thread, filament mitoehondria, small, filament-like structures lo- 
eated in eells 

mnem- memory amnesia 

mono- single monospasm, spasm of a single limb 

morpho- form morphology, the study of form and structure or organisms 

multi- many multinuclear, having several nuclei 

mur- wall intramural ganglion, a nerve junction within an organ 

muta- ehange mutation, ehange in the base sequence of DNA 

myelo- spinal eord, marrow myeloblasts, eells of the bone marrow 

myo- muscle myocardium, heart muscle 

nano- dwa7/nanometer, one-billionth of a meter 

nareo- numbness nareotie, a drug producing stupor or numbed sensations 
natri- sodium atrial natriuretic peptide, a sodium-regulating hormone 
neero- death neerosis, tissue death 
neo- new neoplasm, an abnormal growth 


nephro- kidney nephritis, inflammation of the kidney 
neuro- nerve neurophysiology, the physiology of the nervous system 
noei- harmful noeieeptors, reeeptors for pain 
nom- name innominate artery; innominate bone 

noto- baek notoehord, the embryonie structure that preeedes the vertebral 
column 

nucle- pit, kernel, little nut nucleus 
nutri- feed, nornish nutrition 

ob- before, against obstmetion, impeding or bloeking up 
oculo- eye monocular, pertaining to one eye 

odonto- teeth orthodontist, one who speeializes in proper positioning of 
the teeth in relation to eaeh other 
olfaet- smell olfaetory nerves 

oligo- few oligodendroeytes, neuroglial eells with few branehes 
oneo- a mass oneology, study of eaneer 
oo- egg ooeyte, precursor of female gamete 

ophthalmo- eye ophthalmology, the study of the eyes and related disease 
orb- eirealar orbicularis oculi, muscle that eneireles the eye 
orehi- testis eryptorehidism, failure of the testes to deseend into the 
scrotum 

org- living organism 

ortho- straight, direet orthopedie, eorreetion of deformities of the muscu- 
loskeletal system 

osm- smell anosmia, loss of sense of smell 
osmo- pnshing osmosis 

osteo- bone osteodermia, bony formations in the skin 
oto- ear otoseope, a deviee for examining the ear 
ov-, ovi- egg ovum; oviduct 

oxy- oxygen oxygenation, the saturation of a substance with oxygen 
pan- all, nniversal panaeea, a cure-all 

papill- nipple dermal papillae, projeetions ofthe dermis into the epidermal 
area 

para- beside, near paranuclear, beside the nucleus 
peet-, pectus breast peetoralis major, a large ehest muscle 
pelv- a basin pelvie girdle, which eradles the pelvie organs 
peni- a tail penis; penile arteriole 

penna- feather unipennate, bipennate muscles, whose faseieles have a 
feathered appearanee 
pent- five pentose, a 5-earbon sugar 

pep-, peps-, pept- digest pepsin, a digestive enzyme of the stomaeh; peptie 
ulcer 

per-, permea- through permeate; permeable 

peri- around perianal, situated around the anus 

phago- eat phagoeyte, a eell that engulfs and digests partieles or eells 

pheno- show, appear phenotype, the physieal appearanee of an individual 

phleb- vein phlebitis, inflammation of the veins 

pia tender pia mater, delieate inner membrane around the brain and spinal 
eord 

pili hair arreetor pili muscles of the skin, which make the hairs stand ereet 
pin-, pino- drink pinoeytosis, the engulfing ofsmall partieles by a eell 
platy- flat, broad platysma, broad, flat muscle of the neek 
pleur- side, rib pleural serosa, the membrane that lines the thoraeie eavity 
and eovers the lungs 

plex-, plexus net, network braehial plexus, the network of nerves that sup- 
plies the arm 

pneumo- air, wind pneumothorax, air in the thoraeie eavity 
pod- foot podiatry, the treatment of foot disorders 
poly- mnltiple polymorphism, multiple forms 
post- after, behind posterior, plaees behind (a speeifie) part 
pre-, pro- before, ahead o/prenatal, before birth 

proeto- rectum, anus proetoseope, an instmment for examining the rectum 
pron- bentforward prone, pronate 












propri- one's own proprioeeption, awareness of body parts and movement 
pseudo- false pseudotumor, a false tumor 
psyeho- mind, psyehe psyehogram, a ehart ofpersonality traits 
ptos- fall renal ptosis, a eondition in which the kidneys drift below their 
normal position 
pub- ofthepubis puberty 

pulmo- lung pulmonary artery, which brings blood to the lungs 
pyo- pus pyoeyst, a eyst that eontains pus 
pyro- fire pyrogen, a substance that induces fever 
quad-, quadr- four-sided quadratus lumborum, a muscle with a square 
shape 

re- baek, again reinfeet 
reet- straight rectus abdominis, rectum 
ren- kidney renal; renin, an enzyme seereted by the kidney 
retin-, retie- net, network endoplasmie reticulum, a network of membra- 
nous saes within a eell 

retro- backward, behind retrogression, to move backward in development 
rheum- wateryflow, change,flux rheumatoid arthritis; rheumatic fever 
rhin-, rhino- nose rhinitis, inflammation of the nose 
ruga- fold, wrinkle rugae, the folds of the stomaeh, gallbladder, and urinary 
bladder 

sagitt- arrow sagittal (direetional term) 

salta- leap saltatory conduction, the rapid conduction of impulses along 
myelinated neurons 

sanguin- blood consanguineous, indieative of a genetie relationship be- 
tween individuals 

sareo- flesh sareomere, unit of eontraetion in skeletal muscle 
saphen- visible, elear great saphenous vein, superficial vein of the 
thigh and leg 

selero- hard selerodermatitis, inflammatory thiekening and hardening of 
the skin 

seb- grease sebum, the oil ofthe skin 

semen seed, sperm semen, the diseharge of the male reproductive system 

semi- /ifl//semicircular, having the form of half a eirele 

sens- feeling sensation, sensory 

septi- rotten sepsis, infeetion; antiseptie 

septum fenee nasal septum 

sero- serum serologieal tests, which assess blood eonditions 
serrat- saw serratus anterior, a muscle of the ehest wall that has a j agged 
edge 

sin-, sino- a hollow sinuses of the skull 
soma- body somatie nervous system 
somn- sleep insomnia, inability to sleep 
sphin- squeeze sphineter 

splanehn- organ splanehnie nerve, autonomic supply to abdominal viseera 
spondyl- vertebra ankylosing spondylitis, rheumatoid arthritis affeeting 
the spine 

squam- seale, flat squamous epithelium, squamous suture ofthe skull 
steno- narrow stenoeoriasis, narrowing of the pupil 
strat- layer strata ofthe epidermis; stratified epithelium 
stria- furrow, streak striations of skeletal and eardiae muscle tissue 
stroma spread out stroma, the eonneetive tissue framework of some organs 
sub- beneath, under sublingual, beneath the tongue 
sucr- sweet sucrose, table sugar 
sudor- sweat sudoriferous glands, the sweat glands 
super- above, upon superior, quality or state of being above other parts 
supra- above, upon supracondylar, above a eondyle 
sym-, syn- together, with synapse, the region of communication between 
two neurons 

synerg- work together synergism 

systol- eontraetion systole, eontraetion of the heart 

taehy- rapid taehyeardia, abnormally rapid heartbeat 


taet- touch taetile sense 

telo- the end telophase, the end of mitosis 

templ-, tempo- time temporal summation of nerve impulses 

tens- stretehed muscle tension 

terti- third fibularis tertius, one ofthree fibiilaris muscles 
tetan- rigid, tense tetanus of muscles 

therm- heat thermometer, an instmment used to measure heat 

thromb- elot thromboeyte, thrombus 

thyro- a shield thyroid gland 

tissu- woven tissue 

tono- tension tonieity, hypertonie 

tox- poison toxicology, study of poisons 

trab- beam, timber trabeculae, spieiiles of bone in spongy bone tissue 
trans- aeross, through transpleural, through the pleura 
trapez- table trapezius, the four-sided muscle ofthe upper baek 
tri- three trifiireation, division into three branehes 
trop- turn, ehange tropie hormones, whose targets are endoerine glands 
troph- noarish trophoblast, from which develops the fetal portion of the 
plaeenta 

tuber- swelling tuberosity, a bump on a bone 

tunic- eovering tunica albuginea, the eovering of the testis 

tympan- dmm tympanie membrane, the eardmm 

ultra- beyond ultraviolet radiation, beyond the band ofvisible light 

vaee- cow vaeeine 

vagin- a sheath vagina 

vagus wanderer the vagus nerve, which starts at the brain and travels into 
the abdominopelvie eavity 
valen- strength valenee shells of atoms 

venter, ventr- abdomen, belly ventral (direetional term), ventriele 
vent- the wind piilmonary ventilation 
vert- turn vertebral eolrnnn 

vestibul- a poreh vestibule, the anterior entryway to the mouth and nose 
vibr- shake, quiver vibrissae, hairs of the nasal vestibule 
villus shaggy hair mierovilli, which have the appearanee of hair in light 
mieroseopy 

viseero- organ, viseera viseeroinhibitory, inhibiting the movements of the 
viseera 

viseos- stieky viseosity, resistanee to flow 
vita- life vitamin 

vitre- glass vitreous humor, the elear jelly of the eye 
viv- live invivo 

vulv- a eovering vulva, the female external genitalia 
zyg- a yoke, twin zygote 

Suffixes 

-able able to, eapable o/viable, ability to live or exist 
-ae referring to eardiae, referring to the heart 

-algia pain in a eertainpart neuralgia, pain along the course of a nerve 
-apsi juncture synapse, where two neurons communicate 
-ary assoeiated with, relating to eoronary, assoeiated with the heart 
-asthen weakness myasthenia gravis, a disease involving paralysis 
-bryo swollen embryo 

-eide destroy or kill germieide, an agent that kills germs 
-eipit head oeeipital 

-elast break osteoelast, a eell that dissolves bone matrix 
-erine separate endoerine organs, which seerete hormones into the blood 
-dips thirst, dry polydipsia, excessive thirst assoeiated with diabetes 
-eetomy eatting out, smgieal removal appendeetomy, cutting out of the 
appendix 

-ell, -elle small organelle 

-emia eondition ofthe blood anemia, defieieney of red blood eells 
-esthesi sensation anesthesia, laek of sensation 





-ferent earry efferent nerves, nerves earrying impulses away from the CNS 
-form, -forma shape eribriform plate of the ethmoid bone 
-fuge driving out vermifiige, a substance that expels worms ofthe intestine 
-gen an agent that initiates pathogen, any agent that produces disease 
-glea, -glia glue neuroglia, the eonneetive tissue of the nervous system 
-gram data that are systematieally reeorded, a reeord eleetroeardiogram, a 
reeording showing aetion of the heart 
-graph an instmment asedfor reeording data or writing eleetroeardio- 
graph, an instmment used to make an eleetroeardiogram 
-ia eondition insomnia, eondition of not being able to sleep 
-iatries medieal speeialty geriatries, the braneh of medieine dealing with 
disease assoeiated with old age 
-ism eondition hyperthyroidism 

-itis inflammation gastritis, inflammation of the stomaeh 
-lemma sheath, husk sareolemma, the plasma membrane of a muscle eell 
-logy the study o/pathology, the study of ehanges in stmcture and function 
brought on by disease 

-lysis loosening or breaking down hydrolysis, ehemieal deeomposition of a 
compound into other compounds as a result of taking up water 
-malaeia soft osteomalaeia, a proeess leading to bone softening 
-mania obsession, eompalsion erotomania, exaggeration of the sexual pas- 
sions 

-nata birth prenatal development 

-nom govern autonomic nervous system 

-odyn pain eoeeygodynia, pain in the region of the coccyx 

-oid like, resembling cuboid, shaped as a cube 

-oma tumor lymphoma, a trnnor of the lymphatie tissues 

-opia ofthe eye myopia, nearsightedness 

-ory referring to, o/auditory, referring to hearing 

-pathy disease osteopathy, any disease of the bone 

-phasia speeeh aphasia, laek of ability to speak 


-phil, -philo like, love hydrophilie, water-attracting molecules 
-phobia fear aerophobia, fear of heights 

-phragm partition diaphragm, which separates the thoraeie and abdomi- 
nal eavities 

-phylax guard, preserve prophylaxis, to guard in advanee, as in preventive 
treatment 

-plas grow neoplasia, an abnormal growth 
-plasm form, shape eytoplasm 

-plasty reeonstmetion ofapart, plastie srngery rhinoplasty, reeonstmetion 
of the nose through surgery 

-plegia paralysis paraplegia, paralysis of the lower half of the body or lower 
limbs 

-rrhagia abnormal or excessive diseharge metrorrhagia, uterine hemorrhage 
-rrhea flow or diseharge diarrhea, abnormal emptying of the bowels 
-seope instmment usedfor examination stethoseope, instmment used to 
listen to sounds of parts of the body 
-some body ehromosome 
-sorb suck mabsorb 

-stalsis eompression, eonstrietion peristalsis, muscular eontraetions that 
propel food along the digestive traet 
-stasis arrest, fixation hemostasis, arrest ofbleeding 
-stitia eome to stand interstitial fluid, between the eells 
-stomy establishment ofan artifieial opening enterostomy, the formation of 
an artifìeial opening into the intestine through the abdominal wall 
-tegm eover integument 

-tomy to cut appendeetomy, surgical removal of the appendix 
-trud thmst protmde, detmsor muscle 

-ty eondition of, state immimity, eondition of being resistant to infeetion or 
disease 

-uria urine polyuria, passage of an excessive amount of urine 
-zyme ferment enzyme 





